TESIS DE LA UNIVERSIDAD 2029
DE ZARAGOZA 1 2 1

Teodora Randelovic

The Role of
Microenviroment in
Glioblastoma Progression

and Resistance
Development

EXTRACTO

Ochoa Garrido, Ignacio

155N 2254-T606




El presente documento es un extracto de la tesis original depositada en el
Archivo Universitario.

En cumplimiento del articulo 14.6 del Real Decreto 99/2011, de 28 de enero,
por el que se regulan las ensefanzas oficiales de doctorado, los autores que
puedan verse afectados por alguna de las excepciones contempladas en la
normativa citada deberan solicitar explicitamente la no publicacion del contenido
integro de su tesis doctoral en el repositorio de la Universidad de Zaragoza.

Las situaciones excepcionales contempladas son:

. Que la tesis se haya desarrollado en los términos de un convenio de
confidencialidad con una o mas empresas o instituciones.

. Que la tesis recoja resultados susceptibles de ser patentados.

. Alguna otra circunstancia legal que impida su difusién completa en abierto.

© Universidad de Zaragoza
Servicio de Publicaciones

ISSN 2254-7606



«2s Universidad
Zaragoza

Tesis Doctoral [Extracto]

THE ROLE OF MICROENVIROMENT IN
GLIOBLASTOMA PROGRESSION AND
RESISTANCE DEVELOPMENT

Autor

Teodora Randelovic

Director/es

Ochoa Garrido, Ignacio

UNIVERSIDAD DE ZARAGOZA
Escuela de Doctorado

Programa de Doctorado en Ingenieria Biomédica

2022




Repositorio de la Universidad de Zaragoza — Zaguan http://zaguan.unizar.es



w2 Universidad
ili Zaragoza

The Role of Microenvironment in
Glioblastoma Progression and
Chemoresistance Development

PhD Dissertation presented by
Teodora Randelovi¢

Faculty supervisor
Ignacio Ochoa Garrido

PhD Programme: Biomedical Engineering

Tissue Microenvironment Lab
Instituto de Investigacion en Ingenieria de Aragon (13A)
Instituto de Investigacion Sanitaria Aragon
University of Zaragoza

2022

Ins Universita acion
@ TME Lab iig‘; | <ningenira e iagon

\ @“*‘ UnwemdadZaragoza






Acknowledgments

After five years full of learning, enjoying and suffering, this stage of my life is finally
coming to an end. But, it wouldn’t be possible without people around me. I hope you are all

aware that I am much more grateful than written below, since words are not my forte.

I want to thank Ignacio Ochoa, Luis Fernandez, and Rosa Monge for the given
opportunity and Instituto de Salud Carlos Il for the i-PFIS grant that made this thesis
possible. Being part of the TME lab and working with Beonchip have taught me how to work
in the interdisciplinary team and appreciate its huge value, despite the difficulties still on the

way.

Ifaki, thank you for believing in me and giving me the opportunity to learn and progress.
Thank you for your enthusiasm and infinite ideas, even though they often gave me more
(almost impossible ©) work. Thank you for counting on me for the new projects; they were
challenging but exciting.

I would like to express my gratitude to Roxana for everything done during these years,
especially for helping me with the grant application and starting my life here in Zaragoza.

I would like to thank Milica, Tijana and Jelena from the Department of Neurobiology

(IBISS, Serbia) for everything they taught me and their support over the years.

This thesis wouldn’t be possible without collaborations, so a huge thank you to all of you!
Team Beonchip — Rosa, Lara, Sara, Luis — thank you for the close collaboration and
showing me the part of industry life. Lara, thank you for having me in the lab and teaching
me the fabrication processes. Claudia, thank you for sharing the experience of new device
fabrication with me. Sandra, for all the troubles we passed through together and all the

achievements that brightened up the day.

I particularly acknowledge the patients for their participation in the investigation and the
Biobank of the Aragon Health System and the Department of Neurosurgery of the University
Hospital Lozano Blesa for the collaboration.

| owe a great debt of gratitude to the Pathology service of the University Hospital Miguel
Servet. Isabel, thank you for the hours spent explaining the samples; I learned a lot. Violeta,
thank you for following us in our ideas and doing everything we asked for. Without you,
important parts of this thesis wouldn’t be possible.

Genomics Unit from CNIC, thank you for your help with sequencing and analysis.

Quique, without you, the last part of my thesis wouldn’t exist, so infinite thanks!



I would like to thank the Department of Human Anatomy and Histology for giving me
the opportunity to collaborate in teaching.

| am grateful to all the members (former and present) of TME lab, for all the projects we
shared, for your constant support and friendship, and for all the trust you gave me.

Manolo, Sara O, Clara A, Jesus, Rebeca SP, Carmen, Ana Rosa, thank you for your
support and help. Maria, Guillermo, Chema, thank you for all the help and advices.

Sandra, Alodia, and Jacobo, you have been there for me since we started this journey. We
shared good and bad, and | am grateful I had you as my companions in both professional
and personal areas. David, Hector, and Marina, for all the moments we lived together. Clara
B, Sara A, Claudia, Vira, Laura, Lorena, and our visiting members, Isabel, José and Jorik,
thank you for all the time in and out of the lab. It was a pleasure to share with you all
successes and failures.

I would also like to thank Cris and Yago from the next-door group, for making long

culture-room hours pass quickly.

Thank you for being with me to my friends back in Serbia (and Germany), and all the
people who became my family here in Zaragoza.

Victor, thank you for the support and understanding; I know it wasn’t always easy.

In the end, the biggest thanks to my family for the unlimited support. Without you, |

wouldn’t be here.

Najvecu zahvalnost dugujem svojoj porodici na neizmernoj podrsci koju mi pruzaju svih
ovih godina. Bez vas ne bih bila gde sam.

Thank you!

iGracias!

HVALA!



Index

F Y 2 X I 2 ¥ N O SRR |
S AN o ] - Uod S ST S iii
O (TSN ] 1 0 1=] o T T OO P PP iv
LIST OF ABBREVIATIONS ..ottt sttt be s \%
LIST OF FIGURES ..ottt ettt X1
LIST OF TABLES ...ttt ettt XVII
1 INTRODUCTION ..ottt ettt ettt st besbenesbesesseneanes 1
1.1 Intracellular factors contributing to glioblastoma chemoresistance............cccccocvvvenennenn. 6
1.2 Microenvironment factors contributing to glioblastoma chemoresistance ...................... 7
1.3 Invitro 3D models of glioblastoma............ccccceiiiiiii i 8
1.3.1  Types of 3D GBM CEll CUIUIES .......c.oiuiiieie et 8
1.3.1.1  Scaffold-free MOUEIS ......c..oviiiiiiiee s 9
1.3.1.2  Scaffold-based MOGEIS.........c.ccovvieiiiiiie e 11
1.3.1.3 3D GBM cell cultures with media flIoW..........cccccveviiiiiiiini e 13
1.3.2 3D glioblastoma models specifically used for anti-glioblastoma drug screening........... 15
1.4  Effects of 3D culture on GBM gene expression and phenotype..........cccoevvvriienenennenn. 17
1.5 Effects of the TME on GBM cell phenotype in 3D models...........cccoeiviiiiiiinciennn 20
151  Composition Of 3D SCATTOIAS. ........cceriiiiiieiec e 20
1.5.2 Biomechanical properties of 3D SCaffolds ..........ccocooiriieieiiii e 21
1.5.3  INAUCEION OF NYPOXIA ....cuviiiiiiiiiiiiieite bbb 22
154  NULTIENT AEPIIVAIION ...ttt 23
15,5  Introduction Of StromMal CEIIS .......coiiiiiiriiice e 23
1.6  Effects of drug treatment on GBM cells in 3D models ...........cccoveiiiiiiviiiiiiciccece e 27
1.7  Effects of 3D culture microenvironment on GBM cell response to drug treatment...... 29
I T ©o o Tod 11 o] LSS 33
2 OBUJIECTIVES . ...ttt sttt bttt st neeseneesenaenenns 35
3 MATERIALS AND METHODS......co oottt sne s 39
TN - 11 1= | ST 0 1] ] PRSPPI 41
3.2 Primary CEI HNES......oieee ettt n e naenne s 41
3.3 ComMmMErCial CEI TINES ...t ene s 41

3.4 Fluorescent Cell 1aDeliNg ........ccoviiiiiiiiiii e 42



3.6 SPheroid FOrMALION ........c.ooviiiiii s 43

N A Y/ 1Tod o i UL [ Tole (o ot SRS 43
371 ChiP FADIICALION .....eititiie e 43
3.7.2  SUIMACE TrEALMEBNTS ..ot eeiiitiieie ettt st seeste e seeereentesreenee e 43
3.7.3  Collagen hydrogel preparation and 3D cell culture within the device ........c..cccccevvenee. 44
3.7.4  Cell recovery from collagen hydrogel............coooiiiiiiiiiii e 44
3.7.5  HYPOXIA STUAIES ...ecvviieceiiciecie ettt sttt sr e be e e sresta e besreenee e 44

3.8 TIMZ EIEALMENT.....ei et sttt sb ettt st e 45

3.10 CCK-8 VIaDIlILY SSAY ....veciviiieeiiiiiiiieiie sttt st te st s be et et sreen e reeneeneas 46

TR R VA - o 11 11 4 Y51 €= 11 1 o[RS 46

3.12 Histological and immunohistochemical analysis............cccocvviieie i 46

3.14  ImmunofluoresCenCe STAINING ......cccveviiiiiie e 47

3.15 AMNIS IMAGING CYTOMELIY.....uiiiiiiiiec ettt te et sre e besre e e e peeneesras 47

3.16  IMaging and ANAIYSIS .......ccveiiiiiiiiieie e reereras 48

317 RNA BXEFACTION.....ciiiiiiiiiieieie ettt sttt bbbt nenreans 48
3.17.1 2D and cells embedded in collagen gels...........cccoviiiiiiiiieieic e 48
3LL7.2  SPNEIOIAS ...ttt bbbt 48
3.17.3 Fresh frozen (FF) patient SAMPIES ........ooiiviiiiieiiisis e 48

3.18 RNA quantification and quality CONTIol ............cccovoiiiiiiiii e 49

3,19 REAIFLIME PCR ...ttt sttt te et et saeere e tesneeaenreaneeneas 49

3.20 RT2Profiler PCR AITAY .....coveiiiiiiiiiiicte ettt 49

3.21 Spatial transCriptomics (VISIUM) .......cooiiiiiiiieiiise e 50

3.23  SEATISTICAl ANAIYSIS ....vivieeeeeiieieee et 51

4 EVOLUTION OF BE-GRADIENT DEVICE........coooii ettt 53

5 DECIPHERING THE ROLE OF OXYGEN IN GLIOBLASTOMA PROGRESSION

INSIDE ORGAN-ON-CHIP MODELS ........cceotiiiiiiieicesisesiee e 75
5.1  RESUILS @Nd iSCUSSION .....ouveuiirieiiiiieiisiestesiesie ettt sttt sre et srestesee e eneeneeneanas 78
5.1.1  Verification of hypoxiC CONItIONS.........cccociviiiiiiiic e 78
5.1.2  Necrotic core formation under different oxygen conditions .............cccceeeveeicieieenenn, 80
5.1.3  Apoptosis activation under different oxygen conditions............ccocevvreeieiesienieneeenn 82
5.1.4 Temozolomide treatment under different oxygen conditions............ccccceeevveeenrieennne 82
ST O 0] L1 1] T LSS SR 83
6 CHEMORESISTANCE DEVELOPMENT IN THE 3D SPHEROID MODEL .............. 85

6.1  RESUITS AN TISCUSSION ....eeeeeeeeeie ettt ettt e e e e et e ettt e e e e e saa et eeeeesesaaenereeeeeesesnsreeeees 87



6.1.1 Treatment efficacy in different culture cONditions............cooeviriiinir e 87

6.1.1.1  Optimization of culture CONAITIONS .........ccooviiriiiieieeee s 87
6.1.1.2  Response to TMZ treatment in different in vitro models ............c.ccoviiniiiiiinnnn, 89
6.1.2  Treatment SCNEME TESTING.......ciiiiiriee e 90
6.1.3  Study of the characteristics of resistant SPNeroids............cccceoveeriiiiiiiiienneseeeesee 94
6.1.3.1  Changes in spheroid Morphology ..........ccceiiiriiiieneieeees s 95
6.1.3.2  Changes in the expression of genes related to drug resistance...........cccceevvvennene. 100

8.3 CONCIUSIONS ...ttt bbb 103

7 STUDY OF TUMOR MICROENVIRONMENT BY USING SPATIAL

TRANSCRIPTOMICS ..ottt ettt ettt sb et et 105
7.1 RESUIS @Nd AISCUSSION ...cueiviiiiiieiieieicste sttt 108
711 TiSSUE OPLIMIZALION ..cuviiiciicic ettt sbe et sre e sre e nas 108
7.1.2  Spatial tranSCrPLOMICS ......vciviii ettt s be et sre e sresneenras 110
7.1.21  Tumor MOrPhoIOgY.......coviiiic it e e e 110
7.1.2.2  QUALILY CONEIOL......ooiiiiec e et sre s 111
7.1.2.3  Detection of individual genes — drug resistance and spatially differential genes..112
7.1.2.4  Detection of grouped genes — molecular SUDLYPES ..........cccevrireniieneneicieieins 113
7.1.2.5  Detection of transCriptomiC CIUSLErS ..........ccooiiiiiiieicieeece e 116

A ©o] 4 T [ U1 Lo ] SRS 119
8 CONCLUSIONS AND FUTURE WORK ......ooiii ettt 121
S TSR @0 o] U] T LSRR 123
ST U1 (1] Yo} o -SSR 124
9 CONCLUSIONES Y TRABAJO FUTURO .....oooiic ettt 125
TR A o o o [ U1 To] =TSSR 127
0.2 TrabajO fULUNO.....cceiiecic e st be et e besbeese e besaeesreans 128
10 THESIS CONTRIBUTIONS......coiiiieiiei ettt ene e 129

11 REFERENGCES ... oo 133






Abstract






Abstract

1.1 Abstract

Glioblastoma (GBM) is a highly heterogeneous primary brain tumor, with a very low
survival rate. It has been shown recently that the complex tumor microenvironment has an
essential role in tumor progression and therapy response. Hence, it is crucial to identify all
the components and their interactions, and incorporate them in in vitro models used for GBM
studies and therapy development.

The development of new technologies in the last decades ensured progress in both
mentioned fields. Different multiomics techniques allow detailed characterization of the
patient samples. On the other hand, the evolution of cell culture techniques and fabrication
processes enables the creation of more physiological in vitro systems than traditional Petri
dish culture (organ on chip).

The main aim of this thesis was to study the role of the microenvironment in the response
of GBM to temozolomide (TMZ) treatment. Microfluidic devices, previously developed
within the group, were modified to study the impact of oxygen concentration on GBM
progression. Hypoxia was shown to be essential for the necrotic core formation and it
protected cells from the TMZ effect. Moreover, the microfluidic device design was improved
to enable the creation of a more advanced and controllable system.

Furthermore, spheroid culture gave us a valuable model for chemoresistance development
studies. After the application of two clinical TMZ treatment cycles, the presence of a
population of resistant spheroids was observed. Morphologically, those spheroids were a
combination of control and treated spheroids, and they had a specific gene expression
pattern.

Last but not least, a new spatial transcriptomics technique was used to characterize better
GBM patient samples correlating their gene expression with the histological location. It
enabled the identification of differential transcriptomic clusters within apparently
homogeneous tissues, confirming the high heterogeneity of this tumor, not only in a

morphological aspect but also molecularly.
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1.2 Resumen

El glioblastoma (GBM) es un tumor cerebral primario altamente heterogéneo, con una
tasa de supervivencia muy baja. Recientemente se ha demostrado que su microentorno
tumoral complejo tiene un papel esencial en la progresion del tumor y la respuesta a la
terapia. Por lo tanto, es crucial identificar todos los componentes y sus interacciones, e
incorporarlos en modelos in vitro utilizados para estudios sobre GBM y el desarrollo de
nuevas terapias.

El desarrollo de nuevas tecnologias en las tltimas décadas ha asegurado el progreso en
ambos campos mencionados. Diferentes técnicas multiomicas permiten una caracterizacion
detallada de las muestras de los pacientes. Por otro lado, la evolucién de las técnicas de
cultivo celular y los procesos de fabricacion permiten la creacidn de sistemas in vitro mas
fisiologicos que el cultivo tradicional en placas de Petri (organ on chip).

El principal objetivo de esta tesis fue estudiar el papel del microentorno en la respuesta
del GBM al tratamiento con temozolomida (TMZ). Se modificaron dispositivos
microfluidicos, desarrollados previamente dentro del grupo, para estudiar el impacto de la
concentracion de oxigeno en la progresion de GBM. Se demostrd que la hipoxia es esencial
para la formacién del nlcleo necrético y protege a las células del efecto de TMZ. Ademas,
se mejoro el disefio del dispositivo microfluidico para permitir la creacion de un sistema mas
avanzado y controlable.

Igualmente, el cultivo de esferoides nos proporcioné un modelo valioso para los estudios
de desarrollo de quimio-resistencia. Tras la aplicacion de dos ciclos de tratamiento clinico
con TMZ, se observé la aparicion de una poblacion de esferoides resistentes.
Morfologicamente, esos esferoides eran una combinacion de esferoides control y esferoides
tratados, que tenian un patrén de expresion génica especifico.

Por altimo, se utiliz6 una nueva técnica de transcriptomica espacial para caracterizar
mejor las muestras de pacientes con GBM, correlacionando su expresion génica con la
ubicacion histolégica. Esto permitié la identificacion de clusters transcriptomicos
diferenciales dentro de tejidos aparentemente homogéneos, confirmando la alta

heterogeneidad de este tumor, no solo en el aspecto morfoldgico sino también molecular.
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Introduction

Glioma is the most common and aggressive type of malignant brain tumors. High-grade
gliomas, including WHO grade 11l (anaplastic astrocytoma and oligodendroglioma) and
WHO grade IV (glioblastoma) gliomas, are hardest to treat and have the worst survival
prognosis of all brain tumors®™*. Among high-grade gliomas, glioblastoma (GBM) is the
most frequently diagnosed type that commonly occurs between the fifth and the seventh
decade of life>*°. GBM is also the most aggressive brain tumor type with only a 5-year
survival rate of 6.8% which renders it one of the cancers with the worst prognosis®. The
aggressiveness of this tumor is even more distressing given that it does not metastasize to
other organs, like other solid tumors, but remains a rather brain-localized primary tumor
which Kills the patient.

The standard clinical protocol for GBM treatment includes surgical resection and
radiation with concomitant and adjuvant chemotherapy (Stupp protocol). The only approved
chemotherapeutic drug currently used in Stupp protocol is temozolomide (TMZ) that
improves patient survival by only 2.5 months compared to radiotherapy alone®. Multiple new
targeted therapies have been tested but also failed to prolong patients’ survival®’. The latest
FDA approved electrical device that generates tumor treating fields (Optune/NOVOTTF-
100A System) improved patients’ quality of life, but could not extend their survival beyond
3 months®,

The evident stagnation in GBM treatment and the implementation of new therapeutic
strategies is due to a number of factors including: (i) specific, hardly reachable, tumor
location in the brain, (ii) highly invasive potential, (iii) presence of the blood-brain barrier
(BBB), and (iv) considerable cellular heterogeneity and plasticity. All these factors
contribute to prominent intrinsic, as well as acquired, resistance to both radiotherapy and
chemotherapy. GBMs are generally large tumors, mainly located deep within the white
matter of the supratentorial part of the brain. It commonly spreads into cortex, deep nuclei
or even to the contralateral hemisphere which is seen in images as a characteristic “butterfly”
shape®. Apart from the delicate position within the brain, GBMs are also extremely diffuse
and highly infiltrative tumors which make them even more difficult to remove, in spite of
improvements in neurosurgery procedures. GBM invasiveness is reflected by the infiltration
of tumor cells into the surrounding brain parenchyma. Unlike other tumors that disseminate
through the bloodstream and lymphatic system, GBM cells spread along white matter tracts
and basal lamina of blood vessels'®*2. Moreover, glioma cells’ ability to undergo
intravasation into the blood or lymphatic vessels has been rarely evidenced!® and therefore

distant GBM metastases are very rare'*. Although GBM remains localized within the brain,
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tumor cells invade different brain sections, affecting normal functions of the central nervous
system. Hence, this life-threatening brain tumor is extremely difficult to resect completely.
In addition, GBM cells show a dichotomous “go or grow” behavior. Depending on the
interaction with stromal cells, communication with the extracellular matrix (ECM) and
surrounding extracellular factors, such as oxygen level and nutrients availability, GBM cells
can switch between a migratory and proliferative state'®>. This dichotomous phenotype has
important implications for the efficiency of chemotherapy and acquisition of
chemoresistance!®*°.

Although many GBM characteristics contribute to the resistance to current therapeutic
regimens, limited and varied drug delivery across the BBB can be considered a considerable
reason for the slow progress in the development of more effective therapies?®22. The
structure of the BBB comprises physical, transport and biochemical barriers. Brain capillary
endothelial cells prevent paracellular diffusion due to their tight junctions. Therefore,
molecules from the bloodstream can pass the BBB only through luminal and abluminal
plasma membranes of endothelial cells?®. Many anticancer drugs that do not readily cross
lipid bilayers cannot pass this physical barrier. On the other hand, lipophilic drug diffusion
is prevented by transmembrane efflux transporters that constitute a drug extrusion barrier on
the endothelial cells. These transporters including P-glycoprotein (P-gp; ABCB1), multidrug
resistance associated protein 1 (MRP1/ABCC1) and breast cancer resistance protein
(BCRP/ABCG?2) actively expel drugs into the capillaries?*?%. Among them, P-gp is the most
abundant?”2, Thus, the BBB limits the penetration into the brain of more than 98% of small-
molecule drugs, including for example paclitaxel, doxorubicin, methotrexate and
vincristine?.

Due to cellular heterogeneity and plasticity, drug resistance is mainly attributed to a small
subpopulation of cells with stem cell-like properties commonly designated as “glioma stem
cells” (GSC)*. These cells possess self-renewal capacity in vitro and in vivo and the ability
to form tumors upon intracranial implantation in immunodeficient mice (Singh et al., 2004).
These cells express a number of stem cell specific markers including for example Nestin,
SOX2, ID1, CD15, and CD44 that maintain stem-like properties and have the ability to
differentiate into multiple linages of neuronal and non-neural cells®:. For example, as
observed by live-imaging, glioblastoma stem cells may differentiate into endothelial cells
and contribute to angiogenesis in GBM3. On the other hand, differentiated glioblastoma
cells can switch to a stem-like phenotype by reprogramming the expression of major neuro-
developmental transcription factors, such as POU3F2 (BRN2), SOX2, SALL2 and OLIG2%,
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Both acquisition and loss of stemness contribute to considerable plasticity of
glioblastomas®+°. This diversity of cells gives rise to complex and pronounced intratumoral
heterogeneity involved in chemoresistance, making glioblastoma a very difficult to treat
malignancy.

Resistance to chemotherapy is mediated by multiple signaling pathways that are activated
through different factors, either intracellular or originating from the tumor
microenvironment (TME)?>3:454637-44 ‘Increasing evidence emphasizes the role of the TME
in glioblastoma pathogenesis and response to therapy®*#4°. However, still a lot remains to
be studied and understood.

Some of the main histological characteristics of GBM are necrotic core, pseudopalisade
and vascular proliferation. It was shown that all of these zones have different molecular
profiles and that cellular heterogeneity creates additional variability (microglia, astrocytes,
immune cells)®®. On the other hand, molecular features separate GBM in four groups
depending on molecular alterations (classical, neural, proneural, mesenchymal), and
different therapeutic approaches should be applied to each one®!%2, Comparison of different
parts of the same tumor showed that, within the same tumor, depending on the histological
context, distinct molecular subtypes could be present>3-,

Patient samples should be examined as much as possible the way they are, to get the most
information about the tumor components and their correlations. New omics techniques are
being developed, which allow detailed study of the tumor, preserving tissue structure. Hence,
they enable the correlation between the histology and the expression of genes, proteins,
metabolites, creating the complete image of the tumor®’*8, They could allow discovering
new targets and developing more biomimetic in vitro models for further studies and faster
and cheaper treatment development.

Classical 2D, monolayer cultures on plastic or glass surface do not mimic complex
structure of brain tissue and glioblastoma cell behavior®®%!. On the other hand, animal
studies with human xenografts and orthotropic models do not adequately reproduce the
disease status present in GBM patients®®%2, Therefore, recent studies are focused on
developing tridimensional (3D) in vitro cultures to study glioblastoma pathogenesis and

response to therapy more realistically considering all the effects of cell surrounding.
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1.1 Intracellular factors contributing to glioblastoma chemoresistance

The majority of common chemotherapeutics, as well as radiotherapy, inflict severe DNA
damage, predominantly DNA double strand brakes (DSB)®-®. It was shown that
glioblastoma cells, particularly their CD133+ stem-like subpopulation, have enhanced
activation of DNA damage checkpoint proteins (ATM, Radl7, Chkl and Chk2) and
subsequent DNA repair upon treatment, therefore causing therapy failure®”~%°. However,
resistance to TMZ, as an alkylating agent, is mediated by another set of DNA repair proteins,
involving increased expression of MGMT', and deficiency in components of base excision
and mismatch repair systems’* 3,

Apart from causing direct DNA damage, chemotherapy also generates reactive oxygen
species (ROS) that cause additional DNA breaks and damage of important cellular proteins
and lipids’*". Unfortunately, glioblastoma cells have developed the ability to resist such
therapeutic assault by lowering ROS production and increasing expression of components
of their scavenging system including superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPX), glutathione reductase (GR), Solute Carrier Family 7 Member 11
(SLC7A11)578,

Normally, cells damaged upon chemotherapy would undergo autophagy (to self-repair)
and/or apoptosis (to self-destruct)’®82. However, glioblastoma cells have developed
additional defense mechanisms against therapy based on these two processes. They have
enhanced pro-survival autophagy pathways (increased expression of VPS34, Beclinl,
ATG5, LC3, BNIP3) and developed the ability to evade apoptosis®®-®, contributing to
further tumor mass growth despite significant cellular impairments. High grade glioma stem
cells were shown to have increased expression of anti-apoptotic proteins®®8”, while pro-
apoptotic molecules were downregulated®®. Such alterations in apoptotic machinery
eventually contribute to glioma resistance to therapy®-*.

In the very essence of the abovementioned mechanisms of chemoresistance is the
deregulation of numerous signaling pathways. The most commonly altered signaling
molecules in chemoresistance are involved in maintaining stem-like phenotype (Notch and
Wnt/B-catenin pathways) and have pro-survival and anti-apoptotic effect (PI3K/Akt/mTOR
and RAS/MAPK pathways)®%. In addition, ATP-binding cassette (ABC) transporter
superfamily is another class of molecules particularly important for the anti-glioma
chemotherapy resistance. Glioma cells have predominantly overexpressed multidrug

resistance-associated proteins (MRPSs) conferring intrinsic chemoresistance®. High MRP1
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and BCRP expression is characteristic of glioma stem-like cell population and high grade
gliomas®” %97, P-gp, as the best characterized ABC transporter, is also reported to be
expressed to some extent in gliomas but its role in chemoresistance is still controversial. Its
presence, together with that of BCRP, in the BBB appears to be the most responsible for
reduced drug efficacy in glioblastoma®°,

1.2 Microenvironment factors contributing to glioblastoma chemoresistance

Sensitivity to anti-glioma therapy also considerably depends on different
microenvironment factors, primarily hypoxia. Severe hypoxia is a major characteristic of
high grade gliomas. It causes formation of pseudopalisade structures with necrotic areas,
thrombotic vessels and a characteristic rim of highly migratory cells that are moving away
from hypoxic regions'®. In response to low oxygen levels, glioma cells undergo phenotypic
and genetic changes that allow them to survive and even proliferate in a hypoxic
environment. Hypoxic conditions predominantly promote stem-like properties of both stem
and non-stem glioma cells by stimulating their self-renewal and neurosphere formation*®t-
193 This hypoxia-induced response is driven by changes in the expression of hypoxia-
induced factors (HIF1o and HIF2a), various downstream pro-survival signaling molecules
(PIBK-Akt or ERK1/2 pathways) and numerous stemness markers (CD133, CXCR4, CD44,
A2B5, OCT4, NANOG and ¢c-MYC)10%1% Sych stemness-like phenotype, promoted by
hypoxia, additionally contributes to therapy resistance®®%. Moreover, hypoxia can have
direct negative effect on anti-glioma therapy efficacy, by eliminating free radicals or slowing
down tumor cell proliferation, as well as indirect effect mainly through HIF-1a activation.
Specifically, increased HIF activity up-regulates the expression of MDR efflux transporters
of the ABC superfamily which mediate chemoresistance!?”1%, Moreover, HIF-10 affects
glioma sensitivity to therapy by regulating autophagy/apoptosis, metabolism, proliferation,
and the tumor vasculature!®*1°, Sanzey and colleagues showed that severe hypoxia strongly
upregulated the expression of glycolysis-related genes in patient-derived GBM cells that
resulted in increased glycolytic activity and promoted tumor invasiveness!!t,

Apart from modulating glioma cell phenotype and treatment response, hypoxia affects
other microenvironment factors which additionally contribute to therapy resistance®’. Due
to the hypoxic conditions, tumor cells switch to anaerobic metabolism causing acidification
of the TME. This acidic stress promotes and maintains glioma stem-like phenotype!*2.
Specifically, increased expression of HIF-1a, in response to hypoxia, enhances survival of

nearby endothelial cells and induces the expression of vascular endothelial growth factor
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(VEGF) that further stimulates formation of new blood vessels (angiogenesis)®¥113-115,
Reciprocally, endothelial cells induce glioma stem cell state and stimulate sphere formation
via Notch signaling'!®. They also release different factors, such as bFGF or nitric oxide,
which additionally favor glioma plasticity and induction of stem-like phenotype!!811°,

In addition to interaction with surrounding cells and different factors they secrete, the
ECM is another important component of the perivascular niche that determines glioblastoma
cell behavior and response to therapy. The composition of brain ECM is quite unique and
distinct from other tissues. Its abundant components are glycosaminoglycans, predominantly
hyaluronic acid, and proteoglycans, such as heparan sulfate, while the presence of fibrous
glycoproteins collagen, laminin and fibronectin is scarce and mainly restricted to blood
vessels basement membrane!?®. In glioblastoma, most of these components are
overexpressed and contribute to GBM invasion'?, as well as acquisition of stem-like
phenotype and chemoresistance®122, Moreover, changes in the ECM composition modulate
its physicomechanical properties, in the first place stiffness and rigidity, which additionally

contribute to increased invasiveness and chemoresistance!?3-12°,
1.3 Invitro 3D models of glioblastoma

Different glioblastoma 3D cell culture models were developed with the intention to
recreate a TME and mimic interactions between tumor cells, different cellular components
and ECM (Figure 1.1). The aim is to create biomimetic systems that are user-friendly, cost-
effective and compatible with downstream analysis, to finally obtain a reliable GBM model

which could be used for therapy response studies in personal medicine.
1.3.1 Types of 3D GBM cell cultures

One of the highly biomimetic GBM maodels, used for drug testing, is growing a tumor
tissue explant in a collagen-coated Petri dish. It conserves a real structure of the tumor with
all components of its microenvironment*?®. A similar model, which includes growing GBM
cells on an organotypic brain slice, enables investigation of tumor invasion in healthy brain
tissue'?’. Disadvantages of these models are low reproducibility and difficulties with the
preservation of the tissue.

Therefore, more reproducible models of 3D cell culture were introduced and widely used
in GBM research. Depending on the cell culture environment, we can distinguish between

scaffold-free and scaffold-based cultures?.
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1.3.1.1 Scaffold-free models

Scaffold-free cultures are spherical multicellular aggregates that well represent different
biochemical gradients, as the diffusion within them is limited. Larger aggregates develop
gradients of oxygen, nutrients, growth factors, signaling molecules and molecular waste and
can simulate drug penetration within a solid tumor. Scaffold-free models include spheroids

and organoids.
1.3.1.1.1 Spheroids

Spheroids are the most frequently used 3D models. They successfully mimic cell-to-cell
interactions. Limited diffusion within spheroids causes formation of different cellular zones:
proliferating zone on the surface (sufficient level of oxygen, nutrients and signals), necrotic
zone in the central part of the spheroid (lack of oxygen and nutrients, higher concentration
of the waste) and quiescent zone between these two zones!?%1%,

Depending on the cell line type, spheroid complexity and the method for its formation,
one can distinguish between different types of glioblastoma spheroid cultures: multicellular
tumor spheroids (MCTS), neurospheres, tissue-derived tumor spheres and organotypic
multicellular spheroids®3t. Growing tumor cell lines under non-adherent conditions leads to
cell aggregation and formation of spherical multicellular structures. There are different ways
for the MCTS formation: non-adherent surface method, hanging drop method, suspension
culture and magnetic levitation*2. It is also possible to create spheroids within scaffolds and
microfluidic devices, which will be discussed later.

Neurospheres (also called tumor spheres and gliomaspheres) are a special type of
spheroid cultures generated from patient-derived primary GBM cells. Primary cells from
GBM patients, obtained by dissociation of tumor tissue, are normally grown under
suspension culture conditions, in serum-free medium, supplemented with B27, bFGF and
EGF®13313 This enables spontaneous formation of neurospheres. Glioblastoma stem-like
cells are a predominant component of the neurosphere, while the rest of cell subtypes are
being lost!331%,

Fragments of fresh tumor tissue from patients can be grown in vitro in agar coated flasks,
without prior dissociation. Differing from tumor tissue explant mentioned above, anti-
adherence agar coating allows the tissue to round up and form organotypic multicellular
spheroids. This model properly represents the tumor. It conserves the TME with all cell types

and ECM and better preserves the in vivo phenotype. On the other hand, its reproducibility
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is low and different results can be obtained, as they depend on the fraction of tumor cells

that is successfully grown3¢-139,
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Figure 1.1 3D GBM cell culture models:

(A) Multicellular tumor spheroid (MCTS) formation: (1) Hanging drop method — Growing cells in a small volume of
medium on a lid of a Petri dish permits the cells to fall to the tip of a drop, aggregate and form MCTS; (2) Non-adherent
surface method — Seeding cells on a surface that is not suitable for cell attachment, leads to cell accumulation on the bottom
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of the well and formation of MCTS; (3) Magnetic levitation — Incorporation of magnetic nanoparticles within the cells
allows magnetic-induced cell floating and formation of MCTS on the liquid-air interface; (B) Cultures made from patient
samples: (1) Neurospheres — Primary cells obtained by enzymatic dissociation of tumor tissue are grown in medium without
serum and supplemented with growth factors, which promote sphere formation; (2) Organotypic multicellular spheroids —
Fragments of fresh tissue, grown under non-adherent conditions, round up and form spheroids; (3) Organoids — Primary
cells or tumor tissue fragments can form complex 3D structures, when embedded in matrigel or grown in special medium
on orbital shaker; (C) Scaffold-based models: (1) Hydrogels — Cell suspension can be mixed with liquid polymer precursor
which after cross-linking converts to solid scaffold with encapsulated cells; (2) Porous scaffolds — Cells seeded on the top
of the solid scaffold enter within the scaffold and form 3D structures; (3) Fibrous scaffolds — Organized scaffold that mimics
GBM invasion pathways; (D) Cultures with medium flow: (1) Bioreactors: (a) Stirring bioreactor — Constant agitation of
cells prevents cell attachment to the surface and promotes spheroid formation; (b) Perfusion bioreactor — Scaffold based
culture connected to peristaltic pump permits the simulation of physiological mass transport; (2) Microfluidic devices: (a)
Simple microfluidic device connected to syringe pump for investigation of sheer stress effects; (b) Gradient microdevice —
Hydrogel with embedded cells is filled within the central chamber, while lateral channels are perfused with medium, that
way permitting formation of different gradients. Created with BioRender.com.

1.3.1.1.2 Organoid culture

Organoids are complex 3D structures that better represent the heterogeneous structure of
the tissue>®140-142_ They are usually obtained by growing primary stem cells or pluripotent
stem cells, which are able to differentiate in various cell subtypes and to self-organize,
creating specific tissue structures. A growth medium containing specific factors or ECM
components are needed to promote cell differentiation and organization'*®, The first
glioblastoma organoids were formed by embedding tumor cells in matrigel and growing
them in a stem cell medium on orbital shaker'**. The disadvantages of these organoid
cultures are the long formation time, lack of vascularization and the absence of complete
maturation of the reproduced organ'?®143, Recently, Jacob et al., developed a new method
for organoid formation'*°. Patient derived tumor tissue is cut into small pieces and grown on
an orbital shaker in serum-free medium without exogenous addition of growth factors and
ECM, hence preventing cell selection and allowing conservation of molecular signatures of
parental tumor and different cellular components of TME for prolonged time. Limitations of
this model are decreased rate of organoid formation from IDH-1 mutant and recurrent tumors

as well as decrease of vasculature and immune cells after long culture®.
1.3.1.2 Scaffold-based models

Scaffold-based models comprise different components of GBM microenvironment in an
in vitro system. They are based on diverse biocompatible materials that give support to cells
and mimic biochemical and mechanical properties of ECM. Within scaffolds we can study
cell growth, invasion, cellular interactions with its microenvironment and the effects of
potential therapy.

Scaffolds can be made from natural and synthetic materials*?®132146 Natural material-
based scaffolds consist of ECM-derived biomolecules, such as hyaluronic acid (HA),

collagen**®1%° fibrinogen®®, basement membrane extracts*®>'%® and even decellularized
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patient tissue®*. Cells grown in these scaffolds are able to receive transduction signals and
to respond to changes in the microenvironment. The disadvantage of these materials is that,
as they originate from mammalian organisms, they can contain pathogens, variations in
soluble factors and protein concentrations, so the results obtained in such scaffolds can vary.
In order to overcome these problems, non-mammalian polymers are used (alginate and
chitosan)!>>1%7, as they are also biocompatible with GBM cells, but are non-immunogenic.
Also, different synthetic polymers are being developed. These polymers are inert, their
properties can be highly controlled and they give reproducible results. As they do not have
cellular adhesion sites, bioactive proteins can be attached, such as RGD functionalized
proteins (with the adhesive peptide of tri-amino acid sequence, arginine-glycine-aspartate),
in order to enable cellular adhesion or biodegradation**®%°, Some of the synthetic polymers
used are polystyrene®®, polydimethylsiloxane (PDMS)®!, polylactic acid'®?, poly(ethylene-
glycol) (PEG)*%%1%° polycaprolacton (PCL)*®.

Depending on the 3D structure of the scaffold they can be divided into hydrogels, fibrous
scaffolds and porous scaffolds'?3167, Hydrogels are microporous polymer networks that have
high water absorption capacity. Physical or chemical cross-linking of liquid precursors leads
to the creation of solid scaffolds. This permits the encapsulation of the cells within the
scaffold at the beginning of the fabrication process. As hydrogels are rich in water, the
transport of oxygen, nutrients and growth factors is possible. Depending on their
composition, hydrogels can have similar biophysical and biochemical characteristics to
ECM, hence presenting a more realistic in vitro model and the most frequently used
One135,168.

Fibrous scaffolds mimic fibrous structures of white matter tract or blood vessels, which
serve as invasion routes for GBM cells'®’. They are made by electrospinning of synthetic
polymer solutions, such as PCL%%7 polystyrene!’, polyacrylonitrile}’?> or PDMS?L, Cells
are seeded on the top of the scaffold, they attach on the surface of the material and their
migration along scaffold can be followed.

Porous scaffolds are solid scaffolds, composed of interconnected pore network. They
provide a physical support to cells and permit formation of 3D structures. Cells are seeded
on the top of the scaffold and they enter it passively or by migration, attach to the walls,
proliferate, cluster and form spheroids. Different techniques can be used for scaffold
fabrication. Some of them are freeze drying, micro molding, gas foaming, solvent

casting/particulate leaching and bioprinting, as the most advanced method*28146,
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3D bioprinting is a manufacturing process that enables creation of tissues and organs
using different hydrogel-based biomaterials (bioinks) and cells. The fabrication process
requires digital design of the desired structure and segmentation of the image, in order to
enable printing of successive layers of material and cells and formation of 3D systems'’2,
This process is highly controlled and facilitates precise distribution of different cell types
and ECM, thereby mimicking TME with its cellular, biochemical and biophysical
components. Using 3D bioprinting, one is able to obtain complex, highly reproducible 3D
cell cultures. However, depending on the parameters of the printing processes, it can provoke
cell death or changes of phenotype; thus, it is important to optimize the conditions*2174,
Recently, more bioprinted models of GBM are being developed, as the technique has great
potential for GBM studies!’>*84, Furthermore, additional components of TME were added
to GBM bioprinted models, oxygen gradients were created*®* and different cell types were

included, such as macrophages®’®17718L ‘astorocytes!®®8! and vascular endothelial cells!84,
1.3.1.3 3D GBM cell cultures with media flow

In order to reconstitute real tumor conditions more faithfully, researchers have developed
complex 3D cell cultures that introduce media flow through the system. Depending on the
design of these perfusion 3D cultures, the presence of media flow, mimics blood flow
through the vessels and/or interstitial fluid flow. Bioreactors and microfluidic devices are
examples of these complex 3D cell cultures, developed also for GBM studies.

Bioreactors are closed systems in which biological and biochemical processes are under
strictly controlled environmental and operating conditions (e.g., temperature, pH, pressure,
shear stress, nutrient supply, oxygen and CO2 concentration, metabolites and regulatory
molecules)'®18, Since bioreactors provide us with a high degree of control, reproducibility
and automation, they have found applications in various fields. Bioreactors are also designed
and used for growing cancer cells and scaffold-based tumor tissues as a new 3D model of
malignant neoplasms.

Bioreactors for tumor tissue engineering have to be made from bioinert and biocompatible
materials. The whole system should operate under sterile culture conditions and allow
specific mass transport and nutrient supply. Also, it should be transparent to allow
visualization and use of fluorescence and optical imaging of tumor tissue!®1%,

Depending on the physicochemical parameters to be controlled and the desired outcome
of the experiment, many different types of bioreactors have been developed and used for

tumor tissue engineering. They can be grouped into the following types: bioreactors with
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static cultivation systems, stirring bioreactors, rotary bioreactors, hollow-fiber bioreactors
and perfusion bioreactors. Detailed description of these bioreactors and their application in
tumor tissue engineering have been previously reviewed!®,

Bioreactors have been mainly used to cultivate a large amount of human GBM-derived
cancer stem cells (GSCs), hence circumventing the limitations of massive cell propagation
in conventional in vitro 2D cell cultures®t. The type of bioreactor most commonly used for
expansion of CSCs of various tumors, including GBM, is the stirring bioreactor. This type
of bioreactor provides dynamic mixing of the growth medium and significantly improves
mass transfer between cells and the culture medium. However, these conditions place the
cells under the constant influence of fluid-induced shear stress'®®1%°, Recently, perfusion
bioreactors have been used as a new strategy for improving the 3D in vitro models of the
GBM. This type of bioreactors achieves the most accurate simulation of mass transfer in a
living organism*%2, Combining scaffold-based 3D cell culture and perfusion bioreactor has
found application in producing large amounts of glioblastoma tumor-initiating cells (TICs)
required for drug screening, as well as for basic cancer research®31%,

Microfluidic platforms or chips are microfabricated bioreactors that enable growing cells
in micrometric chambers within well controlled physiological-like conditions. They consist
of one or more fluidic channels where small volumes of liquid and low number of cells can
be handled®*. Depending on the characteristics of the device, we can mimic interactions
between cells, between cells and ECM, as well as to mimic biophysical and biochemical
characteristics of the TME, such as gradients of nutrients, oxygen and signaling
molecules®. As the laminar flow is present within the channels of the microdevice, there is
no fluid mixing and molecules travel through the device by diffusion®®®.

The simplest microfluidic devices consist of a simple channel that permits the 2D growth
of cells. They are used to investigate flow-induced shear stress effects, migration, nutrient
gradients and drug effects!® %1, As mentioned above, microfluidic platforms can be used
for spheroid formation. These devices are made from anti-adherent materials and their
geometry promotes capturing of the cells within microwells, their aggregation and spheroid
formation?%2. Within some devices, cells are embedded in hydrogels and thus, by providing
physical and biochemical components of ECM, a more adequate biomimetic model is
Created195,2037206.

Microfluidic devices permit a real time monitoring of cell culture. They can be used for
different purposes, to investigate cell proliferation, metabolism, migration and invasion,

angiogenesis, immune system function and most importantly therapy response!95:203.206-208
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1.3.2 3D glioblastoma models specifically used for anti-glioblastoma drug screening

Most of the studies that examined anti-glioblastoma effects of different chemotherapeutic
drugs, as well as novel compounds in a 3D setting used spheroids grown in medium as a
model system. Some examples of drugs/compounds tested for their anticancer effect in
gliomaspheres are listed in Table 1.1.

Recently, Quereda and collaborators developed a high-throughput spheroid-based
proliferation assay for testing cytotoxicity of up to 3,300 compounds simultaneously on GSC
cells?®,

Although simple spheroid systems in growth media are widely used for drug screening in
3D GBM cultures they have significant limitations, primarily the simplified architecture that
lacks complex TME conditions. Therefore, in several publications drug effects on
glioblastoma cells were tested in different 3D scaffolds mimicking natural ECM (Table 1.1).
In most of these studies the authors examined the invasion of 3D culture in response to
various compounds, such as inflammatory cytokines IL-1p and TNFa?!°, FasL neutralizing
antibody?'! or drug combination of imatinib and docetaxel?*?. However, two research
groups, An et al.?®® and Iwasaki et al.?**, performed more comprehensive studies and
investigated then effects of vorinostat (histone deacetylase inhibitor) and TNFa,
respectively, on 3D cell culture growth and viability, morphological and adhesive

characteristics and gene expression in addition to invasive properties.

Table 1.1 3D GBM cell cultures used to study anti-glioblastoma drug activity

3D cell cultures GBM cell types Drugs Reference
Scaffold-free cultures
U2l Acetazolamide with TMZ 215
primary cell lines
us7, R0O4929097 with TMZ 216
primary cell lines and radiotherapy
Curcumin and DOX in 217
us7 . .
micellar carrier
Spheroids grown in media
T-98G Curcumln and TMZ in 219
magnetic nanoparticles
U251 Metformin and Ara-a 220
Sodium Selenite with 291
LN229, U87, T-98G T™Z
us7 25A¢ in polymersomes 222
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Primary cell lines Niclosamide with TMZ 223
Spheroid-based high- Us?, Slmulta_neous cytotoxicity -
. . testing up to 3300
throughput platform primary cell lines
compounds
TMZ with radiotherapy,
Organoids grown in media Patient tissue gefitinib, trametinib, 145
everolimus
Scaffold-based cultures
Single cells in Typ_e | U178 IL-1B and TNF-a 210
collagen 3D matrix
Spheroids in Matrigel us7, U251 APG101 211
Spheroids in collagen gel _ SNB-19, Imatinib and Docetaxel 212
primary cell lines
Spheroids in collagen type LN18, F98, C6, . 213
13D gel FO8EGFR-vIII, U87 Vorinostat
Single cells in Matrigel Primary cell lines TNF-a 214
Organoids in hyaluronic Patient derived cells Dacomitinib 179
acid-collagen hydrogel
Single cells in collagen gel U251, Us7 Simvastatin with TMZ 224
3D platforms
H_|gh—tr_1roughput glglnate Patient derived cells 70 compounds -
micropillar and microwell and normal human .
. . simultaneously tested
chip platform astrocyte cell line
Spheroids forming
microfluidic device with us7 Pitavastatin and Irinotecan 226
PEGDA hydrogel
Spheroids forming
microfluidic device with Patient derived cells TMZ and bevacizumab 221
PEGDA hydrogel
Single cell separation U251 Vincristine 228
microfluidic device

Lee et al., constructed a type of 3D platform with alginate matrix for high-throughput
drug cytotoxicity and efficacy testing on both GBM cells and normal astrocytes??®. This 3D
chip with micropillars (for growing cells in alginate matrix) and microwells (containing
drugs) is suitable for simultaneous screening of 72 compounds in 7 replicates??®. Recently,
technological advances enabled us to perform more accurate and reliable drug testing in
complex 3D cultures, such as in microfluidic devices, which more faithfully recapitulate
glioblastoma TME and its conditions observed in patients. Examples of microfluidic devices

specifically developed for anti-glioblastoma drug screening are summarized in Table 1.1.
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Fan and colleagues developed microfuidic-based brain cancer chip for high-throughput
testing of multiple-simultaneous drug response on GBM spheroids in PEGDA hydrogel?%.
They validated generation of drug concentration in chips by testing single and combined
effects of pitavastatin and irinotecan on U87 spheroid cell viability. Recently, the same group
of authors engineered an improved version of the brain cancer chip that prevents the
diffusion of any drug molecule across channels??’. As a proof-of-concept experiment, they
tested viability effects of concentration gradient generated by simultaneous application of
temozolomide and bevacizumab on three GBM patient-derived cell spheroids. To consider
the effect of cellular heterogeneity on drug treatment response, Pang and collaborators
designed a microfluidic platform for single-cell separation based on cell biomechanical
properties. In this system, the authors were able to determine the level of vincristine

sensitivity according to the cell size and degree of deformability??2.
1.4 Effects of 3D culture on GBM gene expression and phenotype

Cell culture dimensionality significantly affects glioblastoma cell phenotype, such as
morphology, migration, proliferation, differentiation and stemness (Table 1.2). Numerous
studies have shown that glioma cells have an altered morphology in 3D systems compared
to 2D cell cultures. In 3D matrices, cells are present in a spindle or round form compared to
flattened epithelioid shape when grown in monolayers!®6:160.182229-234 pljke cells in 2D
cultures that lack polarity, spindle cells of 3D cultures contain one or two oriented spindly
protrusions??®. This is particularly evident for highly invading cells that present a neural
progenitor-like phenotype with a round small cell body and a long leading process, as shown
in experiments with tumor spheres grafted into a 3D collagen matrix?®. Moreover, in 3D
scaffolds, glioblastoma cells tend to form multi-cellular clusters and to aggregate into tumor
cell spheroids?36:2%7 while cells cultured on 2D surfaces have an epithelium-like morphology
and grow into sheets?3. This colony formation ability in 3D culture depends on the GBM
cell type and characteristics of 3D scaffold, such as pore size?*°. As observed in the study of
Wang et al., cells form tighter spheroids in 3D scaffolds with closer connections and have
more abundant secretory granules on the cell surface?®. Those cells were also richer in
mitochondria and rough endoplasmic reticulum and had a higher number of longer
microvilli.

Apart from influencing cell morphology, the 3D culture environment also enhances the
migration ability of the glioma cells, compared with the 2D plated cultures?®. The movement

pattern in 3D cultures significantly depends on the presence of the tumor core; without a
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tumor core, cells migrate randomly, while existence of tumor sphere induces oriented cell
migration?®, It was shown that migration of U87 glioblastoma cells in a 3D environment is
driven by mesenchymal-amoeboid transition upon Racl GTPase inhibitor treatment??°,

Glioblastoma cell proliferation is generally slower in 3D compared to 2D
Cculturest®6160.175,230-233.236231.23% " anq it is accompanied by decreased expression of the
proliferative marker Ki672%°. According to the Gomez-Roman study, this behavior can be
changed in response to VEGF supplementation which increases 3D cell proliferation but has
no effect on 2D growth conditions'®. It was observed that in a 3D environment, GBM cells
accumulate in GO/G1 cell cycle phase but without significant difference in apoptosis rate
compared to 2D culture, suggesting their decreased proliferation and increased quiescence
in 3D scaffolds?®’. Although 2D culture initially had higher proliferative capacity, it was
shown that upon prolonged 2D cultures (longer than 10 days), cellular proliferation
decreases after some point of time and then proliferation rate of 3D cultures becomes
higher175'182'234.

Fernandez-Fuente and colleagues first showed that there is no difference in GBM cell
differentiation level (GFAP level) between 2D and 3D cultures®*®, However, a later study of
Lv et al., reported decreased GFAP level as a marker of increased dedifferentiation of
glioblastoma cells in 3D compared to 2D culture®’. Several observations are consistent with
the later finding and show that cultures in different 3D scaffolds have a greater proportion
of stem cell-like cells, with CD133 positive phenotype, compared to monolayer
CU|tur83182’232'234’238.

Along with increased stem-like phenotype, angiogenic potential of GBM cells is also
altered in 3D compared to 2D cultures. For example, accelerated vasculature formation, with
enhanced recruitment of CD31 positive cells, was observed in U87 tumors from cells pre-
cultured in 3D chitosan alginate scaffolds'®. Moreover, complexity of 3D culture can affect
angiogenic potential as well. Wang et al., reported that 3D bioprinted GSC culture had
increased VEGFA secretion and formed more tube-like structures than conventional GSC
suspension culture?®,

Corresponding to increased stemness, three-dimensionally grown glioblastoma cells also
have increased in vivo tumorigenic potential. They form larger tumors that are developing
much faster, compared to tumors derived from monolayer cell cultures!®82232234 However,
Kievit et al., reported that this initial rapid tumor growth is not sustainable and after some
time tumors developed from 3D pre-cultured cells began to grow at a similar rate as the 2D

pre-cultured tumors®®®.
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As cell appearance and behavior is determined by gene expression, it was reasonable to

assume that the dimensionality of cell culture would also significantly affect regulation of

gene expression. Indeed, when grown in 3D cultures, glioblastoma cells showed different

levels of expression of various genes compared to culturing in monolayers?°241, Numerous

studies have observed altered expression of several classes of markers (MRNA and/or

protein) in 3D cultures, including:

Stemness related markers - most frequently general stemness markers such as
CD133166’230’232'234’237’238'242, CD44166’232’234, NeStin166’175’230’232'234'236’242, Nan09230’237,
SOX2230237. Oct4?30.242; Snail>322% as well as less frequently observed Frizzled 4,
GLI, HES®?, LIN28A, LIN28B, CXCR4 and CSPG4%*#, RHAMM?®  Musashi-12%;
interestingly, the degree of overexpression of some stem-related genes, such as
MSI1, MSI2 and BMI-1 and c-Myc, was shown to be cell type dependent in 3D
environment?%;

Markers of glial differentiation and neural development - B-tubulin 111" and
GFAPY2%: however, there is inconsistency in the literature regarding GFAP
because some authors reported no difference in its level between 2D and 3D
cultures®?;

DNA damage repair genes — MGMT?¥';

ABC transporters - ABCG2%% and ABCB12%, although Lv et al., reported no
significant alterations in ABC transporter gene expression in 3D compared to 2D
environment?’

Markers related to invasion and EMT - MMP12%, MMP-2156230236244 = \ NP3,
MMP723 MMP-9236.244 N-cadherin?3°2%2, TWIST12%, Twist2, Snail and Snai2?%,
vimentin?; it is worth mentioning that E-cadherin levels are suppressed upon 3D
cultures?®?

Markers of angiogenesis and response to hypoxia - HIF-1¢?234236238242.244
VEGF®6175.244 1aminin'®, fibronectin'®%?** VEGFR2, and CD31°%®

Cell-cycle related genes - p21, p27, CCNA1, CCNB1, CCND1 and CCNE1%%,

Excluding specific genes/proteins, whole signaling pathways are also differentially

regulated in 3D compared to 2D GBM cellular systems. Specifically, it was reported that

components of pro-apoptotic signaling cascade (caspases, poly (ADP-ribose) polymerase

(PARP) and p53) were downregulated, while anti-apoptotic signaling factors (PDL-1 and

Livin) were upregulated in 3D collagen scaffold®. In addition, key proteins of Wnt, SHH
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and Notch signaling pathways (Notchl, 2 and 3, Wnt3a, Wnt5a and SHH) were also highly
expressed in this 3D system?%,

1.5 Effects of the TME on GBM cell phenotype in 3D models

Besides dimensionality, other characteristics of 3D culture also significantly shape
glioblastoma phenotype (Table 1.2).

1.5.1 Composition of 3D scaffolds

In the first place, the type of 3D scaffold material, its composition and formulation,
considerably determines glioblastoma behavior and gene expression. For example, patient-
derived primary GSC exhibited opposite migratory profile in Matrigel and collagen
scaffolds, moving in spherical multicellular aggregates in Matrigel versus single elongated
cells within collagen matrix?*. The type of collagen used for scaffold fabrication also affects
GBM cell morphology. Cells gain a round morphology in collagen-I1V, while in collagen-
I/111, with the strong fibrillary structure, they acquire spindle shape and prominent migratory
phenotype'*°.

Addition of ECM components to 3D scaffolds considerably influences GBM cell
characteristics. Incorporation of HA in 3D collagen-hydrogels causes cells to get a more
rounded morphology and to decrease migration®>°24, Pedron at al., showed that addition of
methacrylated hyaluronic acid (HAMA) to adhesive (GelMA) and non-adhesive (PEG) 3D
hydrogels induced cell clustering and increased expression of invasion-related genes
(VEGF, HIF-1, MMP-9, and Fn)*®°. Several groups also reported that the presence of HA in
3D scaffolds increased expression of stem cell markers, particularly CD133, and EMT-
related genes in GBM cell lines'®6242%6 also leading to increased tumorigenicity in nude
mice?®*. Accordingly, Li et al., developed 3D HA scaffold-based bioreactor (AlgTubes) for
scalable culturing of high quality and high quantity glioblastoma TICs!%®. They made coaxial
alginate tubes filled with HA and dispersed primary glioblastoma cells. Such a bioreactor
system with a high HA content ensured efficient mass transport, protection from the
hydrodynamic pressure, efficient expansion of glioblastoma TICs and maintenance of stem
phenotype!®,

Similar to HA, addition of agarose to collagen matrices also promoted a round
morphology and amoeboid motility and slowed down migration of GBM cells due to
increased elasticity, reduced porosity and presence of steric barriers within such composite

3D scaffold**°. Excluding HA, the presence of other ECM components, such as laminin,
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contribute to altered GBM behavior in 3D cultures. Coating of electrospun polystyrene
(ESPS) scaffolds with different laminin isoforms was shown to increase expression of
integrin alpha 6 and beta 4, as well as several stem markers and ABC transporters in U251

243

cells“*. Additionally, inclusion of laminin in polyacrylonitrile scaffolds leads to higher

migration and lower proliferation’2,
1.5.2 Biomechanical properties of 3D scaffolds

The addition of ECM components and ligands to 3D scaffolds, as well as crosslinking 3D
scaffold material, alters biomechanical properties, stiffness and porosity, of the scaffold
causing changes in GBM cell behavior. For example, Kaphle et al., showed that 8S-StarPEG,
used to crosslink collagen, could increase hydrogel viscosity and decrease collagen
degradation and cell migration®*’. Generally, increasing hydrogel stiffness causes cells to be
more rounded and proliferate less and it also inhibits their motility and invasion!50:158:248-251,
It is interesting to note that, in spite of the general behavior pattern, different glioblastoma
cells may act differentially in the same 3D matrix!*’, which is particularly evident for
primary glioblastoma cells??,

Altering scaffold stiffness and crosslinking also affects gene expression. Increased
expression of HIF-1, VEGF, and MMP-9, as well as reduced CD44 expression, was observed
in response to greater stiffness and/or crosslinking density®®®24  Apart from stiffness,
varying scaffold porosity may influence GBM cell gene expression. In the Jia et al., study,
pore size of the 3D collagen scaffold significantly and differentially affected expression of
malignancy, stemness, cell cycle and EMT-related markers in three glioblastoma cell lines.
This effect was mainly observed at the protein level rather than at the mRNA level, but
without clear influence on their biological functions (proliferation, colony formation,
migration and invasion)?.

In more complex 3D systems, media perfusion is introduced to mimic interstitial flow
(IF) in tumors. Presence of IF generates fluid shear stress (SS) which can alter glioblastoma
cell behavior and gene expression, even though it is of lesser magnitude in tumor tissue than
in vasculature system. Panchalingam et al., developed stirred-suspension bioreactor
protocols for growing human-GSCs in suspension culture under low- and high-shear stress
forces3. High SS conditions resulted in a higher cell expansion and lower mean diameter
of neurospheres. Also, the size of the neurospheres formed under high-shear stress
conditions was more uniform, suggesting that high-shear GSC tissue may lead to

homogeneous cell culture morphology. It was previously shown, using a 3D modified
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Boyden chamber with media perfusion, that SS either induced cell death or decreased cell
motility which was accompanied by downregulation of MMP-1 and MMP-2 activity?®®.
However, later studies have shown that IF stimulates glioblastoma cell invasion, mediated
by CXCR4-CXCL12 chemotactic signaling and/or HA receptor (CD44)-dependent

mechanosensing?®+2%®,
1.5.3 Induction of hypoxia

Hypoxia, as one of the major hallmarks of glioblastoma as well as solid tumors, is an
important microenvironment factor that should be mimicked in 3D cultures in order to study
GBM behavior and response to therapy in the most comprehensive way'%2¢, Therefore,
several studies have investigated its effects on 3D GBM cell culture phenotype. Xu and
colleagues studied the effects of 1% and 0.2% oxygen levels on GBM cells in PDMS
microfluidic chip with collagen hydrogel*'®. They observed increased induction of EMT and
migration under hypoxic conditions, as well as upregulated expression of HIF-responsive
and EMT-associated genes. However, the effects on cell proliferation depended on the
degree of oxygen levels. At an environment of 1% O, cell proliferation was increased
whereas under highly hypoxic conditions (0.2% Oy) it was decreased. Similar results, namely
increased invasion, mesenchymal transition and spheroid growth and expansion, were
observed by mimicking in vivo hypoxia conditions using a genetic approach, by transfecting
HIF 1o or HIF2a into GBM cells?’. However, during long incubation (in 7 days) of hypoxic
3D culture of patient-derived glioblastoma cells, the size of spheroids did not change over
time albeit they were dramatically smaller than under normoxia at the end of cultivation
period®®®, In these 7-day spheroid cultures, cellular proliferation marker was mainly
decreased, and hypoxia-induced markers (HIF-1a, carbonic anhydrase IX, VEGF) were
upregulated under hypoxic conditions compared to normoxic conditions, while expression
of stem cell markers varied across spheroid cultures in response to hypoxia. Furthermore,
Ayuso et al., developed a microfludic device that enabled generation of both oxygen and
nutrient gradients within 3D cultures with the possibility to monitor cell death, viability,
proliferation and ROS production®. Using this platform they were able to mimic blood-
vessel obstruction and consequently oxygen and nutrient deprivation, therefore inducing cell
migration and formation of the characteristic pseudopalisade structure within 3D cell
culture?®®, Moreover, detailed proteomic analysis of 3D GBM cell cultures revealed that
proteins and phosphoproteins are differentially expressed in response to hypoxic

conditions?*t. Namely, both pro-survival and pro-apoptotic proteins were activated, as well
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as migration-associated proteins, while the amount of proteins promoting cell cycle was

reduced.
1.5.4 Nutrient deprivation

Effects of nutrient supply on GBM cell phenotype were also examined in the study of
Panchalingam et al.?®3. In their stirred-suspension bioreactor-based culture of human GSCs,
the authors introduced different feeding strategies and examined the effect that the 2-day and
6-day fed-batch (40% medium replacement every 2 or 6 days) had on the expansion and
phenotype of human GSC expanded cells. The results showed that the 2-day fed-batch mode
resulted in the highest expansion after 32 days of culture (90 -fold cell expansion), larger
neurosphere diameter, enrichment of CD133+ cells and maintenance of their genomic and

phenotypic characteristics?.
1.5.5 Introduction of stromal cells

The complexity of the GBM TME is particularly reflected in the presence of various
stromal cells and their intense interaction with tumor cells. Therefore, numerous models
were developed to study GBM co-cultures with various stromal constituents in a 3D setting.
So far, most extensively were investigated the 3D GBM co-cultures with endothelial cells.
Co-culturing glioblastoma and HUVEC cells in 3D hydrogels was shown to stimulate overall
co-culture growth throughout the time, especially when the proportion of GBM cells in co-
culture was increased®®. The presence of glioblastoma cells in 3D hydrogels enhanced
proliferation, sprouting and migration of HUVEC cells?®®262, Such stimulation of
angiogenesis is mediated through VEGF secretion by glioblastoma cells or exogenously
added VEGF at low concentrations®®, This effect was even more pronounced under hypoxic
conditions?®°. On the other hand, HUVEC cells slowed down the growth rate of GBM cells,
caused them to form spheres around or on the top of endothelial cells?*® and promoted their
invasive phenotype?. In the novel 3D model of Wang et al., adult patient-derived GBM
tumor xenograft cells were shown to have significantly increased cell proliferation in the
presence of mouse brain microvascular endothelial cells encapsulated in alginate microfibers
mimicking microvessels in hydrogel®®*. Co-culturing GBM and endothelial cells in 3D
models induced the acquisition of GBM stem-like phenotype with increasing expression of
corresponding markers CD133, CD44 and 1d12*®. Recently, McCoy and colleagues showed
that enrichment in GBM stem cell population and their increased invasiveness were

mediated by interleukin-8 signaling in 3D models of patient-derived GBM spheroids co-
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cultured with brain endothelial cells?®®, while Truong et al., proved in 3D organotypic
microfluidic platform that these effects of microvasculature environment on patient-derived

glioblastoma cells involved activity of CXCL12-CXCR4 signaling?®

. Similarly, Wang et
al., reported that endothelial cells increased the expression of CXCR4 in GBM cells in their
3D co-culture system?*. Co-culturing also affected the expression of several other groups
of genes and proteins: induced expression of angiogenesis related genes, such as
PECAM1/CD31, KDR/VEGFR2, and PIK3R12%, induced the expression of differentiated
cell marker tubulin 3 (TUBB3), upregulated expression of cell-ECM adhesion-associated
proteins (integrin a2, integrin B3, type Il collagen a1 and vitronectin) and downregulated the
expression of genes associated with cell-cell adhesion such as cadherin 1 and catenin 022,
Ngo and Harley established a tri-culture comprising of U87 cells, HUVECs and normal
human lung fibroblasts (NHLFs) and explored their interaction in 3D hydrogel depending
on the ECM composition?®”. This study revealed that U87 cells arranged in close proximity
to endothelial cells and their morphology changed from rounded in the absence of HA to
elongated in its presence. On the other hand, U87 cells induced the regression of the
microvasculature network in a cell density- and time-dependent manner, irrespectively of
HA presence.

Other stromal cells also significantly influenced GBM cells behavior in 3D co-culture
models and vice versa. According to Kievit and collaborators, astrocytes affect GBM cells
similarly to HUVEC cells. They slowed down GBM cell growth rate when cultured in a
higher cell ratio (astrocytes:GBM 5:1), stimulated them to form spheres and promoted their
stem-like phenotype?#®. On the other hand, when grown in aratio 1:1 in HA-gelatin hydrogel,
astrocytes promoted tumor cell proliferation?®, 3D GBM co-cultures with normal astrocytes
showed that ECM molecules secreted by GBM cells increased glial fibrillary acidic protein
(GFAP) expression in astrocytes, while astrocytes secreted soluble factors that increased
GBM cell migration?®. Moreover, it was demonstrated in the study of Gritsenko et al., that
3D astrocyte scaffold stimulated GBM cell invasion, both along astrocyte layers and through
the scaffold?™®. In more complex 3D systems developed by Herrera-Perez et al., human
endothelial colony forming cells were introduced to co-culture of various patient-derived
cell lines and astrocytes to investigate their mutual effect on GBM cell invasion?®'.
Astrocytes significantly induced invasion of all three examined GBM cell lines. However,
addition of endothelial precursor cells had diverse effects on invasion depended on the cell

type and their genetic background.

24



Introduction

Mesenchymal stem cells (MSC) also modulated the GBM phenotype in corresponding
3D co-culture models. MSC promoted GBM cell proliferation in transwell chamber system
either through a TGFB1-mediated paracrine signaling or by direct interaction, independently
of TGFB1 cytokine secretion?’?. Breznik et al., observed that glioblastoma cell lines
increased MSC motility when co-cultured in collagen | or matrigel. On the other hand, MSC
had a differential effect on GBM cell invasion depending on the cell type, suppressed the
invasion of U87 cells but increased the invasion of U373 cells?’3,

Immune cells as important constituents of the tumor stroma also influence GBM cell
invasion. For example, Coniglio et al., showed that tumor associated macrophages (THP-1
cells) significantly induced invasion of human glioblastoma cell line U87 and similarly rat
microglia stimulated invasion of murine glioblastoma cell line GL261 in 3D matrices®’*.
Besides, human microglial cells were shown to promote GBM cell proliferation?®. Cui and
colleagues went a step further and developed 3D tri-culture microfluidic angiogenesis
platform to investigate the interaction between GBM, endothelial cells and immune cells?®.
They observed that GBM cells switched uncommitted macrophages into macrophages with
immunosuppressive phenotype. These tumor-associated macrophages further stimulated
sprouting and angiogenesis of co-cultured endothelial cells?’®. Tang et al., developed a tetra-
culture model with GSC, astrocytes, neural precursor cells and macrophages. This system
supports the upregulation of different glioblastoma signatures, such as invasion,
angiogenesis, hypoxia and stemness. On the other hand, macrophages in a co-culture system

are polarized to M2 phenotype, showing the mutual effect of cellular components of TME*8L,
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Table 1.2 Effects of 3D cell culture and microenvironment on GBM cell phenotype.

Properties of 3D cell culture
Cell . Inclusion of . . . .
characteristics dir1-12|I1rfs?on ECM components sigrffglrd |nt$||’05\1,2\lltla| Hypoxia NS':'Jtr'?nt EndcoetlTSellal Astrocytes Mesecrgilr; ymal Inlrer}rsne
in 3D scaffold bply
Morphology Spmdlfl Spindle/ round? More More ND ND Round/2 Round ND ND
round round homogeneous elongate
Proliferation - ND - ND +/-3 + - +/-24 + +
Migration + +/-2 - ND + ND ND + ND ND
Invasion ND + - + + ND + + +/-5 +
Stemness + + ND ND ND + + + ND +
Angiogenic + ND + ND ND ND + ND ND +
potential
Tumorigenic + + ND ND ND ND ND ND ND ND
potential
Therapy
resistance + + ND ND ND ND ND ND ND ND
markers
expression
Apoptotic Pro
factors Anti + ND ND ND Pro + ND ND ND ND ND
expression

+ increased; - decreased; ND — not determined; 1 depending on 3D cell culture model; 2 depending on scaffold composition; 3 depending on O2 concentration; 4 depending

on seeding ratio; 5 depending on cell type

26



Introduction

1.6 Effects of drug treatment on GBM cells in 3D models

Regardless of the type of 3D GBM culture used in drug screening, they are generally
more resistant to drug treatments than monolayer cultures and therefore more closely
resemble chemotherapy response in GBM patients. A number of studies has investigated the
difference in response to drugs between 2D and 3D cultures and some examples are listed in
Table 1.3. Regarding drug resistance development, Han et al., constructed a specific
microfluidic device for the detection and study of drug resistance acquisition in GBM*®’.
This Cancer Drug Resistance Accelerator (CDRA) chip consists of 488 hexagonal
microchambers with two microchannels for antiparallel supply with drug and media. It was
designed to generate a drug concentration gradient and observe the emergence of drug
resistant cell populations throughout the time. Different mechanisms were reported to
underlie the development of drug resistance in 3D cell cultures. Ayuso et al., observed that
TMZ had a mild effect on U251 cell viability in their microfluidic system. They explained
this resistance as a consequence of reduced GBM cell proliferation in 3D hydrogel that
affects TMZ activity, which is dependent on DNA replication!®. Pang and collaborators
observed that biomechanical properties of GBM cells significantly affected sensitivity to
vincristine in their microfluidic platform for single-cell separation based on cell??®. They
revealed that smaller and/or more deformable tumor cells were more resistant to the drug.

Table 1.3 Studies showing drug resistance in 3D compared to 2D cell cultures

Relative resistance

3D cell cultures GBM cell types Drugs (3D vs 2D) Reference
3D culture with chitosan- DOX, no difference for 236
hyaluronic acid scaffolds U-118 TMZ DOX,
2-fold for TMZ
3D bioprinted cell culture u87, 1.5-fold for SU3
with gelatin/alginate/ SU3 patient- T™Z cells, 175
fibrinogen hydrogel derived cell line 2.2-fold for U87
u87 cells:
3-fold for DDP,
42-fold for CCNU
. u87, T™MZ, :
3D culture with collagen orimary GBM CCNU, 6-fq|d for TM.Z 237
scaffolds cells Cisplatin primary cells:
P 3-fold for DDP,
18-fold for CCNU,
6-fold for TMZ
3-fold for TMZ
T™MZ, !
3D culture with chitosan- Primary GBM BCNU, 9-fold for BCNU, 165
A 16-fold for CCNU,
hyaluronic acid scaffolds cells CCNU, .
. no difference for
Everolimus .
Everolimus
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3D bioprinted culture with

gelatin/alginate/ fibrinogen U118 T™MZ 2.5-fold 264
hydrogel
. . 1.3-fold for cisplatin,
3D aggregates on agarose BMG-1 Clsplatln_, no difference for 277
hydrogels Bleomycin .
bleomycin
Spheroids and 3D culture Patient-derived Irinotecan, about 10-fold for 242
with gelatin foam cells 5-Fluorouracil both drugs
2-fold for TMZ,
3D bioprinted culture with u87, T™MZ, 8-fold for cisplatin 177
. . . . ! for U87,
alginate/HA/collagen | primary cell line cisplatin

24-fold for cisplatin
for primary cells

TMZ-temozolomide; DOX-doxorubicin; CCNU-comustine; BCNU-carmustine.

According to data of Wang et al., several groups of genes demonstrated increased
expression in 3D cell cultures, contributing to a higher degree of drug resistance?*®, These
included genes associated with drug detoxification, drug efflux (ABCC5, ABCC3, and
MVP), resistance to apoptosis (ESR1, RARG, ERBB4, MET), antiapoptotic genes (BCL2,
B2M), resistance against oxidative stress (NFKB family members, PPAR, SOD1, HIF1A),
DNA repair (MGMT, XPC, TOP2B and BRCA2) and DNA replication arrest (CDKN13 and
CCND1). Interestingly, the authors did not observe a significant difference between 3D
scaffold and 2D cultures in the expression of genes mainly involved in multidrug resistance
(e.g., ABCB1) and detoxification (e.g., CYP3A4). In line with these findings are results
published by Lv and colleagues that observed upregulated expression of MGMT, as a
possible mechanism of resistance to alkylating agents in 3D environment, but no changes in
the expression of major ABC transporters (ABCB1, ABCC1, ABCC2, ABCC4, and
ABCG2)?%". However, some authors have reported increased expression of ABCG2 in GBM
cell lines resistant to drug treatment in 3D cultures?'?2%. Florczyk et al., also observed that
cell line with the highest degree of resistance to alkylating agents in 3D systems, besides
upregulating ABCG2 expression, also increased the expression of ABCB12%. Moreover,
results from previously described 3D system, Cancer Drug Resistance Accelerator chip,
showed that increased drug efflux activity was the main cause of emerging DOX resistance
in U87 cells'®. The authors of this study isolated resistant U87 cells from the chip and
performed exome and transcriptome sequencing and identified several mutated genes
(CHD1 and FLNA) related to DOX resistance, as well as significant number of differentially
expressed genes associated with immune response, DOX metabolism and NF«B signaling.

Increased resistance to apoptosis is another mechanism that contributes to resistance to
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alkylating agents?°%233 as well as DOX and resveratrol?’®, in 3D cell cultures. Regarding the
latter study, authors observed increased production of anti-apoptotic factors, survivin and
Bcl2, in 3D cultures in response to DOX and resveratrol as known apoptosis inducers.
Drug resistance in 3D models may be at least partially reversed by combined drug
application. Fernandez-Fuente and collaborators showed that sunitinib resistance in three-
dimensional GSC culture may be reversed through the inhibition of the Akt and ERK
signaling pathways, using PD98059 and LY 294002, respectively?*°. Shojaei et al., described
that simvastatin, a mevalonate biosynthesis inhibitor, can increase TMZ-induced apoptosis
by inhibiting autophagy flux??. Similarly, in our recent study we were able to sensitize
TMZ- resistant RC6 cells by combining TMZ with coenzyme Q10 in 3D microfludic device

within collagen hydrogel?™.

1.7 Effects of 3D culture microenvironment on GBM cell response to drug

treatment

The effects of drug treatments on 3D glioblastoma culture are determined not only by
culture dimensionality but also by the presence of various microenvironment factors, as
summarized in Table 1.4.

Two publications reported that the efficacy of EGFR-targeted therapies in 3D GBM
culture depends not only on EGFR status but also on the chemical composition and
physicomechanical properties of the ECM. Pedron et al., showed that EGFR mutated,
patient-derived GBM cells, that are sensitive to erlotinib, had decreased response to this TKI
inhibitor in the HA-containing GelMA hydrogel, due to crosstalk between CD44 and EGFR

signaling pathways?&

. Xiao and colleagues made a similar observation in their 3D brain-
biomimetic platform. They confirmed that patient-derived GBM cells are less responsive to
erlotinib and lapatinib in the presence of HA-bound hydrogels and this effect was also
dependent on the stiffness of the hydrogel?®!. Recently, the same group showed that HA and
RGD-functionalized proteins in 3D hydrogel concomitantly contributed to GBM cell
resistance to the alkylating agents TMZ and carmustin??, This effect was mediated by Src
signaling upon joint activation of CD44 and integrin. Another ECM component, fibronectin,
was also shown to influence GBM cell response to targeted therapy. Efficiency of MEK
inhibitor, PD0325901, on GBM cell growth, motility and dispersal from spheroid is
dependent on high fibronectin concentration in the ECM?%, Recently, two additional
research groups demonstrated that growing cells in stiffer scaffolds leads to higher TMZ

resistance249:2%0,
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As previously mentioned, hypoxic conditions promote an invasive phenotype of GBM
upon 3D cultures, however the lack of oxygen also influences their response to therapy.
Namely, Musah-Eroje and Watson showed that growing GBM cells in 3D culture increased
resistance to TMZ which became even more pronounced under hypoxic conditions®,

The presence of stromal cells in composite 3D GBM cultures further contributes to tumor
cells’ drug resistance. Namely, astrocytes and endothelial precursor cells are able to diminish
the cytotoxic effect of the STAT3 inhibitor (SH-4-54) in 3D culture of stem-like GBM cell
line?’*, Earlier work of Yang and colleagues also showed that addition of the astrocytic cell
line to different GBM cell spheroid cultures protected them from cytotoxic insult of TMZ
and DOX?, Additionally, Civita et al., reported that lower response to TMZ, vincristine
and clomipramine can be a result of mitochondrial exchange between reactive astrocytes and
GBM cells through tunneling nanotubes formed between them?8. Xiao et al., established
U87 cells co-culture with rat neurons and glial cells within 3D graphene—carbon nanotube
matrix and evaluated the effect of myosin Il inhibitor, blebbistatin, on tumor cell migration.
They observed that the presence of cortical cells reduced blebbistatin activity reflected in

decreased U87 cell motility?®.
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Table 1.4 Effects of various microenvironment conditions on drug response in 3D glioblastoma cell cultures

3D cell cultures

GBM cell types

Drugs

Microenvironment

Major findings

Reference

primary cell lines

conditions
3D culture with HA Patient-derived - 0,03,05,071 anq 2 EGFR mutated cells were 2 fold resistant in 280
Erlotinib wt% hyaluronic acid .
decorated GelMA hydrogels xenograft cells the presence of HA in hydrogel
methacrylate
0.5% or 0.1% (w/v) HA, . . .
Gliomaspheres and 3D - with or without RGD Cells cultured in 3D hydrogels W'th a high
- . . Erlotinib, . HA content (0.5% w/v), RGD tripeptide and 281
culture with HA and RGD Primary cell lines - peptide, .
. Lapatinib . low compressive modulus (1 kPa) were the
containing hydrogels 1 or 2 kPa compressive . .
most resistant to erlotinib
modulus
Gliomaspheres and 3D 0.5% and 0.1% (w/v) HA, High content HA scaffqlds, particularly
- . . T™MZ, - - those with RGD peptide, were more 282
culture with HA and RGD | Primary cell lines . with or without RGD . .
containing hydrogels carmustine peptide resistant to TMZ and carmus_tm than low-
HA hydrogel culture and gliomaspheres
30 and 300 we/ml serum PD0325901 increased spheroid stiffness and
Spheroids Primary cell lines | PD0325901 oYU e viscosity under high fibronectin serum 283
fibronectin .
concentration
U251, Normoxia (20% oxygen) U87 and U251 neurospheres were more
Neurospheres us7 T™MZ . ygen), resistant to TMZ than monolayer culture, 158
hypoxia (1% oxygen) ) : o
SNB19 particularly under hypoxic conditions
Tri-culture with normal Stem marker positive cells were 1.25 fold
3D culture in collagen type . . . more resistant to STST3 inhibitor in 3D o7
. Primary cell lines SH-4-54 primary astrocytes and L . .
I-hyaluronan matrix ECECs matrix with stromal cells than in 3D matrix
only
Spheroids A|_11Z|218U(2:21 T™MZ, Co-culture with TNC-1 Most cell lines were resistant to TMZ and 284
P o DOX astrocytes DOX in the presence of astrocytes
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. . N Co-culture with rat Cortical cells reduced U87 migration 285
3D culture in GCNT matrix usr blebbistatin neurons and glial cells velocity by 34% in GCNT matrix

3D culture in HA-gelatin . . TMZ, CLM, . . . Cells were more resistant to all drugs in co- 275

hydrogel Primary cell line VCR Co-culture with microglia culture with microglia
3D culture in HA-gelatin . . TMZ, CLM, - Cells were more resistant to all drugs in 268

hydrogel Primary cell lines VCR Co-culture with astrocytes presence of astrocytes

Tetra-culture with . R
Lo . T™MZ, The resistance was enhanced in tri-culture
3D bioprinted culture with Xenografted Erotinib, astrocytes, neural and it was potentiated with addition of 181
GelMA and GMHA tumor cells B precursor cells and
Gefitinib macrophages
macrophages

HA-hyaluronic acid; GelMA-methacrylamide-functionalized gelatin; RGD-arginine-glycine-aspartate; TMZ-temozolomide; ECFCs-endothelial colony forming cells;
PD0325901-MEK inhibitor; SH-4-54-STAT3 inhibitor; blebbistatin-myosin Il inhibitor; GCNT-graphene—carbon nanotube, GMHA-glycidyl methacrylate-HA.
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1.8 Conclusions

In the past decade researchers have made a great effort to develop a variety of 3D
glioblastoma cell models. These models are valuable tools for in vitro studies of
glioblastoma pathogenesis and also represent good platforms for drug screenings. 3D
glioblastoma models are physiologically more relevant and reliable than conventional 2D
cell cultures and they are increasingly replacing monolayer cultures in laboratory practice.
They should ultimately substitute animal models in preclinical drug characterization, reduce
the costs of drug discovery and development, avoiding at the same time ethical concerns
regarding in vivo experiments. However, there are still important issues to be considered and
properties to be improved in order to fully adopt 3D glioblastoma cell culture models as
standard platforms for preclinical drug screening and development. The greatest challenge
in developing 3D glioblastoma models is to mimic the full temporal and spatial complexity
of the tumor: organization of its structures, heterogeneity of cell types, specificity of ECM
composition, dynamics of TME conditions, and simulation of different cancer-related
processes, such as metastasis.

As reviewed above, spheroids represent the first step in making more complex cell
cultures. They have cell-cell and cell-ECM interactions and established biochemical
gradient, but are still lacking the 3D architecture of the tumor. On the other hand, organoids,
as miniature organs, appear to most closely resemble native tumor structure in vitro but lack
reproducibility and have limitations in continuously providing tumor-related
physicochemical conditions and preserving long-term culture. Introducing 3D bioprinting
technology also gives an opportunity to achieve structural complexity of tumor tissue in a
controlled manner. However, bioprinted cultures, as with organoids, lack an important
physicomechanical component namely fluid flow. Therefore, in the future, organoids and
bioprinted cultures should be combined with other approaches and platforms that provide a
dynamic microenvironment, for example perfusion bioreactors and microfluidic devices, for
establishing a complete mimic of 3D glioblastoma cell culture. In this regard, microfluidic
devices are so far the most comprehensive of all 3D cell culture models. Yet, there are several
challenges to be addressed in the future development and use of microfluidic-based 3D
glioblastoma cell cultures. In the first place, the choice of biomaterials remains a great
challenge and requires further development by biomaterial and tissue engineering. Focus
should be put on improving biomaterial characteristics for 3D GBM cell culture scaffolds,

on increasing their long-term stability, mimicking the specific composition of GBM ECM
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(e.g. enriched in HA), maintaining consistency of their composition and physicomechanical
properties, particularly in response to the presence of GBM cells and their dynamic
interaction with scaffold. Particular attention should be paid to the choice of biomaterials-
regarding the type of drugs applied in studies to avoid false positive or false negative results
on chemosensitivity due to variable drug permeability and absorption. Other challenges,
which also affect drug efficiency in GBM, remain to be addressed in the future design of
microfluidic-based 3D GBM platforms. Those include establishing heterogeneity of GBM
cells, mimicking interactions between GBM cells and other brain cell types, as well as

modeling GBM motility.
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Objectives

As stipulated in the literature review above, the microenvironment is a fundamental factor
modulating the tumor progression and its response to treatment. This is why we
contemplated the development of 3D in vitro models that could mimic closer the important
characteristics of TME and provide more reliable models for therapy testing. However,
interactions between different components of TME are still incompletely known and the
heterogeneity of GBM is extensive, so more precise and detailed studies of patient tissues
are needed, which is why we considered studying the microenvironment with spatial

transcriptomics technique.

This thesis was financed by an i-PFIS grant for doctorates between Institutes for Health
Research and companies, in this case 1IS Aragon and Beonchip S.L., which permitted the

development of a part of the thesis in an industrial environment.

Obijectives of this thesis were:
- To collaborate on the improvement of a microfluidic device that will simulate better
GBM characteristics
- Toexamine the role of oxygen in GBM progression and response to treatment within
a microfluidic device
- To establish the model of TMZ chemoresistance development and test alternative
treatment schemes
- To study the spatial expression of genes related to treatment resistance by using
spatial transcriptomics.
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Materials and methods

3.1 Patient samples

After written informed consent, tissue samples from patients with astrocytoma were
collected from the University Clinical Hospital “Lozano Blesa” by the Biobank of the
Aragon Health System. The histological grade was established by histopathological analysis
of the surgical specimens. The use of the samples was approved by Research Ethics
Committee of the Autonomous Community of Aragon (Comité de Etica de la Investigacion
de la Comunidad Auténoma de Aragon, CEICA), request form SA20-35. Within the scope
of this thesis, fresh and fresh frozen samples and OCT blocks were used.

3.2 Primary cell lines

Tissue samples were collected during surgery, placed in ice-cold PBS, and processed
within two hours after the surgery. First, the tissue was minced with a surgical blade in a
glass Petri dish in sterile conditions. Accumax solution (1-2 mL) was then added to the tissue
and incubated for 15 min at room temperature for chemical dissociation. Dissociated tissue
was then centrifuged and resuspended in DMEM/F12 medium (Biowest, L0091),
supplemented with 10% FBS (Sigma Aldrich, F7524), 2 mM L-glutamine (Lonza, 17-
605C), penicillin/streptomycin (Lonza, 17-602E), and 25 pg/mL amphotericin B solution
(Gibco, 15290-026). The medium was additionally supplemented with growth factors: 20
pL/mL B-27 (Thermo Fisher Scientific, 12587010), 40 ng/mL epidermal growth factor
(Biotechne, 236-EG-200), and 20 ng/mL basic fibroblast growth factor (Miltenyi, 130-093-
838). Dissociated tissue was monitored for 48h to confirm cell attachment before changing
the medium. Cell culture was maintained at 37°C in humidified 5% CO2 atmosphere. A low
passage humber was used to ensure the similarity with the patient tissue, without genetic and

epigenetic changes.?%®

3.3 Commercial cell lines

Glioblastoma cell lines, U-251 MG (U251) and U-87 MG (U87), were purchased from
Sigma Aldrich (09063001 and 89081402, respectively).

Human colon carcinoma cell line (HCT-116) was purchased from the American Type
Culture Collection (ATCC).

All cell lines were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; Lonza BE12-614F), supplemented with 10% fetal bovine serum (FBS; Sigma
Aldrich F7524), 2 mM L-glutamine (Lonza, 17-605C), and penicillin/streptomycin (Lonza
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17-602E). Cell cultures were maintained at 37°C within a humidified TEB-1000 incubator
(EBERS Medical Technology) with 5% CO.. Cells were subcultured when they reached 80-
90% confluence using Trypsin/EDTA solution (Lonza, BE17-161E).

3.4 Fluorescent cell labeling

U251 cell line was stably transduced with a green fluorescent protein (GFP)-expressing
lentiviral vector, kindly provided by Dr. Prats, University Paul Sabatier, Toulouse, France?®’.
Briefly, 5 x 10* cells/well were seeded in 24-well plates and incubated for 24 hours at 37°C
in a humidified atmosphere containing 5% CO2. The growth medium was then removed,
and cells were washed twice with PBS (Lonza, BE17-516F). Opti-MEM medium (Thermo,
31985062) was supplemented with 5 pg/ml protamine sulfate (Sigma, P4505) and was mixed
with the lentivirus suspension in a 1:1 ratio. This mixture was added to the cells and
incubated for 24 hours. Afterward, the transduction medium was replaced with a growth
medium and the cells were routinely cultured for two weeks to remove the viral particles.
Transfection efficiency was checked by fluorescence microscopy with more than 90% of the
cells found to be GFP-positive (U251-GFP).

Following the same protocol, U87 cell line was transduced with cherry protein (U87-
cherry).

U251 cell line was transfected with a hypoxia-responsive 5SHRE/GFP plasmid, which was
a gift from Martin Brown & Thomas Foster (Addgene plasmid #46926;
http://n2t.net/addgene:46926; RRID: Addgene _46926)?%, Transfection was performed
using Xfect Transfection Reagent (Takara, 631317). In short, U251 cells were seeded in a
6-well plate and incubated for 24 hours at 37°C in a humidified incubator containing 5%
CO2. Plasmid DNA (5 pg) was diluted in Xfect Reaction buffer and mixed with Xfect
Polymer. After 10 min incubation which allowed the formation of nanoparticle complexes,
the solution was added to the cell culture and incubated for 4h. After 48h, the selection of
transfected clones was started with 200 pg/mL G-418 (VWR, 345812-10).

U87 cells were green fluorescently labeled by adding 5 ul of lipophilic cell membrane
dye Vybrant™ DiO (Invitrogen, V22886) per 10° cells/ml suspension. Cells were incubated

for 15 min, centrifuged, and washed three times with growth media.
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3.6 Spheroid formation

Spheroids were made by hanging drop and non-adherent surface methods.

For the hanging drop method, cells were trypsinized and resuspended in a growth medium
supplemented with 20% methylcellulose solution to reach the concentration of 40 000
cells/mL. To form 1000-cell spheroids, 25 pL drops were placed on the lid of a Petri dish.
The bottom part of the dish was filled with distilled water to prevent evaporation. Plates
were placed within the incubator and left for 48h to assure spheroid formation. Afterward,
spheroids were transferred to a growth medium in suspension 96 well plates (Sarstedt
83.3925.500) treated with anti-adherence solution (Stemcell 07010).

The non-adherent surface method consisted in trypsinizing the cells, preparing the
concentration of 10* cells/mL in the growth medium, and seeding 100uL (1000 cells) per
well in anti-adherence treated well plates. Further centrifugation at 1000 rpm for 5 min
helped cell aggregation. Plates were then placed within the incubator and left for 48h for
spheroid formation.

For spheroid maintenance, the growth medium was changed every third day.
3.7 Microfluidic device
3.7.1 Chip fabrication

Microfluidic devices consist of a central chamber and two lateral microchannels,
interconnected with parallelogram-shaped pillars. The part of the device that marks the
structure was fabricated by injection molding of COP. It was attached to a thin COP layer
with pressure-based adhesive. To study the effect of oxygen concentration on the culture, a
PDMS layer was used instead of a COP layer. PDMS was mixed with a curing agent (10:1,
w/w), and 1.5 mg were placed on the 100-mm Petri dish to create the 0.2-0.3-mm layers.
After 2h of curing at 60°C, PDMS layers were ready for use. To assure medium refresh
below the device and constant oxygen supply, the devices were attached to a Petri dish using
3mm-high PDMS.

3.7.2 Surface treatments

Microfluidic devices were treated with oxygen plasma on Diener electronic Plasma-
Surface-Technology (Atto) at 100W for 1 min, using a pressure of 0.4 mbar and 50% O, to

increase the hydrophilicity of the material.
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Where additional surface treatment was needed to strengthen the unions between the
device and ECM proteins, as in PDMS devices or when using contractile cell lines,
poly(ethyleneimine) (PEI) or poly(acrylic acid) (PAA) were used.

PEI treatment was performed after plasma surface activation by 10-minute incubation of
the devices with 2% PEI aqueous solution, followed by 30-minute incubation with 0.4%
glutaraldehyde (GA). After the solution aspiration, the devices were washed three times with

distilled water and sterilized by UV exposure for 30 minutes®®,
3.7.3 Collagen hydrogel preparation and 3D cell culture within the device

Hydrogel mixture for 3D culture was composed of 50% (v/v) of the desired cell density
in growth media and 50% (v/v) collagen matrix. For collagen matrix, either 3.36 mg/mi
(Corning 354236) or 10.57 mg/ml (Corning 354249) type | rat tail collagen, NaOH 1N
(Sigma 655104) at proportion of 1:40 (v/v of collagen volume) and DMEM 5X (Sigma
D5523) at 1:5 (v/v of collagen matrix volume) were mixed to get a desired final collagen
concentration (1.2 mg/mL, 2 mg/mL or 4mg/mL). Sterile water was added to reach the final
collagen matrix volume. The collagen gel matrix was homogenized and kept on ice. The cell
suspension at the desired cell density was homogenized with the collagen matrix and injected
into the central chamber of the device. To assure 3D cellular distribution, the devices were
placed up and down for a few minutes and then put within the incubator with 5% CO. at
37°C for 15 minutes to promote collagen polymerization. Afterward, the pre-warmed growth

medium was added to the lateral channels and refreshed every day.
3.7.4  Cell recovery from collagen hydrogel

Collagenase P (Roche, 11213857001, 2.3 IU/mg) was dissolved in PBS to a final
concentration of 8 mg/ml (18 IU). Collagenase solution was subsequently sterile-filtered,
and 50 pl of the collagenase solution were pipetted through each lateral channel of the
microdevice. Collagenase incubation was performed at room temperature for 10 min.
Afterward, the recovered cell suspension was transferred to a fresh Eppendorf tube and

washed with PBS before subsequent steps.
3.7.5 Hypoxia studies

To study oxygen concentration and functional effects of hypoxia within the device, two
approaches were used.
ImagelT Red Hypoxia reagent (Thermo Fisher, H10498) was added to a hydrogel mixture

and a growth medium at a concentration of 10 uM. This compound is fluorescent starting
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from 5% oxygen and the lower the concentration of oxygen, the higher the fluorescence
intensity.

For studying the functional effects of hypoxia, U251 cells transfected with a 5-HRE/GFP
plasmid, as explained above, were used. Hypoxia response elements (HRE) are activated by
hypoxia-inducible factor (HIF), the main transcription factor in hypoxia.

The cells were embedded in collagen hydrogel and seeded within COP and PDMS device

at the concentration of 40 x 10° cells/mL.
3.8 TMZ treatment

TMZ (Sigma, T2577) was reconstituted in DMSO to 50 mM concentration. The final
concentration used in our experiments was 100 pM, as that is the maximum concentration
measured in the patient’s plasma?®. For most of the experiments, a clinical treatment scheme
was used. It contains a 5-day TMZ treatment, followed by a 23-day rest®. Alternative
approaches studied included treatment once in 28 days, once a week, or every four days.

DMSO was used as a control.
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3.10 CCK-8 viability assay

Cell Counting Kit — 8 (CCK-8, Dojindo, CK04) was used for the initial validation of TMZ
effectivity in different in vitro models. Different cell concentrations were seeded in each
culture to enable long term experiments (1 000 cell/mL for 2D culture, 25 000 cells/mL for
3D gel culture, and 10 000 cells/mL for 3D spheroid culture). 10% CCK-8 solution was
added to the medium on days 0, 5, and 21 and incubated for three hours. The absorbtion rate
was measured at 450 nm using Biotek® SynergyTM HT multi-reader (BioTek Instruments,
Inc. VT, USA).

3.11 Viability staining

The viability of cell culture was determined by calcein-AM/propidium iodide (CAM/PI)
staining. Stock solutions of 1mg/ml CAM (Life Technologies, C1430) and 2mg/ml PI
(Sigma, P4170) were dissolved in DMSO and distilled water. To test cell viability, CAM
and PI stock solutions were diluted to 2 and 6 ug/ml, respectively, in phosphate-buffered
saline (PBS) (Lonza BE17-516F). CAM/PI solution was added to a 96 well plate with
spheroids or perfused through the lateral channels of microfluidic devices and incubated for
15 min. CAM becomes fluorescent once it reaches the cytoplasm of viable cells and P1 stains
dead cells, with compromised cell membrane.

For cell death tracking, two drops of NucGreen Dead 488 ReadyProbes Reagent
(ThermoFisher, R37109) were added to a 1 mL growth medium and perfused through lateral

channels.
3.12 Histological and immunohistochemical analysis

Spheroids were fixed with 4% paraformaldehyde (PFA) for 15-30 min at room
temperature. To facilitate handling, they were stained with blue tissue-marking dye
(Labolan, 240101K) before paraffin embedding. Sections (3 pm thick) were used for
hematoxylin-eosin (H&E) staining and for immunohistochemical detection of Ki67 (FLEX
Monoclonal Mouse Anti-Human Ki-67 Antigen, Clon MIB-1, Ready-to-Use (Dako Omnis,
GA626)), which were automatically done using Dako Omnis instrument (G110230) at the
Pathology service of the University Hospital “Miguel Servet”.
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3.14 Immunofluorescence staining

Hydrogels in microfluidic devices were fixed with 4% PFA for 15-30 min at room
temperature. COP/PDMS layer was detached, and hydrogels were transferred to a
microscope slide. They were washed three times with 0.05% Tween20/PBS for 15 min each
and then permeabilized with 0.1% TritonX-100/PBS for 15min. After blocking with 5%
BSA/PBS with 3% goat serum for 4h at room temperature, primary anti-caspase 3 antibody
produced in rabbit (Sigma Aldrich, C8487) was diluted in 2.5% BSA/ 0.05% Tx100 (1:1000)
and incubated overnight at 4°C. After washing three times, a secondary goat anti-rabbit IgG-
Rhodamine antibody in 2.5% BSA/ 0.05% Tx100 (1:200) was added and left overnight at
4°C. Finally, nuclei were stained with Hoechst 33342 for 3h, washed, and mounted with

Mowiol medium.
3.15 Amnis imaging cytometry

The determination of cell mortality and its classification between early, late apoptosis,
necrosis, and necroptosis was carried out in the Service of Cytomics of the University of
Zaragoza with Image Cytometer "ImageStream X" (AMNIS, Seattle, WA) as previously
described in the literature for the determination of cell viability along with cell death
studies?®22%, Cells grown in the microdevices for 24 and 72 h were extracted from the
devices with the collagenase technique described above. After one PBS wash and
centrifugation, cells were resuspended in PBS and stained with “FITC Annexin V apoptosis
detection Kit with Propidium Iodide” (Biolegend, 640914) according to the manufacturer’s
instructions. The staining kit was validated with HCT-116 cultured in 2D for 24 and 72h as
an internal control.

For cell analysis, the 488 nm laser was used. The capture of the fluorescence of 480-560
nm was used for the determination of Annexin V (AV) and the capture of 660-745 nm for
the determination of propidium iodide (PI). The representation of both contents determines
in the four quadrants of the bi-parametric histogram: the number of living cells without
staining (P1- AV-), early apoptosis (Pl- AV+), dead due to necrosis or necrotic (PI+ AV-).
The population with double staining (PI+ and AV+) underwent an additional determination
of nucleus morphology. For nucleus morphology, we used both the area occupied by the
nucleus and bright detail intensity to discriminate necroptotic cells (intact nucleus with

homogeneous staining) from late apoptotic cells (fragmented and inhomogeneous nucleus).
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3.16 Imaging and analysis

Bright field, fluorescence, and confocal images were acquired using a Nikon Eclipse Ti-
E C1 confocal microscope, while color images were acquired on a Leica DMi-8 microscope.

Images were analyzed using Fiji software (http://fiji.sc/Fiji).

Fluorescence intensity across the central microchamber of the microdevice was quantified
by selecting a rectangular region across the chamber and using the plot profile function under
the software instructions.

To estimate cell concentration within microfluidic devices with U251-GFP cells, the cell
concentration was assumed proportional to the fluorescence intensity. The constant of
proportionality was calculated assuming that the integral of the initial cell concentration
along the chamber equals the total amount of cells.

Spheroid growth was analyzed with a Fiji plugin SpheroidJ, which allowed automated
analysis of the spheroid area and was developed in collaboration with the University of La

Rioja, using the images generated during this thesis?**.
3.17 RNA extraction
3.17.1 2D and cells embedded in collagen gels

2D HCT control samples were extracted from 12-well plates at 150 000 cells/well.
Embedded cells were extracted from collagen hydrogels confined in 2 microdevices, as
described in previous sections. RNA was extracted using Total RNA Purification Plus Kit

(Norgen Biotek Corp, Canada).
3.17.2 Spheroids

Spheroids were collected on days 0, 28, and 56, washed in PBS, frozen in liquid nitrogen,
and stored at -80°C. Before adding a lysis buffer RLT Plus, the spheroids were minced in
liquid nitrogen in a cell crusher. AllPrep DNA/RNA Micro Kit (Qiagen, 80284) was used to

simultaneously extract DNA, RNA and proteins, according to the manufacturer’s protocol.
3.17.3 Fresh frozen (FF) patient samples

Freshly extirpated patient samples were washed in PBS and frozen in liquid nitrogen
alone or with optimal cutting temperature (OCT) compound and stored at -80°C. Ten 10 um-
sections were cut for RNA extraction and RNeasy lipid tissue mini kit (Qiagen, 74804) was

used following the manufacturer’s instructions.
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3.18 RNA quantification and quality control

The concentration of RNA extracted from collagen hydrogels and its purity were assessed
employing absorbance measurements using a Biotek® SynergyTM HT multi-reader
(BioTek Instruments, Inc. VT, USA).

RNA extracted from spheroids and patient samples was quantified using Qubit
fluorometer and Qubit RNA High Sensitivity (HS) Kit (ThermoFisher, Q32852). RNA
quality was assessed by calculating RNA integrity number (RIN) using Tape Station 2200
and High Sensitivity RNA ScreenTape.

3.19 Real-time PCR

cDNA was synthesized by using PrimeScript™ RT-PCR Kit (TaKaRa) according to the
manufacturer’s instructions. Briefly, 1 ug of RNA was taken from each sample and diluted
to a final volume of 16 ul in an Eppendorf tube. 4 ul of 5x Master mix was added to a final
volume of 20 pl. The mixture was incubated in a CFX96 Real-Time System (Bio-Rad, Spain)
for 15 minutes at 37°C, for 5 seconds at 85°C and finally, the mix was cooled down to 4°C.

PrimeTime® gPCR assay probes were purchased from IDT® (Integrated DNA
Technologies, Spain) for RALBP1, MKI67, and SLC2A1, as screened genes, and for GAPDH
and ACTB, as housekeeping genes.

PrimeScript gPCR Kit was used to perform the gPCR reactions in a CFX96 Real-Time
System according to the manufacturer’s instructions to a final gPCR volume of 10 pl. The
conditions for the g-PCR were the following: 95°C for 15s, [95°C for 15 seconds, 60°C for
30 seconds] (40 cycles), followed by a 4°C cooling hold step. Two endogenous genes
(GAPDH and ACTB) were used for the normalization of the data. All reactions were
performed in triplicate. Target gene expression was normalized using the geometric mean of
the mentioned reference genes. Relative gene expression fold changes were determined
between the time points of 24 and 72 h using the 2—AACt method.

3.20 RT2 profiler PCR array

The expression of 84 genes related to cancer drug resistance was studied by RT2 profiler
PCR array (Qiagen, PAHS-004ZA) following the supplier instructions. RNA was extracted
from FF, primary and recurrent GBM patient samples, and spheroids treated with TMZ as
explained earlier. RNA (20 ng) was reverse transcribed using the RT2 PreAMP cDNA
Synthesis Kit (Qiagen, 330451) with an incorporated genomic DNA (gDNA) removal step.
cDNA was mixed with the RT2 SYBR Green gPCR Mastermix (Qiagen, 330500) and added

49



The role of microenvironment in glioblastoma progression and chemoresistance development

to RT2 Profiler PCR Array, which also included housekeeping genes, gDNA control, reverse
transcription, and positive PCR controls. gPCR was performed in a Bio-Rad CFX96 real-
time cycler. HPRT1 was used as a housekeeping gene, and data was analyzed by the Qiagen

online software.
3.21 Spatial transcriptomics (Visium)

The spatial transcriptomics experiments were performed using the Visium Spatial
Transcriptomics Kit (10x Genomics) according to the manufacturer’s instructions. Briefly,
10-pum sections of fresh frozen tissues were placed on the Visium Spatial Gene Expression
Slide, with one section per capture area. Sections were then fixed with methanol and stained
with hematoxylin and eosin. Imaging was done with a Leica DMi8 microscope, obtaining a
classical histological image. Afterward, 30-min permeabilization was performed to release
the mRNA from the tissue and capture it onto primers on the slide. Reverse transcription
was done using template switch oligos and second strand DNA was produced. After
denaturation, cDNA was transferred from the slide to the Eppendorf tube for amplification
and library construction. Sequencing was done on a lane of HiSeq 4000 (Illumina) flowcell.
Raw FASTQ files and histology images were aligned against Human Reference Genome
(GRCh38-2020-A) with the Space Ranger software, and downstream analysis was done in
Seurat R package, at the Genomics Unit of Centro Nacional de Investigaciones
Cardiovasculares (CNIC).
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Figure 3.1 Visium Spatial Transcriptomics workflow.
Created with Biorender.
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3.23 Statistical analysis

All the experiments were repeated at least three times as independent biological repeats.
All results were presented as the mean + standard deviation of the mean. Data were analyzed
using GraphPad Prism, and statistical significance was set at p < 0.05. Normality was tested
by D’Agostino-Pearson test. If the Gaussian distribution was confirmed, one-to-one
comparisons were performed with a Student t-test with Welch's correction (if SD were not
the same). If the normality test was not passed, a non-parametric test was performed (Mann-

Whitney test). Multiple comparisons by ANOVA were corrected using the Tukey test.
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Deciphering the role of oxygen in glioblastoma progression inside organ-on-chip models

As explained above, the configuration of our device and the material used for its
fabrication allowed the spontaneous formation of oxygen and nutrient gradients and
recreation of necrotic core and pseudopalisade formation in vitro'®2%, Also, as described in
1.2, hypoxia can induce phenotypic changes that support tumor progression. It can promote
stem-like properties, activate pro-survival signaling pathways, modulate cellular
metabolism, regulate apoptosis and autophagy and induce migration®*1° However, not
only oxygen gradients are present within the tumor, but also nutrient or metabolites, growth
factors and waste gradients. Their interaction in the ischemic event was not well studied.
Therefore, we wanted to decouple the effects of oxygen from other gradients to check if the
lack of oxygen was the main trigger for GBM progression.

We fabricated a device using oxygen-permeable PDMS as a base layer for our device
instead of the COP layer for this study. This device configuration allowed homogeneous
oxygen distribution within the central chamber but maintained gradients of nutrients and
factors present in the growth medium, as shown in Figure 5.1. To repeat the conditions used
previously for the formation of the necrotic core, a high concentration (4 x 107 cells/mL) of
U251 cells was embedded in collagen hydrogel and seeded within the central chamber of the

device and the culture was followed for 5 days.

0:2 02

Figure 5.1 Configuration of microfluidic devices with different gas permeability.

Depending on the material used for the fabrication different gradients could be generated within the device. A.
PDMS is gas-permeable material, so oxygen distribution within the camber was homogeneous, and cells were
exposed to gradients of nutrients and factors. B. COP is gas-impermeable material, so cells could get oxygen
through lateral channels only, and apart from nutrient gradients, oxygen gradients were also generated.
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5.1 Results and discussion
5.1.1 Verification of hypoxic conditions

To corroborate the differences in oxygen levels within the devices, two methods were
employed. Firstly, Hypoxia ImagelT Reagent was used to directly visualize the level of
hypoxia within the device. This compound is fluorescent when the oxygen concentration is
lower than 5%, and its fluorescence intensity increases with the decrease in the oxygen level.
As shown by Ayuso, we confirmed that hypoxia was self-induced within the COP device,
with the highest level in the center of the chamber. As expected, fluorescent intensity was
significantly lower in the PDMS device, confirming that the PDMS layer was permeable to
gases and did not allow the generation of hypoxia within the central chamber. The difference
in the fluorescence intensity between the devices on the second day of culture is shown in

Figure 5.2, with corresponding confocal images.

4001
— COP

— PDMS
3004

Fluorescence intensity (a.u.)

2001
1 00 | Ww\/\’\/
0 T T L] 1
0 500 1000 1500 2000

Position across the chamber [um]

Figure 5.2 Differences in oxygen concentration within the device.

Hypoxia Imagel T reagent was added to 4 x 107 U251 cells/mL embedded in collagen hydrogel. This reagent is
fluorescent when oxygen concentration is lower than 5%, so the fluorescence level confirmed hypoxic
conditions in the COP device. Scale bar is 500 pm.

Moreover, changes in fluorescent intensity, hence level of hypoxia, monitored for a 5-day
experiment, can be seen in Figure 5.3. In COP devices, we observed that fluorescence
intensity increased during the first 2 days, and then it was lower on days 4 and 5. That could
be the result of cell death, as fewer cells were demanding oxygen in the central chamber, so
oxygen levels did not decrease as much as the first days of the experiment when most of the
cells were alive. A significant change was also observed in oxygen concentration in the

PDMS device (p<0.0001). This could be the result of the device configuration since the
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biggest part of the device was still gas-impermeable, and the oxygen exchange was done just
from the bottom part. In any case, the fluorescence level was significantly lower than in the
COP device (p<0.0001). Moreover, the oxygen concentration was also higher (lower
fluorescence) at the end of the experiment in the PDMS device compared to the previous

days, which could also be explained by the decrease of viable cells in the central chamber.
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Figure 5.3 Five-day monitoring of oxygen concentration.

A. Increase in fluorescence intensity could be seen in the COP device, especially in the central part of the
chamber, signifying lower oxygen concentration. B. The distribution of oxygen was homogeneous in the
PDMS device, even though there was a slight increase of fluorescence intensity.

To validate if the low oxygen level had functional effects, cells were transfected with the
S5HRE/GFP plasmid, so they should become fluorescent when promoters of genes that
respond to hypoxia were activated. Our results, shown in Figure 5.4, demonstrated that there
was almost no fluorescence within PDMS devices, while there was higher fluorescence in

COP devices, again confirming different oxygen levels in the devices.

Figure 5.4 Visualization of the activation of hypoxia responsive elements (HRE).

U251-HRE cells were embedded in collagen hydrogel and seeded within the devices. When hypoxic conditions
were established, fluorescent signal was liberated from the activation of genes that responded to hypoxia.
Fluorescence intensity was significantly higher in COP devices compared to PDMS devices. Scale bar is 500

pm.
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5.1.2 Necrotic core formation under different oxygen conditions

To validate the effect of oxygen concentration on cell death and necrotic core formation,
a CAM/PI viability staining was done. It was observed that, after 5-day culture, within the
COP chip a necrotic core was formed, as Ayuso showed!®®, while in the PDMS chip there
was a homogeneous death within the chamber, without enhanced cell death in the center of
the chamber (Figure 5.5). This suggested that hypoxia was necessary for the necrotic core
formation process. Moreover, apart from central death in COP device, we observed a higher
level of dead cells next to the pillars. This could be the result of oxidative stress induced by

ischemia-reperfusion cycles®?4-3%,
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Figure 5.5 Cell death in devices with different oxygen permeability.

4 x 107 cells/mL were seeded within the devices and CAM/PI viability staining was done on day 5. In COP
device, where oxygen gradients were present, Pl stained cells in the center of the chamber, marking necrotic
core. On the contrary, homogeneous death was observed in PDMS device, suggesting that hypoxia had an
important role in necrotic core formation. Scale bar is 500 um.

On the other hand, NucGreen Dead stain was added to the cultures to follow the temporal
evolution of dead cells during the assay. This stain is fluorescent once bound to DNA, and
it cannot cross the cell membrane, which means that it marks cells with compromised
membranes, as of late apoptotic or necrotic cells. As seen in Figure 5.6, from the beginning,

it was clear that the evolution of the cultures within the devices with different oxygen
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permeability was different. In the COP device, on the third day of culture, the initiation of
the necrotic core was observed in the center of the device, which expanded and was clearly
seen on day 5. Meanwhile, homogeneous staining was observed in the PDMS device, with
an increase in the number of dead cells. These results supported the hypothesis that the
oxygen levels were higher because of the decrease of viable cells in the last days of the

experiment.
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Figure 5.6 Cell death monitoring over time.

NucGreen Dead was added to 4 x 107 U251 cells/mL to monitor cell death during the experiment. It stained
cells with disrupted cell membranes. Again, it was seen that cells primarily died in the center of the chamber
in the COP device, and that homogeneous death was present in the PDMS device. Scale bar is 500 pm.

A few more groups investigated the importance of oxygen gradients for GBM
progression. Hee-Gyeong et al. developed a bioprinted model of GBM that permitted the
creation of gradients within the tumor. Changing the material used for the top layer (glass or
silicone), they fabricated devices with different oxygen permeability. They saw that a
necrotic core was only formed in hypoxic conditions!8*. Moreover, Palacio-Castafieda et al.
fabricated PDMS gradient devices, similar to ours®®’. They incorporated a poly(methyl
methacrylate) (PMMA) layer within the PDMS to prevent oxygen diffusion to decouple
oxygen effects. Even though they saw differences in oxygen concentration, a necrotic core
was not formed in either of the devices. This was probably the result of a short-term culture
(2 days), but also could be affected by incomplete blockade of oxygen diffusion, as they
showed that the PMMA layer slowed down the diffusion but did not block it.
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5.1.3 Apoptosis activation under different oxygen conditions

To study the apoptosis activation within our devices, immunofluorescence staining was
done for the active form of caspase3 on the 5" day of culture. Within the COP device
apoptosis was activated only in the transition zones, between the necrotic core and the most
oxygenated zone (pillars). In contrast, there was homogeneous apoptosis throughout the
chamber in the PDMS device (Figure 5.7A). Furthermore, when labeling was done on patient
samples (Figure 5.7B), strong immunoreactivity for cleaved caspase3 was seen in a
perinecrotic region (pseudopalisade)!®®3?8, Additionally, the same distribution of necrosis
and apoptosis was seen in stroke and myocardial infarction®®. Hence, the oxygen
impermeable device can resemble better the physiological characteristics of the ischemic

tissue.

Figure 5.7 Distribution of cleaved caspase-3 in microfluidic devices and patient samples.

A. In COP devices cleaved caspase-3 positive cells were mainly found in the region between pillars and
necrotic core, while in PDMS device they were uniformly distributed. Scale bar is 100 um. B. In patient tissues,
positive cells were observed in perinecrotic regions. 1 —adapted from 328 and 2 — adapted from %,

5.1.4 Temozolomide treatment under different oxygen conditions

Referring to the previously explained importance of hypoxia in generating resistance to
therapy, we wanted to study the role of oxygen in chemotherapy response to temozolomide
(TMZ) within our devices. As TMZ treatment usually follows the tumor extirpation, when
only invading cells remain, lower cellular concentration was used in these experiments (4 x
108 cells/mL). Also, lower collagen concentration (2 mg/mL instead of 4 mg/mL), given that
the surrounding tissue has lower stiffness than tumor33%-33t, U251 cells were treated with 100
MM TMZ for 5 days, replicating the clinical dosing scheme. After treatment, the culture was
left 5 more days to recover. It was observed that TMZ had a stronger effect in the PDMS
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device (p=0.0012, Figure 5.8), where oxygen concentration was higher, suggesting that
hypoxia increased resistance to treatment in our model, as seen in the literature. Musah-Eroje
A. and Watson S. showed that TMZ had lower effect on cells grown in 3D compared to 2D,
and that was even more prominent in hypoxia®>3. Moreover, hypoxic conditions were shown
to activate the expression of different miRNA, which could lead to enhanced TMZ

resistance332333,
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Figure 5.8 Response to TMZ treatment.

4 x 10® U251-GFP cells/mL were treated for 5 days with 100 uM TMZ, and left 5 more days to follow the
effect of the drug. On day 10, there were significantly more viable cells in COP device compared to PDMS
device (p=0.0012), suggesting that hypoxia protected cells from TMZ effect.

5.2 Conclusions

As shown earlier, we demonstrated here that our microfluidic devices allow simulating
important glioblastoma behavior. By generating an oxygen-permeable device, we confirmed
the importance of hypoxia in GBM progression. The development of hypoxic conditions led
to the necrotic core formation, while it did not occur in normoxic conditions. Similar to the
patient tissue, cells surrounding central necrosis were positive for the active form of caspase-
3, marking apoptosis. Also, as expected, TMZ treatment induced more cell death in
normoxic conditions, confirming that hypoxia increases resistance development. Therefore,
our models mimic more physiological characteristics of GBM and could be further used to
understand better GBM behavior and drug response.
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Chemoresistance development in the 3D spheroid model

Different in vitro models were used for treatment response studies, apart from the
microfluidic devices. As already explained, traditionally used 2D cell culture cannot
simulate the complexity of the tissue and the natural behavior of the cells. Hence, more
complex 3D systems could help us obtain more physiologically relevant results.

Standard clinical chemotherapy (Stupp protocol) consists of different cycles of a 5-day
TMZ treatment followed by 23-day rest. The treatment cycle is usually repeated six times,
but the treatment can be prolonged depending on the patient’s evolution. The recommended
dosage is 150 mg/m? per day, and can be increased to 200 mg/mL if there are no strong
secondary effects after the first treatment cycle.® Here, we studied the response of GBM cells
to two treatment cycles, trying to understand the reasons for low treatment efficacy and

resistance development.
6.1 Results and discussion
6.1.1 Treatment efficacy in different culture conditions

First of all, we wanted to confirm the different behavior of our GBM cells in 2D and 3D
models, so we compared 2D culture, 3D gel culture, simulating the cell-extracellular matrix

interactions, and 3D spheroid culture, favoring cell-cell interactions.
6.1.1.1 Optimization of culture conditions

Two glioblastoma cell lines (U251 and U87) were used to simulate the heterogeneity of
the tumor, as we observed their different behavior. U87 cells were more proliferative and
more metabolically active than U251 cells33. Different cell seeding density was tested to
encounter the one that allowed long-term culture without the need to trypsinize the cells
(data not shown). Furthermore, as seen in Chapter 4, U87 cells have a higher contractile
capacity and easily remodel the extracellular matrix. Hence, it was important to choose the
seeding density that would not compromise the hydrogel consistency until the end of the
experiment (data not shown).

Moreover, U251 and U87 spheroids had different behavior. For spheroid formation,
seeded cells were left for two days to establish a compact, stable structure. Figure 6.1. shows
the spheroid evolution after formation. We observed that U87 spheroids started growing
immediately (Figure 6.1-A), while U251 spheroids decreased in size (Figure 6.1-C). The
high proliferation rate of U87 cells led to a six times increase of spheroid size in 14 days
(Figure 6.1-B1). Moreover, we observed that the growth of U87 spheroids depended on

nutrient availability, as already shown by Panchalingam et al.?>3. If more medium was used
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for the spheroid maintenance (Figure 6.1-B2), or complete medium was refreshed instead of
just one part (Figure 6.1-B3), the conditions were favorable for more cells, so the
proliferation was higher, and spheroids were bigger.

Unlike, U251 cells seemed to form strong intercellular connections, which led to spheroid
contraction and an almost 50% size decrease (Figure 6.1-D). For further experiments with
U251 cells, we decided to leave the spheroids for nine days before starting the treatment, as
the descent slope was highest during the first week after the 2-day formation. The data
obtained was helpful for the validation of an in silico model of spheroid evolution, developed

by our colleagues from the University of Seville (article under major revision in Computer

Methods and Programs in Biomedicine).
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Figure 6.1 Spheroid evolution.

A. U87 spheroids were highy proliferative and increased their size significantly, which was quantified in B1.
Their growth depended on the availability of nutrients, and the increase was higher if more medium was used
for maintanance (B2) or refresh (B3). C. U251 spheroids continued compacting the spheroid after the initial
formation and significantly decreased their size, shown in D. Scale bar is 100 pum.
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6.1.1.2 Response to TMZ treatment in different in vitro models

Described cultures were treated with 100 uM TMZ for five consecutive days and then
maintained in a fresh growth medium to study the TMZ efficacy. In this case, the experiment
was stopped on day 21 because of the confluence of the control 2D cell culture. Therapy
effectiveness is shown in Figure 6.2, where the percentage of viable cells is normalized to
the corresponding control sample. As it was shown in Chapter 1 and summarized in Table
1.3, cells were more sensitive in 2D culture than in 3D culture in either of the conditions
studied. Also, U251 cells were more resistant than U87 cells, probably due to their different
proliferation rates, although huge heterogeneity is reported in the literature about the
response of these cell lines to TMZ33°33,

The mechanism of action of TMZ could explain the response observed. TMZ is a
methylating agent affecting proliferating cells by blocking the replication fork and inducing
the cell cycle arrest in a G2/M phase, leading to activation of senescence and cell death3"-
339 Therefore, as U251 cells were less proliferative than U87 cells, the efficacy of the
treatment was lower and higher viability was observed. Likewise, lower proliferation in 3D

cell culture (see 1.4) could lead to a lower response to TMZ treatment compared to 2D
culture.
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Figure 6.2 Response to TMZ in different in vitro models.
TMZ effect was studied on U87 (A) and U251 (B) cell lines, in 2D culture (1), 3D gel culture (2) and 3D
spheroid culture (3) on day 21. As can be appreciated on confocal images in A and B, and quantified by CCK8

assay (C), cells in 2D were the most sensitive ones. Moreover, TMZ effect was weaker on U251 cells. Scale
bars are 500 um for Al and B1, and 100 pum for the rest.
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Further experiments were focused on spheroids, as they simulated chemical gradients
present in the solid tumor and were responsible for tumor progression. Moreover, this culture
can be easily maintained for long-term experiments. Although both cell lines have been
previously used as GBM models, we decided to follow our experiments with U87 since U251

spheroids showed characteristics more compatible with low-grade astrocytoma tumors.
6.1.2 Treatment scheme testing

As explained earlier, classical clinical treatment consists of 5-day TMZ treatment and 23-
day rest, repeated several times, depending on the patient’s evolution. Different dosing
schemes have been part of clinical trials to improve the TMZ efficacy, and they have been
usually used to treat recurrent GBM. Some of them are a 7-day treatment in a 14-day cycle
(7+7), 21-day treatment in a 28-day cycle (half TMZ dose, 21+7), and everyday treatment
(28/28, ¥4 - ¥ dose). However, they all have demonstrated a low clinical effect on patients”
overall survival rates340341,

The study of the response of our spheroid culture to clinical treatment was our primary
interest. However, the pilot study was conducted with some alternative dosing schemes in a
search for a potential better response to TMZ. Hence, spheroids were treated just once in 28

days (x+28), once a week (x+7), and once every four days (x+4) (Figure 6.3).
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Figure 6.3 Testing of different TMZ dosing schemes.

U87 spheroids were treated following the clinical treatment scheme (5 days TMZ + 23 days rest, A), once in
28 days (x+28, B), once a week (x+7, C) and once every four days (x+4, D). Two-month treatment was applied.
Spheroid areas were measured in Fiji and growth evolution was presented normalized to the first day of the
experiment. Green lines represent control (DMSQO treated) and red lines TMZ treated spheroids. Vertical dot
lines mark treatment days. Moreover, the effect of medium change was studied on the growth of treated
spheroids (E). Since there was no difference, growth of the treated spheroids on day 56 was compared directly,
without normalization and was presented as a box plot (F). ****p <0.0001, *** p <0.001, ** p< 0.01, *p <
0.05

First of all, some differences were seen in the growth of control spheroids, but, as shown
in 6.1.2. spheroid growth depended on nutrient availability. The same test was done with
treated spheroids. Still, no difference was observed in their growth, as shown in Figure 6.3E.
Given that, the behavior of treated spheroids with different treatment schemes was compared

without normalization to control.
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We observed that the response was very similar in all dosing schemes during the first two
weeks. Spheroids grew significantly up to day 7 when their size was stabilized. In the x+28
scheme, as shown in Figure 6.3B, spheroids started increasing their size slowly after day 14,
but the growth was more prominent and similar to control growth from day 21. After the
second TMZ dose on day 28, the delayed effect was seen again, as spheroids continued
growing until day 35 when they stabilized. The evolution of spheroids in this treatment
scheme signified that just one TMZ dose is insufficient to prevent tumor progression. In
clinical, x+7, and x+4 schemes (Figure 6.3A, C, and D), spheroid size was stable and
homogeneous up to day 21, but, later on, higher heterogeneity was observed. However, the
spheroid growth and differences between these treatment schemes were insignificant at the
end of the experiment.

Detailed analysis of treated spheroids in the second treatment cycle showed that, even
though all the spheroids were treated the same way and maintained in the same conditions,
not all had the same behavior. As it can be observed in Figure 6.4, the aforementioned
heterogeneity was a result of the presence of spheroids that restarted their growth, suggesting

the possible resistance development (TMZ-R).
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Figure 6.4 Behavior of individual spheroids in one experiment.

Spheroids from the clinical treatment scheme are presented as an example. Up to day 21 all spheroids had
similar behavior. Then, two populations could be distinguished, one that maintained the size, and another that
reactivated the growth.
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In x+28 dosing scheme, all spheroids reactivated the proliferation, even though they did
not reach the same level, indicating that just one TMZ dose is not sufficient to prevent tumor
progression. On the contrary, in clinical treatment, x+7 and x+4 schemes, separation of two
populations was observed (Figure 6.5). In one treated population, spheroids maintained their
size, while the proliferation and growth were reactivated in the other. We observed that 25%
of spheroids gained resistance in clinical treatment, 17% in x+7, and 40% in x+4 treatment.
These results might indicate that temporally spaced treatments could be more effective. Beier
et al. showed that an alternating dosing scheme (7+7) decreased the number of clonogenic
cells compared to continuous dosing (21+7) in neurosphere culture®*2. However, they used
different TMZ concentrations depending on the treatment scheme, while we used the same
concentration to control the number of variables between the conditions. It seemed that x+7
treatment scheme could improve the effect of TMZ and lower the resistance development.

However, a more extensive study should be conducted to confirm this hypothesis.
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Figure 6.5 Separation of resistant spheroid populations.
In x+28 scheme all spheroids behaved similarly, while in the rest of the schemes two populations of treated
spheroids could be identified.
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6.1.3 Study of the characteristics of resistant spheroids

As primarily planned, and after the confirmation that none of the treatment schemes
improved the TMZ effect significantly, a clinical treatment scheme was used for further
studies to explore better the response of GBM spheroids and the characteristics of the
resistant ones.

Control U87 spheroids grew up to 2000% in 56 days, which was undoubtedly significant
growth (p<0.0001). As shown in Figure 6.6, treated spheroids, instead of declining,
increased their size to 300% (p<0.0001). We observed that the growth of the treated
spheroids was the most pronounced during the first five days (up to 250%, p<0.0001) when
the effect of TMZ started to be significant. Later on, the growth was slightly lower up to day
14 (from 250% to 320% increase), and then the size was stabilized with a minor increase
(from 320% to 335%). During the second TMZ treatment and up to day 35, spheroids
reduced their size to 305%. Up to day 56, the tendency was stable, with a slight increase
(310%). All the changes in the second treatment cycle were insignificant.

Moreover, the population of TMZ-R spheroids (25£5% of the entire treated population)
had the same growth compared with the other treated spheroids during the first 21 days.
However, they started afterward expanding and reached doubled size of the stable treated
group, as shown in figure 6.6. Nevertheless, although the cells recovered their proliferative
capacity, the slope of the growth curve was significantly lower than in control spheroids

(p<0.0001), suggesting the presence of non-proliferating cells or a slower division rate.
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Figure 6.6 Spheroid evolution with clinical treatment scheme.
A. All spheroid populations. B. Closer look to treated spheroids.

The evolution of the growth curve after the first TMZ cycle might signify that TMZ could
also activate senescence, the process in which cells stop dividing but do not die34334
effectuating a cytostatic response instead of cytotoxic. Different groups have already

demonstrated the cytostatic effect of TMZ in 2D cell culture, and that it was even more
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common than the cytotoxic effect337:339.345346  Senescence was considered an irreversible
process, but different studies have recently demonstrated that senescent cells can re-enter the
cell cycle and activate proliferation®#73%8, Oliveira Silva et al. observed this effect in 2D
GBM cell culture after TMZ treatment, as senescence was the dominant state on day 10 in

p53 wild type cell lines (U87), but 2 days later, proliferative capacity was recovered3#.
6.1.3.1 Changes in spheroid morphology

Viability staining at the end of the experiment confirmed that spheroids were alive in all
experimental groups (Figure 6.7A). However, differences not only in spheroid size but also
in cell size were observed. Cells in the control spheroids were the smallest ones and the most
homogeneous. All treated cells were highly heterogeneous but significantly bigger than
control cells. However, cells from TMZ-R spheroids were, in turn, significantly smaller than
the cells from the TMZ group (Figure 6.7C). Cell size change has also been described in 2D
cell culture after TMZ treatment. Wang et al. showed that TMZ up-regulated dynein,
cytoplasmic 2, heavy chain 1 (DHC2), a cytoskeleton protein, which promoted protrusion
synthesis, extension, and maintenance°. This may explain why TMZ can induce changes
in cell morphology. Moreover, the interplay of cell growth activation and cell cycle blockade
leads to cell volume increase and DNA-to-cytoplasm ratio disruption, which further promote
senescence®?,

Additionally, nuclear size was measured, and a similar tendency was observed (Figure
6.7B,D). As mentioned earlier, TMZ produces G2/M arrest, and at this point, cells have
already replicated DNA, and more chromosomes can be present, so nuclei can be larger33,

To study better the spheroid evolution, histology sections and hematoxylin and eosin
staining were performed. Additionally, immunohistochemistry was done for Ki-67, a widely
used marker for cell proliferation, as it accumulates during the S, G2, and M phases of the
cell cycle®?. Results are shown in Figure 6.8.

At the beginning of the experiment, before separating the control and treated group, all
cells had heterogeneous round nuclei. Moreover, around 5% of cells were Ki-67 positive.
On day 5, as spheroids grew, control cells were more elongated, and approximately 65% of
them marked positive for Ki-67, meaning a high proliferation rate. Nuclei were significantly
bigger compared to day 0 (p<0.0001, Figure 6.9) with more prominent nucleolus and open
chromatin, signifying transcriptionally active cells. Similar nuclei were observed in treated
spheroids, also on day 5, but they were even bigger compared to control nuclei. The

proliferation rate observed in TMZ treated spheroids on day 5 was slightly lower than in
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control spheroids (50%). Unlike control spheroids, some apoptotic cells were seen in treated
spheroids, signifying that TMZ has some cytotoxic effect. Moreover, nuclei were more
separated in TMZ treated samples than in control ones (data not shown), suggesting that
cells could be bigger in treated spheroids. At this point, differences in size between control

and treated spheroids started to be significant (p<0.0001).
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Figure 6.7 Comparison of cell and nucleus size in control and treated spheroids.

A. Confocal images of CAM/PI stained spheroids confirming cell viability after 56 days. Scale bar is 200 pm.
B. Confocal images of Hoechst 33342 stained spheroid sections. Scale bar is 50 um. Fiji was used to measure
elements on these images, and results are presente8 as box plots of C. Cell size and D. Nucleus size. ****p
<0.0001, *** p <0.001, ** p< 0.01, * p < 0.05
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Figure 6.8 Histological characterization of U87 spheroids during the first treatment cycle.

Spheroids were prepared as formalin-fixed paraffin-embedded blocks and 3um sections were analyzed. A.
Hematoxylin and eosin staining revealing the spheroid morphology. B. Immunohistochemical detection of
proliferation marker KI-67. Scale bar is 200 pm.

Table 6.1 Proportion of Ki-67 positive cells in control and TMZ-treated spheroids

Day0 | Day5 | Day10 | Day 28 | Day 56

DMSO 5% 65% 35% 18% 10%
™Z 5% 50% 30% 7% 7%
TMZ-R / / / / 20-60%

On day 10, a high level of proliferating cells was still present in control spheroids, even
though it was lower than on day 5 (35%). Positive cells were preferentially located closer to
the borders of the spheroid. Many vacuoles were observed in the central part, which could
result from cell death, edema, or cytoplasm reorganization. As the spheroids in this phase
had a radius around 400 um, gradients of nutrients, oxygen and waste could be responsible
for the explained morphology. Treated spheroids had a radius of approximately 200 um at
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this point, so a significant difference in size between control and treated spheroids could be
clearly appreciated (see Figures 6.6 and 6.8). In treated spheroids, a lower number of Ki-67
positive cells (30%) was observed, and they were distributed throughout the spheroid. Nuclei

size was not changed compared to day 5, neither in control nor in the treated group.
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Figure 6.9 Nucleus and cell size during the first 10 days of the treatment cycle.
A. Nucleus area was measured from H&E images. B. Cell size was measured as cell area from CAM/PI images.
**%%p <0.0001, *** p <0.001, ** p< 0.01, * p < 0.05

To check if the lower nuclear density observed in TMZ treated spheroids resulted, at least
partially, from the cell size increase, as hypothesized above, we measured the cell area of
CAM-stained spheroids. Results shown in Figure 6.9B indicate that the size of treated cells
on day 10 increased significantly (p<0.0001) compared to the control group at the same time
point. Moreover, those differences were also significant when the size of TMZ treated cells
at day 10 was compared with TMZ treated cells on day 5 and day 0.

These results suggested that the initial growth of treated spheroids resulted from both
proliferation and increase of the cell size, explaining the significant difference in spheroid
diameter among the control and the TMZ treated group.

At the end of the first cycle, on day 28, the distribution of the nuclei in control spheroids
was messier, and their size was heterogeneous. Some apoptotic cells were observed. Ki-67
positive cells (18%) were present only on the spheroid’s surface. Moreover, between nuclei,
some fibrous structures were perceived. Whether those structures correspond to the
synthesized extracellular matrix or cytoplasmic condensation is still under investigation.
Treated cells had more rounded morphology and more heterochromatin. Around 7% Ki-67
positive cells were present, demonstrating a significant increase in the cell proliferation rate

difference when compared to the control at this time point.
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At the end of the experiment (day 56, shown in Figure 6.10), there were more apoptotic
cells and more vacuolated nuclei in a control spheroid. Around 10% of cells marked positive
for Ki-67, following the tendency observed of reduction in proliferation as the days of the
experiment progress. Meanwhile, giant nuclei with prominent nucleolus were present on the
surface of the treated spheroid, while small ones were located in the center. The Ki-67
positive rate did not change from day 28 in TMZ treated spheroids. A more disintegrated
zone was observed in the center of the spheroid, potentially signifying cell death. Regarding
TMZ-R spheroids, we observed two clearly different zones, one more similar to the treated
spheroids, with prominent nuclei and low Ki-67 positivity, and another more similar to
control spheroids, with small nuclei and a high level of Ki-67 positive cells (20-60%). At
the end of the experiment (day 56), TMZ-R spheroids had the same size as control spheroids
around day 10, when there was a high level of proliferating cells. Ki-67 expression

percentages along the experiment have been summarized in Table 6.1.

DMSO T™Z TMZ-R

Figure 6.10 Histological characterization of the spheroids at the end of the second cycle (day 56).
Hematoxylin and eosin staining (A) and immunohistochemical detection of KI-67 (B) demonstrate differences
between different spheroid groups. Scale bar is 200 um.

To sum up, the cells forming TMZ-R spheroids were bigger than DMSO spheroids, but
significantly smaller than TMZ spheroid, and so were the nuclei. On the histology image,

two parts could be distinguished within these spheroids. One of them was more similar to
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treated spheroids, with vacuolated cells, bigger nuclei, and low proliferation rate. The other
part had the morphology of the control spheroid, with small nuclei, and high proliferation.

6.1.3.2 Changes in the expression of genes related to drug resistance

Different signaling pathways are involved in drug resistance development, so it is
important to study the mechanisms responsible for resistance development. To determine
the changes produced in our spheroids, we used the RT2 profiler PCR array, which allowed
simultaneous analysis of 84 genes related to cancer drug resistance. The genes studied
controlled the cell cycle, DNA damage and repair, drug metabolism, drug resistance, or
coded hormone receptors, growth factor receptors, and transcription factors. Results of the
arrays were presented as volcano plots, which take into account fold regulation and statistical
significance and can be seen in Figure 6.11. The change in the expression was considered
relevant if the absolute value of fold regulation was higher than two and statistically

significant (p<0.05).
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Figure 6.11 Cancer drug resistance gene expression in different spheroid populations.

Volcano plots comparing fold changes of gene expression between samples indicated in the title of each plot.
Each dot represents one gene. Horizontal line represents p-value of 0.05, vertical black line fold value of zero
and violet fold change of 2. Red framed dots are upregulated significantly, while the green framed dots are
downregulated significantly.

To understand the temporal evolution of our spheroids, we compared the gene expression
at the beginning and the end of the experiment in the control group. Six genes were

significantly up-regulated, signifying that the simple growth and spontaneous change of the
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conditions within the spheroid (gradients in the interior) could lead to the enhanced
expression of genes associated with resistance development. Enhanced genes were coding
for transcription factors (AHR, NFKB2), hormone receptors (ESR2, RXRB), growth factor
receptor (IGF1R), and drug metabolism (SULT1E1). Most of the genes are reported as
overexpressed in GBM and related to stem cell phenotype, which leads to faster tumor
progression and poor response to therapy®***’. However, RXRB and ESR2 are also
described as tumor suppressors®%3%°, Moreover, SULT1E1, apart from being a xenobiotic
catalyzer, could inhibit breast cancer growth and invasion®®. Overexpression of tumor
suppressor genes could be related to the lower proliferation rates observed in control
spheroids on day 56.

On the other hand, three genes were down-regulated in control spheroids on day 56
compared to day 0 (ABCB1, ABCG2, and CYP1Al). ABCB1 and ABCG2 proteins are
dominant efflux proteins on the blood-brain barrier and are responsible for low therapy
response?4297.99361 " These transporters are down-regulated in aberrant microvessels in

GBM compared to the healthy brain36?

. Moreover, they are up-regulated in drug-resistant
and stem cells. However, mMRNA and protein expressions do not always correlate, depending
on the post-transcriptional regulation®®3. CYP1A1, one of the most important members of the
CYP450 family, is involved in the metabolism of different endogenous and exogenous

compounds®®,

To determine if the treatment disrupts gene expression, we compared TMZ and control
(DMSO) spheroids on day 56. Eight genes were up-regulated, and one was down-regulated
in the treated group. The most enhanced genes in the treated group were the ones involved
in drug metabolism (CYP1Al, CYP2B6, CYP2C19, NAT2 and SULT1E1), then cell cycle
(CCND1 and CDKNZ1A) and the one coding for one growth factor receptor (ERBB4). The
function of drug metabolism genes is unknown in GBM. Their up-regulation reduces
chemotherapy efficacy in other tumors®®. However, the metabolism of TMZ does not
depend on enzyme activity, as it is spontaneously degraded in physiological pH, so a more
detailed study of these genes is needed. Affected cell cycle genes have opposite functions.
Cyclin D1 (CCND1) controls cell cycle progression, while CDKN1A is involved in cell cycle
arrest. Simultaneous activation of these genes was shown important for senescence
activation. When cell growth is active, and the cycle is blocked, cells grow, but they cannot

divide, so the senescence is activated3®6.
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Apart from up-regulated genes, MYC was significantly down-regulated. As a proto-
oncogene, its down-regulation leads to cell cycle arrest, apoptosis, and reduced proliferation,
and Yamaki et al. showed that TMZ suppresses MYC3%". Gene expression changes seen in

treated spheroids reinforce our hypothesis about the cytostatic effect of TMZ.

Finally, to discover genes contributing to the TMZ resistance, we compared gene
expression between TMZ and TMZ-R spheroids. Four genes were up-regulated in resistant
spheroids, and they were associated with drug metabolism (ARNT), growth factor receptor
(ERBB2), transcription factor (MYC), and drug resistance (TOP2A). MYC, apart from being
proto-oncogen, was shown responsible for drug resistance in different tumors, including
GBM?3%, The role of the rest of the genes in GBM is still largely unknown. ARNT, coding
for HIF1b, supports tumor growth and angiogenesis, and up-regulates multidrug resistance
proteins in some cancers*®. ERBB2 is involved in GSC maintenance and tumor
progression®’®, TOP2A is overexpressed in proliferating cells and correlates with aggressive
tumors®’%, It was shown that TMZ inhibits TOP2A%"2, which was seen in treated spheroids
compared to control (even though the change was not significant). However, in TMZ-R it
was up-regulated compared to TMZ spheroids, possibly promoting the recovery from the
TMZ effects. Five genes were down-regulated compared to TMZ spheroids. They were
involved in drug metabolism (CYP1Al, CYP2C19, NAT2), drug resistance (ABCC3), or
coded for hormone receptor (AR). The function of these genes is not well known in GBM.
AR is involved in tumor progression and induces resistance to TMZ373374 The specific
function of Abcc3 has not yet been discovered, but its expression is high in GBM and can
be used as a prognostic marker3”®. Lower expression of NAT2 was shown to induce higher
metastasis and lower survival in colorectal cancer®™®.

Having all in mind, a heterogeneous population of cells in TMZ-R spheroids was
observed, and that’s why we consider it is important to study the spatial expression of these
genes, to understand better the role they have in TMZ-R spheroids. Moreover, distribution
of these gene’s encoded proteins could help us identify some post-transcriptional events that

could affect the gene based conclusions.
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6.3 Conclusions

We replicated a clinical TMZ dosing scheme in the spheroid in vitro model to study the
tumor progression and resistance development. U87 spheroids were highly proliferative,
replicating the tumor growth. At the beginning of the experiment, there were a lot of
proliferating cells in all parts of the spheroid. However, as the spheroid size increased and
gradients were generated toward the center, proliferating cells were only present on the
spheroid’s surface, where the environmental conditions were more favorable. Moreover, we
observed that simple tumor progression led to the enhanced expression of resistance-
associated genes, maybe due to the changes in their environmental conditions.

TMZ treatment prevented fast growth in most spheroids by decreasing the number of
proliferating cells. Moreover, the treatment increased cell and nuclei size, executing more
cytostatic than cytotoxic effects. In addition, TMZ treatment induced cell cycle arrest,
prevented tumor progression, and enhanced the expression of membrane transporters
responsible for drug efflux.

The cellular population was heterogeneous in the treated spheroid group, so one part of
the spheroids could recover from the TMZ effects, reactivating proliferation and acquiring
resistance. The behavior of these TMZ resistant spheroids was exactly the same as in treated
spheroids during the first three weeks of treatment. However, they started growing again
after that period and did not respond to the second TMZ cycle. In addition, they enhanced
the expression of both inhibitors and promoters of tumor progression, confirming the mixed
cellular population seen on the histology sections. More detailed analysis related to the
spatial expression of those genes should be done to correlate with the corresponding spheroid
zone.

Overall, spheroids can be a valuable platform for studying tumor progression and drug
response, as they can mimic tumor morphology and different populations present in the
tumor. In addition, a detailed study of gene expression in different conditions could help

develop and test new therapies that would affect all components.
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Study of tumor microenvironment by using spatial transcriptomics

Different bulk and single-cell multi-omics techniques are being used to study the tumor
on different levels (RNA, DNA, proteins, lipids, metabolism)3’’. Still, it is very important to
understand the context in which the cells find themselves, how they are organized and how
that organization conditions them. Spatial transcriptomics is a relatively new technique,
prospering in last years and named method of the year in 2020%8. It allows combining
classical histological methods with in situ hybridization, in situ sequencing, or next-
generation sequencing, revealing the microenvironmental context and interactions between
elements.

Different commercially available technologies were developed to potentiate these studies
and are reviewed in®837® Nanostring and 10x genomics technologies have the highest
potential for obtaining the most detailed information. GeoMx digital spatial profiler from
Nanostring combines fluorescence protein labeling that enables morphology recognition and
gene expression analysis thanks to the incubation with oligonucleotide tags. The region of
interest has to be selected and then exposed to UV light to release cleaved probes that will
be used for library construction and sequencing. On the other hand, Visium slides have four
capture areas containing 5000 barcoded spots of 55 um with millions of oligonucleotide
chains (see Figure 7.1). These chains include poly(dT) sequence, which allows binding of
poly-adenylated mRNA. Additionally, the chains include a unique molecular identifier
(UMI) and specific sequence coding its exact location on the slide. After tissue
permeabilization and retrotranscription of the hybridized mRNA, the DNA transcribed will
carry barcodes from the spot where it was synthesized, so it is possible to correlate gene
expression with a specific tissue region after the sequencing.

Visium Spatial Capture Area with Visium Gene
Gene Expression ~5000 Barcoded Expression Barcoded
Slide Spots Spots

100 pm
Partial Read 1

aan \
 ro—

55 um

Figure 7.1 Visium spatial gene expression slide.
Image: 10x Genomics

We have chosen for our studies Visium technology because it allows the study of the
complete tissue section, correlation with classical H&E image, and, unlike GeoMXx, it does
not require specific laboratory equipment.
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7.1 Results and discussion

Our primary idea was to study differences in TME and genes responsible for drug
resistance development between primary and recurrent glioblastomas from the same patient.
However, it was difficult to obtain paired samples of sufficient quality. Recurrent GBM
cannot always be extirpated, depending on the patient age and state, size of the tumor and
zone it occupies®. Moreover, samples are generally stored as formalin-fixed paraffin-
embedded (FFPE) blocks, as they are used for the diagnosis, but the Visium technique was
firstly developed for fresh-frozen tissues. Furthermore, for the correct functioning of the
technique, the tissue morphology and RNA should be well preserved. As the tissues were
snap-frozen and stored at -80°C, RNA usually had good quality. However, in our experience,
some RNA was degraded, possibly because of the presence of big necrotic zone, insufficient
or slow freezing, or repeated freeze-thaw cycles. Moreover, freezing without fixation affects
the tissue by forming ice crystals, so the morphology is lost. Hence, the optimization of
freezing conditions has to be done.

We obtained three primary GBM samples to study the heterogeneity of the tumor and its
microenvironment. Patient data are presented in Table 7.1.

Table 7.1 GBM sample characteristics

Survival
Sample Age Sex (months after Brain zone
surgery)
GBM1 53 Male 19 Right temporo-
parietal
GBM2 71 Female 18 Right frontal
GBM3 78 Female 15 Right temporal

7.1.1 Tissue optimization

First, the permeabilization conditions had to be optimized to assure sufficient RNA
release and prevent RNA leaking to surrounding spots. For this purpose, tissue sections were
placed on Visium Spatial Tissue Optimization slide, stained with H&E (Figure 7.2A) and
then permeabilized for different lengths of time. Next, cDNA synthesis was done with
fluorescently labeled nucleotides, and tissue was enzymatically removed (Figure 7.2B) to
visualize synthesized cDNA on the slide (Figure 7.3C).

Thirty-minute permeabilization was chosen as optimal, as the fluorescence was the
brightest, and the complete tissue section was marked. Moreover, no fluorescence was seen

out of the tissue, meaning no RNA was leaking.
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Figure 7.2 Tissue optimization.

To identify optimal tissue permeabilization time, sections were placed on the slide, and stained with H&E (A).
Next, tissue vas permeabilized for different period of time (3, 6, 12, 18, 24, and 30 min), and cDNA was
synthesized using fluorescent nucleotides. Finally, tissue was removed (B) and cDNA visualized with TRITC
filter (C).
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7.1.2 Spatial transcriptomics
7.1.2.1 Tumor morphology

H&E staining was done to obtain the image of the tumor morphology (Figure 7.3) that
will later be associated with gene expression.

On the GBM1 section, we could differentiate the high density of tumor cells on the left
and the artefacted zone on the right. Some nuclei in the artefacted zone seemed to be necrotic,
but it was hard to confirm because of the bad morphology. Also, a necrotic zone is more
fragile and could be broken more easily during the sectioning. Next to this zone, a higher

density of vessels can be seen compared to the rest of the section.

Figure 7.3 Histology of the studied GBM samples.
H&E images of tissue sections. A. GBM1, B. GBM2, C. GBM3.

GBMZ2 had low cell density and morphology more similar to a healthy brain. However,
more vessels could be seen in the upper-right part, perhaps denoting the transition zone
between tumor and healthy tissue, for which they are characteristic. Morphology of GBM3
was not well preserved, but the section seemed tumoral, even though the tumor cell density
was lower, more similar to the peripheral zone of the tumor. It was homogeneous, with a
blood vessel in the middle.

As the morphology of GBM1 was conserved better and it was more similar to typical
GBM, this sample was used for a more detailed analysis of gene expression and tumor
microenvironment. However, some general results obtained with GBM2 and GBM3 will
also be shown, as they sustain the heterogeneity present in this tumor.

After H&E staining, the samples were processed for spatial transcriptomics analysis by
permeabilization, cDNA synthesis, library construction and sequencing. As synthesized
DNA included the spatial barcode from the slide spots, it was possible to align the

histological image with the sequenced data.
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7.1.2.2 Quality control

First of all, quality control was done, by checking for each spot the number of Unique
Molecular Identifiers (UMI, nCount), number of genes detected (nFeature), and percentage
of mitochondrial and hemoglobin genes. Low nCount and nFeature mean insufficient
permeabilization or technical problems during the processing. Aigh percentage of
mitochondrial genes signifies damaged or dying cells. High hemoglobin presence can
suggest blood contamination. All samples used had enough quality, without removing spots
from the analysis. The detected numbers of UMIs and genes per spot were in concordance
with numbers obtained by other groups®!
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Figure 7.4 Quality check of the RNA sequencing data.

A. GBM1, B. GBMZ2, C. GBM3. Quality check of the samples is assessed by quantification of total number of
molecules detected in each spot (nCount), number of genes detected in each spot (nFeature). Low nCount and
nFeature signifies dead/dying cells or empty spot, while high values marks doublets. Moreover, percentage of
mitochondial and globine genes is used as a control marker, since their high expression is a sign of damaged
cells or blood contamination, respectively.
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7.1.2.3 Detection of individual genes — drug resistance and spatially differential genes

As one of the main objectives of this thesis was to evaluate drug resistance development,
we wanted to study the expression of genes related to resistance, explained in the previous
chapter. Therefore, since the studied tissue was not in contact with TMZ, we visualized the
expression of the detected enhanced genes in control spheroids. Changes in expression levels
were calculated within the sample, searching for the zones with higher expression of
resistance-related genes. We could detect the exact spots with active expression within the
tissue (Figure 7.5). AHR was the most prevalent and with the highest expression. It is known
to promote cell proliferation and invasiveness, hence tumor progression. NFKB2 was

preferentially located in the zone close to an artefacted region, while the rest of the genes

were more homogeneously distributed within the tissue.
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Figure 7.5 Detection of the expression of genes of interest.
Cancer drug resistance genes upregulated because of the progression of the tumor, detected in 6.1.3.2, were
visualized on GBM1 sample

Moreover, to find spatially differential genes in the studied tissue, we compared each spot
with the surrounding spots, and some of the identified genes are presented in Figure 7.6. By

doing this, we observed one decisive advantage of the technique. Some genes were expressed
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in a thin tissue region and would probably be lost in other types of analysis. It was shown
that if just a small number of cells expresses one gene, it can be concealed in the bulk study,
or the expressing cells can be missing in the single cell analysis. Moreover, both of these
techniques miss spatial information. With spatial RNAseq we can observe the precise
location of gene expression and understand its relationship with other genes and

morphological context®”’.
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Figure 7.6 Detection of the spatially differential genes in GBM1.
Expression of the each spot was compared to the surrounding spots to encounter differentially expressed genes.

7.1.2.4 Detection of grouped genes — molecular subtypes

Depending on the genetic and transcriptomic alterations observed in the tumor, different
GBM molecular subtypes can be distinguished. They are named classical, mesenchymal,
neural and proneural subtypes. They have different gene expression patterns, TME
composition and different prognoses. Hence it is essential to characterize well the tumor for
each patient. Verhaak et al. described an 840-gene list that includes the expression patterns
relevant to each subtype and allows identification®Z.

113



The role of microenvironment in glioblastoma progression and chemoresistance development

Table 7.2 Gene signature of GBM molecular subtypes by Verhaak

Classical Mesenchymal Neural Proneural
EGFR CHI3L1 NEFL PDGFRA
NES MET GABRA1 NKX2-2

NOTCH3 CD44 SYT1 OLIG2
JAG1 MERTK SLC12A5 DCK
LFNG TRADD DLL3
SMO RELB ASCL1
GAS1 TNFRSF1A TCF4
GLI2

As proof of concept, we used a few specific genes for each subtype, presented in Table
7.2, to define the molecular subtype of the tumor. However, we observed that different
molecular subtypes were present in the same section. For example, GBM1 was a
combination of classical and mesenchymal subtypes (Figure 7.7). In GBMZ2, the neural
subtype was the most prominent one (Figure 7.8). This is understandable considering that
the morphology of this tissue and the gene expression profile are more similar to a healthy
brain. Finally, in GBM3, subtype determination was not so precise, but it was similar to
GBM1, the combination of mesenchymal and classical subtype (Figure 7.9).
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Figure 7.7 Molecular subtype determination of GBM1
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Figure 7.8 Molecular subtype determination of GBM2
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Figure 7.9 Subtype determination of GBM3
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We observed that the specific molecular subtype was primarily influenced by the strong
expression of one gene. Nevertheless, it gave us an insight into the subtype distribution
within the tissue. The study of the complete gene list will be performed to examine better
the GBM subtypes and their organization within the tumor.

Different subtypes within the same tumor were already described in the literature. For
example, Kim et al. showed that samples from different parts of the same tumor could be
identified as a different subtype. Moreover, Puchalski et al. created GBM atlas, where they
correlated histology images with gene expression data from distinguished laser
microdissected features>. However, spatial transcriptomics allows the spatial visualization
of GBM subtypes in one tissue section without its disturbance. Hence, a better correlation
between the histology and molecular subtype could be studied, and interactions between

subtypes could be further explored.
7.1.2.5 Detection of transcriptomic clusters

Principal Component Analysis (PCA), t-distributed stochastic neighbor embedding (t-
SNE) and Uniform Manifold Approximation and Projection (UMAP) dimension reduction
techniques were used to determine the similarities in expression patterns between the spots
and the Louvain method was applied for spot clustering. Even though the sections were
morphologically homogeneous, the gene expression analysis showed that various clusters
could be separated within each sample, suggesting that spatial determinants affected gene

expression.
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Figure 7.10 Determination of transcriptional clusters in GBM samples.
PCA was done for dimension reduction and result filtering. tSNE and UMAP techniques showed the spatial
dependency of the clusters. Since UMAP separates better the detected clusters, it is more commonly used, and

here showed for GBM2 and GBMS3.
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Quality control was also done for clusters. For example, as shown in Figure 7.11, the
artefacted zone of GBML1 had a low rate of molecule detection, which could support our
hypothesis about the necrotic zone.
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Figure 7.11 Quality control of data captured in each cluster of GBML1.

When we checked gene markers of each cluster in GBM1, we observed, for example, that
the above-mentioned zone with higher vascular density coincided with differential increased
expression of VEGFA and CHI3L2, genes involved in angiogenesis®®? (Figure 7.12).
Additionally, MT2A was described to mark the core of newly diagnosed glioblastoma3®, It

was seen in a thin zone next to the artefacted area, supporting the necrotic core hypothesis.
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Figure 7.12 Visualization of some of the differentially expressed genes.

Moreover, we observed that clusters in GBM1 sample were organized in waves.
Differentially expressed genes were extracted for each spatial cluster and used to make a
functional analysis. A low number of active cells in clusters 3 and 5 expressed Myc targets
V1, supporting metabolic changes and cell survival. TNFa signaling via NF-kB pathway,

related to tumor progression and invasion, was enriched in cluster 2. In the adjacent cluster
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4, a hypoxic pathway was the most prominent. Furthermore, epithelial-mesenchymal
transition (EMT) was characteristic in cluster 1 and oxidative phosphorylation (OXPHOS)
in cluster 0. This cluster distribution suggested evolution from the necrotic zone on the right,
through the hypoxic and invasive zone, to the region with higher oxygen concentration.

It was demonstrated that hypoxia induces changes in metabolism and activation of the
glycolytic pathway, which supports abnormal cell proliferation. Moreover, it was considered
that glycolysis was the predominant metabolic process in tumors, and that OXPHOS was
downregulated in cancers (Warburg effect). Even though glycolysis (both aerobic and
anaerobic) has an important role in generating metabolites needed for tumor growth, it was
shown that OXPHOS remains the primary source of ATP, and that mitochondrial
metabolism is involved in different processes supporting tumor progression.

To confirm the differences in metabolism between clusters, we examined genes
associated with the tricarboxylic acid (TCA) cycle and glycolysis. As shown in Figure 7.13,
we observed that TCA cycle was mostly activated in clusters 0 and 1, confirming OXPHOS
and EMT, since TCA is related to both processes®“. On the other hand, glycolysis was

enhanced in hypoxic cluster 4, as expected.
7.2 Conclusions

Spatial transcriptomics is a powerful technique that allows detailed study of the gene
expression and its correlation with the tissue structure. Here we had tissues with
homogeneous morphology. However, gene expression analysis of those samples revealed
different transcriptomic clusters, suggesting high tumoral heterogeneity. We could visualize
the expression of genes of interest, hence GBM molecular subtypes and processes relevant
for the tumor progression. For example, we detected different molecular subtypes within the
same tissue and their spatial distribution. Moreover, we observed that the pathway
enrichment depended on the distance from the necrotic core, and that glycolysis was the
principal metabolic process in the adjacent hypoxic zone. The more detailed analysis could
reveal the presence of different cell types, such as immune system components, important
for tumor progression and potential therapy. Furthermore, the detailed comparison of GBM
tissues from different patients could reveal their similarities and differences, potentially
marking the common targets within the huge heterogeneity.

Some general results were presented here to explain the technique and highlight its potential.

Unfortunately, because of the temporal limitations and the quantity of the data obtained, a
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more detailed study could not be finished in the framework of this thesis and remains a future

task.
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Figure 7.13 Detection of gene expression related to glucose metabolism.
Tricarboxylic acid cycle (A) and glycolysis (B) related genes were studied in clusters of GBM1 and presented
as dot plots. Mean of the expression is also presented spatially (C, D).
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8.1 Conclusions

Throughout this work, the role of the microenvironment in GBM progression has been

studied using different methods. This chapter summarizes the most important conclusions

made during this PhD dissertation.

3D in vitro models in combination with microfluidics allow the incorporation of
different components of the complex microenvironment and their physiological
recreation. Hence, this system represents a powerful tool for a more precise
recreation of the tumor architecture.

Hypoxia is a trigger for GBM progression in our microfluidic devices. It promotes
necrotic core formation in the regions with the lowest oxygen concentration, and
activates apoptosis in the surrounding regions, which has also been described in the
patient tissue. Moreover, in our biomimetic in vitro models, we have observed that
hypoxia protects the tumor from the effects of temozolomide.

The heterogeneity and plasticity of GBM cells are huge. We have been able to
recreate the GBM drug resistance process in vitro using a 3D model based on
spheroids treated with the currently clinically used TMZ scheme. Regardless of
receiving the same treatment, a population of spheroids reactivated proliferation and
growth and had different morphological and transcriptomic characteristics.

Spatial transcriptomics allows the detailed study of precious patient tissue and the
correlation of gene expression data with tumor morphology. In our study, this
technique confirmed the high heterogeneity of GBM. The location of the gene
expression should be considered to understand better the role of those genes in tumor
progression and tumor heterogeneity

A more multidisciplinary approach should be considered to study the tumor
microenvironment in order to integrate and correlate all the cell functional aspects

with their microenvironment.

123



The role of microenvironment in glioblastoma progression and chemoresistance development

8.2 Future work

This thesis has laid the basis for future studies about the GBM microenvironment using

in vitro and ex vivo models. Some of them are elaborated below.
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Incorporate different components of GBM TME into the microfluidic platform, such
as immune system cells, vasculature, and a more physiological extracellular matrix
(hyaluronic acid).

Characterize better evolution of cultures within microfluidic devices with different
gas permeability. Measure oxygen concentration using integrated sensors or
nanoparticles and use the downstream techniques optimized in this thesis to study the
different behavior of these cultures.

As our device allowed the physiologic-like evolution of GBM, it could be used for
drug testing. Moreover, oxygen-based nanocarriers have been developed recently to
enhance the oxygenation of solid hypoxic tumors and the treatment effectivity®>-3°,
which could be tested in our devices.

Study further the upregulated genes in the resistant spheroid population and search
for the potential combination treatment. For example, MYC was overexpressed in
resistant spheroids, so it could be a potential therapeutic target.

Validate the spheroid model by comparing results with primary and recurrent GBM
samples.

Continue data processing of results obtained from spatial transcriptomics
experiments to characterize better the GBM TME. Compare the studied tumor
samples searching for some common targets or relate them with other environmental
aspects. Combine this technique with other omics techniques (MALDI imaging) to
get the most information possible.



9 Conclusiones y trabajo futuro






Conclusiones y trabajo futuro

9.1 Conclusiones

A lo largo de este trabajo, se ha estudiado el papel del microentorno en la progresion del

GBM utilizando diferentes métodos. En este capitulo se resumen las conclusiones mas

importantes de esta tesis doctoral.

Los modelos 3D in vitro, en combinacion con la microfluidica, permiten la
incorporacion de diferentes componentes del complejo microentorno tumoral y su
recreacion fisiologica. Por lo tanto, este sistema representa una poderosa herramienta
para una simulacion mas precisa de la arquitectura tumoral.

La hipoxia es un desencadenante de la progresion de GBM en nuestros dispositivos
microfluidicos. Promueve la formacion de nucleos necroticos en las regiones con
menor concentracion de oxigeno y activa la apoptosis en las regiones circundantes,
lo que también se ha descrito en el tejido del paciente. Ademas, en nuestros modelos
biomiméticos in vitro hemos observado que la hipoxia protege al tumor de los efectos
de la temozolomida.

La heterogeneidad y plasticidad de las células de GBM son enormes. Hemos podido
recrear el proceso de resistencia a farmacos de GBM in vitro, utilizando un modelo
3D basado en esferoides tratados con TMZ, utilizando el esquema clinico
actualmente en uso. Independientemente de haber recibido el mismo tratamiento, una
poblacion de esferoides reactivd la proliferacion y el crecimiento y presentd
caracteristicas morfologicas y transcriptomicas diferentes.

La transcriptdmica espacial permite el estudio detallado del valioso tejido del
paciente y la correlacion de los datos de expresion génica con la morfologia del
tumor. En nuestro estudio se confirmé la alta heterogeneidad del GBM con esta
técnica. Se debe considerar la ubicacion de la expresion génica para comprender
mejor el papel de esos genes en la progresion tumoral y la heterogeneidad tumoral.
De igual modo, un enfoque mas multidisciplinario deberia tenerse en cuenta para
estudiar el microentorno tumoral, con el fin de integrar y correlacionar todos los

aspectos funcionales de la célula con su microentorno.
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9.2 Trabajo futuro

Esta tesis ha sentado las bases para futuros estudios sobre el microentorno de GBM

utilizando modelos in vitro y ex vivo. Algunas de ellas se desarrollan a continuacion.
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Incorporar diferentes componentes del microentorno del GBM en plataformas
microfluidicas, como células del sistema inmunitario, vascularizacion y una matriz
extracelular mas fisiologica (acido hialurénico).

Caracterizar mejor la evolucion de los cultivos dentro de los dispositivos
microfluidicos con diferente permeabilidad a los gases. Medir la concentracion de
oxigeno utilizando sensores integrados o nanoparticulas, y utilizar las técnicas
optimizadas en esta tesis para estudiar el comportamiento diferente de estos cultivos.
Como nuestro dispositivo permitié una evolucion similar a la fisioldgica del GBM,
podria usarse para hacer pruebas de tratamiento. Ademas, recientemente se han
desarrollado varias nanoparticulas para mejorar la oxigenacion de tumores sélidos
hipoxicos y la efectividad del tratamiento, lo que podria probarse también en nuestros
dispositivos.

Estudiar mas en profundidad los genes sobreexpresados en la poblacion de esferoides
resistentes y buscar el posible tratamiento combinado. A la vista de los resultados
obtenidos, el gen MY C (sobreexpresado en los esferoides resistentes) podria ser una
potencial nueva diana terapéutica.

Validar el modelo de esferoide comparando los resultados con muestras de GBM
primarias y recurrentes.

Continuar el procesamiento de datos obtenidos de los experimentos de
transcriptdbmica espacial para caracterizar mejor el microentorno del GBM.
Comparar las muestras tumorales estudiadas buscando dianas comunes o
relacionarlas con otros aspectos ambientales. Combinar esta técnica con otras
técnicas émicas (MALDI imaging) para obtener la mayor cantidad de informacion

posible.
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