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RESUME

L'hypoxie tumorale est définie comme une pression partielle d'oxygene [pO2] inférieure a sa valeur
physiologique. Résultant naturellement du taux de prolifération incontrolé et de la vascularisation
progressivement erratique des tumeurs solides, I'hypoxie déclenche dans les cellules cancéreuses
un ensemble d'adaptations métaboliques et cellulaires servant principalement a survivre aux
conditions hypoxiques, acides et pauvres en nutriments. Outre les caractéristiques physico-
chimiques intrinséques du microenvironnement hypoxique, ces adaptations contribuent a
augmenter la capacité d’invasion et de métastase de la tumeur, ainsi qu'a une résistance accrue a la
plupart des traitements anticancéreux (chimiothérapie, radiothérapie, immunothérapie). De fait,

I'hypoxie tumorale est généralement associée a une aggravation du pronostic des patients.

Malgré I'importance clinique de I'hypoxie, les chercheurs font face a un manque apparent d'outils
et de méthodologies ergonomiques permettant de simuler correctement le microenvironnement
hypoxique dans des modeles in vitro ou in vivo. Quel que soit le modéle tumoral in vitro utilisé
(monocouche 2D ou sphéroide 3D), la plupart des études sur 1'hypoxie ont recours a l'induction
chimique ou a des environnements a oxygene controlé. Ceci ne permet ni de reproduire
correctement la structure tridimensionnelle multicouche des tumeurs solides, ni l'interaction entre
des cellules présentant différents niveaux d'oxygénation et différents phénotypes. De plus, ces
dispositifs expérimentaux sont peu pratiques et parfois incompatibles avec le traitement et I’analyse
appropriés des échantillons hypoxiques. Bien que les mode¢les in vivo reproduisent l'architecture,
le microenvironnement et les mécanismes d’hypoxie des tumeurs in vivo, ils présentent certains
inconvénients. Le contenu hypoxique des tumeurs in vivo est difficilement prévisible et
quantifiable, et les exigences expérimentales pour les tumeurs hypoxiques de grande taille peuvent
entrer en conflit direct avec les autorités réglementaires. Ces contraintes, associées a leur cot et a

leur faible rendement, rendent les modeles animaux inadaptés a 1'étude préclinique de 1'hypoxie.
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Au cours des deux dernieres décennies, les technologies microfluidiques ont bénéfici¢ a la
recherche sur le cancer en permettant la génération, la culture, le traitement et la bioanalyse a haut
débit de modeles tumoraux cliniquement pertinents dans des dispositifs compacts et polyvalents.
Dans notre laboratoire, des dispositifs microfluidiques pour la génération et la culture de modéles
tumoraux tridimensionnels (sphéroides ou tissus ex vivo microdisséqués) ont été développés et
appliqués a I'é¢tude de l'efficacité de combinaisons radiothérapie/chimiothérapie. Cependant, les
avantages apparents de la microfluidique ne semblaient pas encore avoir été¢ appliqués a la

recherche sur I'hypoxie.

L'objectif de ma thése était donc de concevoir et de valider un dispositif microfluidique
ergonomique et polyvalent pour la culture, le traitement et I'analyse de sphéroides tumoraux
présentant naturellement une hypoxie pertinente cliniquement. Mon objectif principal était d’ainsi
fournir enfin a la communauté de recherche translationnelle sur le cancer un outil efficace pour

¢tudier 'hypoxie et ses effets aux niveaux fondamental et préclinique.

J'ai d'abord congu un dispositif microfluidique permettant de cultiver jusqu'a 240 sphéroides de
grande taille (> 750 um de diamétre), avec comme critéres de conception additionnels la
polyvalence, la compacité et la facilité d'utilisation. En utilisant les sarcomes des tissus mous (STS)
comme ¢étude de cas pour les tumeurs solides hypoxiques, j'ai évalué l'expression et la localisation
spatiale de protéines hypoxiques de référence dans mes sphéroides. Ce dispositif et les modeles
tumoraux qu'il contient ont ensuite été appliqués a des tests thérapeutiques, sous forme
d'associations sur puce du promédicament hypoxique tirapazamine (TPZ) et de radiothérapie
externe (EBRT). Les résultats de ces travaux, publiés dans mon premier article (chapitre 4),
démontrent la présence reproductible d'un coeur hypoxique au sein de mes larges sphéroides de
STS sur puce, absent des sphéroides plus petits provenant des mémes lignées cellulaires et la

dépendance a 1'oxygéne de 1'efficacité de l'association TPZ/EBRT.



vii

Malgré la présence stable d'un coeur hypoxique induit par diffusion et les effets directs de I'hypoxie
sur 'efficacité de TPZ, la pertinence clinique de mes sphéroides a coeur hypoxique (HyCo) n'était
pas encore suffisamment prouvée. Il me fallait donc démontrer que les sphéroides HyCo étaient
non seulement hypoxiques en leur cceur, mais présentaient ¢galement les caractéristiques de
I’hypoxie telle que rencontrée en clinique. Toujours a l'aide de lignées cellulaires de STS, j'ai
comparé les profils d'expression génique de mes sphéroides HyCo a ceux de petits sphéroides
normoxiques et a la littérature sur 'hypoxie tumorale. J'ai également évalué la résistance des
sphéroides HyCo a ’EBRT et a la chimiothérapie cisplatine, et leur potentiel d'invasion dans le
Matrigel. Enfin, j'ai présenté les applications de mes sphéroides HyCo pour tester quatre thérapies
ciblées, sélectionnées sur la base de données de séquengage et utilisant le potentiel d'invasion
comme critére d'évaluation principal. Les résultats de ces travaux sont présentés dans mon
deuxiéme article (chapitre 5) et démontrent que les sphéroides HyCo reproduisent les
caractéristiques clés de l'hypoxie: expression génique spécifique a 1'hypoxie,
radio/chimiorésistance, et invasivité et agressivité accrues. De plus, les sphéroides HyCo sur puce
peuvent facilement étre appliqués aux tests et au développement de traitements basés sur les

données de séquengage.

Dans l'ensemble, mon dispositif et mon modéle de sphéroide HyCo récemment validés sont
particulierement qualifiés pour I'étude fondamentale et préclinique de I'hypoxie tumorale et de ses
effets sur le phénotype cellulaire et la réponse au traitement. En combinant ergonomie, polyvalence
et pertinence clinique, les sphéroides HyCo sur puce peuvent étre appliqués a divers axes de

recherche translationnels en cancérologie, avec une relative aisance.
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ABSTRACT

Tumor hypoxia is defined as an oxygen partial pressure [pO2] lower than physiological. Naturally
resulting from the unchecked proliferation rate and progressively erratic vasculature of solid
tumors, hypoxia triggers in cancer cells a set of metabolic and cellular adaptations mainly designed
to survive the acidic and nutrient-scarce hypoxic conditions. Along with intrinsic physico-chemical
characteristics of the hypoxic microenvironment, these adaptations contribute to increased tumor
invasion and metastasis, resistance to most anti-cancer treatment (e.g., chemotherapy,
radiotherapy, immunotherapy), and have therefore been typically associated with worsened patient

outcomes.

Despite the clinical relevance of hypoxia, there is an apparent lack of user-friendly tools and
methodologies to properly emulate the hypoxic microenvironment in either in vitro or in vivo
models. Regardless of the in vitro tumor model used (2D monolayer or 3D spheroid), most studies
on hypoxia resort to chemical induction or oxygen-controlled environments, failing to adequately
mimic the multi-layered three-dimensional structure of solid tumors and the interplay between cells
of various oxygenation and phenotypic status. In addition, these experimental setups are
impractical and at times incompatible with proper treatment and analysis of hypoxic samples.
Although in vivo models do recapitulate the architecture, microenvironment and mechanisms of in
vivo tumors, they are not without disadvantages. The hypoxic content of in vivo tumors is poorly
predictable and hard to quantify, and experimental requirements for large hypoxic tumors can come
into direct conflict with regulatory bodies. Coupled with their expensive and time-consuming

nature, this makes animal models ill-suited for pre-clinical study of hypoxia.

Over the past two decades, microfluidic technologies have benefited cancer research by enabling
high-throughput generation, culture, treatment and bioanalysis of clinically-relevant tumor models
in compact and versatile devices. In our lab, microfluidic devices for the generation and culture of
three-dimensional tumor models (spheroids or micro-dissected ex vivo tissues) have been
developed and applied to the testing of radiotherapy/chemotherapy. However, the apparent

advantages of microfluidics have yet to translate into hypoxia research.

The aim of my thesis was to engineer and validate a user-friendly and versatile microfluidic device
for the culture, treatment and subsequent analysis of tumor spheroids naturally exhibiting

clinically-relevant hypoxia.
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By doing so, my overarching goal was to finally provide the translational cancer research
community with a user-friendly tool to study hypoxia and its effects at the fundamental and

preclinical levels.

I first designed a microfluidic device for the culture of up to 240 large spheroids (> 750 pm in
diameter), with versatility, compacity and user-friendliness as additional design inputs. Using soft
tissue sarcomas (STSs) as a case study for hypoxic solid tumors, I assessed the expression and
spatial localization of gold-standard hypoxic proteins within my spheroids. Then, this device and
tumor models therein were applied to treatment testing, in the form of on-chip combinations of the
hypoxia prodrug Tirapazamine (TPZ) and external beam radiotherapy (EBRT). The results of this
work were published in my first article (Chapter 4), and demonstrate the reproducible presence of
a hypoxic-core within my large on-chip STSs spheroids, absent from smaller spheroids of the same

cell lines, along with the oxygen-dependent efficacy of TPZ/EBRT combination.

Despite the stable presence of a diffusion-driven hypoxic-core and the demonstrable effects of
hypoxia on TPZ efficacy, the clinical relevance of my hypoxic-core (dubbed HyCo) spheroids was
not sufficiently proven yet. As such, I needed to showcase that HyCo spheroids not only were
hypoxic in their core but exhibited the hallmarks of clinical hypoxia. Still using STSs cell lines, I
compared the gene expression profiles of my HyCo spheroids to that of small normoxic ones and
to the literature on tumor hypoxia. I also assessed that HyCo spheroids were resistant to both EBRT
and chemotherapy, in the form of cisplatin, and displayed increased Matrigel invasion potential.
Finally, I showcased applications of my HyCo spheroids to the testing of 4 targeted therapies,
selected based on sequencing data and using invasion potential as my main endpoint. The results
of this work are presented in my second article (Chapter 5), and demonstrate that HyCo spheroids
indeed recapitulate key hallmarks of hypoxia: hypoxia-specific gene expression,
radio/chemoresistance and increased invasiveness and aggressivity. Furthermore, on-chip HyCo

spheroids can easily be applied to data-driven treatment testing and development.

Overall, my device and newly-validated HyCo spheroid models are uniquely qualified for
fundamental and pre-clinical study of tumor hypoxia and its downstream effects on cell phenotype
and treatment response. By combining user-friendliness, versatility and clinical-relevance, on-chip
HyCo spheroids can be applied to a variety of research avenues of translational cancer research,

with relative ease.
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CHAPTER 1 INTRODUCTION

Tumor hypoxia is characterized by an oxygen partial pressure [pO:] lower than physiological, and
is known to be a major contributor of treatment resistance, tumor aggressivity, metastasis

progression, overall associated with poor patient outcome (Figure 1-1) [1], [2], [3], [4].

The presence of hypoxic regions inside solid tumors is the result of the high metabolic and
proliferative rates of tumor cells and of poor or damaged vasculature [1]. Under hypoxia, tumor
cells must adapt their metabolism to survive extreme condition of low oxygen, high acidity and
poor nutrient concentration, all of which are a part of the hypoxia response pathway [1], [5]. In
turn, those hypoxic cells will drive the neighboring normoxic cells to be more proliferative,
resulting in increased tumor growth and invasion [6], [7]. This establishes a vicious circle of
hypoxia as the tumor keeps growing, resulting in more depletion of oxygen, further driving a more
aggressive phenotype. Furthermore, hypoxic regions are more resistant to anti-cancer treatment
[8], [9]. Indeed, radiotherapy (RT) efficacy depends on generation of free radicals (hydrogen or
hydroxyl radicals) that require oxygen to permanently fix DNA damages [2].
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Figure 1-1 Hypoxia: A known contributor of treatement resistance and tumor aggressivity, associated with poor
patient outcome
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Similarly, chemotherapy (CT) is less efficient in hypoxic regions, as the drug often fails to
penetrate deep enough due to the poor and damaged vasculature and as the highly acidic
microenvironment can alter drug conformation and efficacy [10]. Additionally, hypoxia increases
drug efflux and expression of genes involved in chemoresistance [11]. Like for CT, hypoxia drives
an immunosuppressive phenotype making immunotherapy less efficient [1]. Immune cells cannot
easily penetrate deep enough to invade the hypoxic regions, and the few cells that managed to do

so are inactivated due to the acidity of the tumor microenvironment (TME) [12].

Soft tissue sarcomas (STSs), a rare type of cancer originating from mesenchymal cells, account for
1% of all cancers in adults and for 20 % of pediatric cancers [13]. STSs are known to form large
and dense tumors and are prone to have extensive hypoxic regions. Treatment protocols of STS
patients depend on clinical stratification but usually consist of preoperative RT to reduce tumor
size, improve surgical outcome and preserve patient function [14], [15]. CT can be added to the
patient treatment regimen for stages II and above, but with variable efficacy [16]. Despite efficient
local control of the disease through surgery and neoadjuvant RT, metastasis remains the main cause
of death for patients with STS [17]. Indeed, depending on the stage of the cancer, the 5-year relative
survival rate varies from 81 % to only 16 % for patient with metastatic diseases [18]. Of note,
around 50 % of STS patients will develop metastatic diseases, partly due to high hypoxia content
(~ 45 %) [14], [18], [19], [20]. Overall, the poor patient survival rate can easily be explained by
the hypoxic nature of STSs that makes them more resistant to treatment, more aggressive and more
metastatic [ 19]. Although described here for STSs, these findings can be generalized to other cancer
types such as glioblastomas, head and neck carcinomas or cervix and pancreatic adenocarcinomas,

all of which are aggressive cancers with poor prognosis [20], [21], [22], [23], [24].

As such, studying hypoxia at the fundamental and translational level, particularly in the context of
STSs, would be of major interest for treatment development and could hopefully in the future

improve patient survival [19], [25], [26], [27], [28].



Of note, while impact of tumor oxygenation on treatment efficacy has been known since 1953,
there are still few clinically available hypoxia-related treatments [20], [29], [30]. Despite showing
promising results in vitro and in early phases of clinical trials, hypoxia-activated prodrugs (HAPs)
such as tirapazamine (TPZ, SR-4233) or evofosfamide (TH-302) have either failed to prove their
efficacy or induced severe adverse effects [30]. TPZ, discovered and developed by Brown and Lee
in 1986, is one of the first compound to specifically target hypoxic cells [31]. Activation of TPZ,
enabled by local absence of O», results in production of free radical species and subsequent
topoisomerase II-mediated induction of double-strand DNA breaks [32]. By acting as a
complementary cytotoxin and selectively killing hypoxic cells, the most resistant cells in tumors,
TPZ could enhance the antitumor effects of RT or CT [32]. However, as stated above, TPZ failed
to translate into clinical studies due to its non-negligeable adverse effects without higher local
tumor control or better overall survival [32]. However, this failure could be partly attributed to poor
patient stratification for hypoxia. Indeed, despite extensive study, assessing the presence of hypoxia
remains a challenge as no pan-cancer or STS-specific biomarkers are available for clinical trials

[19].

As previously mentioned, few drugs in development take hypoxia into account, mainly due to the
lack of relevant biomarkers and user-friendly translational tumor models on which one can study
hypoxia and its effects on treatment response [19], [33], [34], [35]. In fact, there is also an apparent
lack of user-friendly tools allowing the study of tumor hypoxia in a controlled manner [35], [36].
Currently, in vitro study of hypoxia involves complex experimental setups to control oxygen levels
or the use of chemicals acting as oxygen scavenger or interacting with the hypoxia-response
pathway [37], [38]. Both approaches are used to artificially induce hypoxia in both 2-dimensional
(2D) or 3-dimensional (3D) cell culture (e.g., spheroids). The most commonly-used experimental
setups are either hypoxic chambers or oxygen-controlled incubators [38]. However, these methods
do not allow long-term culture, experiments or treatment without reoxygenation of the samples, as
tissues must invariably be reoxygenated when taken out of the incubator for medium change [35],
[38]. Hypoxic gloveboxes partially resolve those issues but are expensive, do not allow RT
treatment and require large volumes of nitrogen gas. Additionally, in all three setups, oxygen level
is controlled by injecting nitrogen, thereby acidifying culture media and creating uncontrolled
biases in experiments [39]. Similarly, chemical induction can also create uncontrolled bias by

interacting with other metabolic pathways or affecting treatment response [1], [40].



Finally, none of these in vitro methods capture the whole picture of clinical hypoxia, among which
the complex interplay between hypoxic and normoxic cells within the same sample [35], [41], [42].
On the other hand, in vivo tumor models can naturally exhibit hypoxia, arising from the same

mechanisms as in patients (i.e., erratic vasculature, high proliferation rate).

However, the tumor must be large to be sufficiently hypoxic, which in mice corresponds to volumes
close to the maximum limit accepted the ethics committees. Therefore, the duration of the
experiments is limited by regulatory bodies and not by the requirements of the experiments
themselves [43]. Moreover, in vivo quantification of hypoxia is usually assessed postmortem by
immunofluorescence (IF) or immunohistochemistry (IHC) labelling of tissue sections [44]. Live
detection of hypoxia in mice is possible but requires complex imaging techniques such as Positron
Emission Tomography (PET), functional Magnetic Resonance Imaging (fMRI) or needle-type O2
electrodes [44]. These techniques are not necessarily available in all research facilities, can be
extremely expensive and require trained and qualified personnel to ensure accurate data
acquisition. Overall, working with animal models to study hypoxia can be ill-adapted for the first

steps of preclinical studies.

However, 3D in vitro models, among which tumor spheroids, have the potential to address this
problem [45]. Indeed, in spheroids larger than ~ 450 um of diameter, the oxygen gradient is steep
enough for cells at the core to fall below the 10 mmHg hypoxic threshold [4], [46], [46], [47].
Although numerous techniques to form spheroids are available, such as hanging drops, spinning
flask or ultra-low-attachment 96-well plates, these methods are not user-friendly and ill-adapted to
high-throughput production of size-controlled spheroids [41], [45], [48]. As the latter is essential
for experimental reproducibility and control of hypoxic content, this constitutes a major drawback

to broad adoption of 3D spheroids to study hypoxia [49], [50].

For the past two decades, the advent of microfluidic technologies has enabled high-throughput
generation of size-controlled spheroids which can be directly treated on-chip with RT, CT or drugs
combination [51]. Microfluidic 3D culture chips consist of a small device mainly made of
biocompatible polymers such as polydimethylsiloxane (PDMS) [52]. These chips are usually
comprised of two parts, a bottom “wells” layer housing the spheroids and a top “channel” layer

communicating with the wells [52].



Previous work from our lab demonstrated our ability to form spheroids within a couple of days and
then subject them to RT-CT combinations [53]. One particularity of the designs developed in our
lab is that our chips are not perfused, instead relying on daily culture medium change. This feature
makes them extremely user-friendly [33], [53], [54], [55]. Moreover, thanks to the advent and
democratization of microfabrication techniques, provided by computer-assisted micromilling and
3D printing, chip design can be tuned to fit specific research hypothesis and experimental

requirements[56], [57].

Thus, the purpose of my PhD project is to design a microfluidic chip allowing the generation of
tumor spheroids that naturally express a hypoxic core, characterize their multi-layered structure,
validate hallmarks of clinical hypoxia and study its impact on treatment efficacy. My overarching
goal is to provide a user-friendly tool to study hypoxia at the fundamental and preclinical level for

translational cancer research.



CHAPTER 2 LITERATURE REVIEW

2.1 Hypoxia, Definition and its Impact in Cancer

Hypoxia is defined as intra-tissue oxygen partial pressure (pOz) lower than physiological level. As
physiological pO> varies between 3 % (24 mmHg) and 7 % (56 mmHg) across tissues, a range of

pO2 defined as “hypoxic” exists (Figure 2-1) [1], [2], [10], [20], [58].
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Figure 2-1 Tumor pO2 measurements from published clinical studies documenting the hypoxic state of various
solid tumors [36], [59]. Note: Data from Vaupel et al. [59]

Furthermore, different dynamics of hypoxia exist, from intermediate to chronic (diffusion-limited),
acute (perfusion-limited) and even transient [20]. Hypoxia can occur during exercise or in
developing embryos but is also found across multiple diseases such as atherosclerosis, mountain
sickness, anemia, stroke, heart disease or cancer, with the latter being the focus of my Ph.D. [60],

[61].

Indeed, hypoxia is considered a hallmark of cancer and is found in 90 % of solid tumors regardless
of their size, stage, grade or histology [20]. Presence of hypoxia and of its effects in cancer was
first identified in 1953 by Thomlinson and Gray, [3], [4] the latter being the British physicist in
whose honor the unit of radioactive energy deposition in tissue is named . Since then, 70 years of
fundamental, preclinical and clinical studies have demonstrated that hypoxia is a major contributor
to treatment resistance, tumor aggressivity, metastasis progression and is overall associated with

poor patient prognosis [62], [63].



This culminated in 2019 with the Nobel Prize of Physiology and Medicine being awarded to
William Kaelin, Peter Ratcliffe, and Gregg Semenza for their work on how human and animal cells

sense and adapt to oxygen supply [63], [64].

Hypoxia in solid tumors arises from their rapid cellular expansion and abnormal and erratic blood
vessel formation, which contribute to a deteriorated and deteriorating diffusion of oxygen [1]. As
such, lack of oxygen inside solid tumors has generally been observed to start occurring between
100 um to 200 um away from a blood vessel, which results in multiple hypoxic niches inside of

solid tumors [1].

Key regulatory pathways, genes and their downstream targets involved in cellular adaptation to
hypoxia can be classified as hypoxia-response pathways [65], [66], [67]. Initiation of hypoxia-
response pathways, adaptation of cancer cells to hypoxia and impact of hypoxia in cancer treatment

will be discussed in the following sections.



2.1.1.1 Initiation of Hypoxia-Response Pathways

Evidently, oxygen (O») is essential for any aerobic organism, including humans, to produce energy
thanks to the mitochondrial respiratory chain. Mitochondria is, after all, the powerhouse of the cell.
Briefly, O, as the final electron acceptor in the electron transport chain, bonds to a proton (H") and
forms H>O. This process triggers the formation of a proton gradient with a higher concentration of
H* in the mitochondrial intermembrane space and a lower concentration in the mitochondrial
matrix. Through chemiosmosis, the stored H™ act as a source of energy used by the ATP synthase
to produce adenosine triphosphate (ATP) by oxidative phosphorylation of adenosine diphosphate
(ADP) (Figure 2-2).

..................................................................................................................................................................................

..........................................................................................................
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Figure 2-2 The Role of Oxygen in ATP Production during Oxidative Phosphorylation.

Adapted from Berg et al. 2002. [54]

The electron transport chain is composed of membrane-embedded proteins organized in four large complexes (I-IV) found in
the inner mitochondrial membrane. During cellular respiration, NADH molecules, produced by the Krebs cycle, transfer their
electrons to complex I and are reduced to NAD™. The energy released by electrons moving through complex I by a succession
of reductive and oxidative reactions is then used to pump protons (H") from the matrix into the intermembrane space. Then,
electrons are transferred to O» which bonds to H' to form H,O. This process results in the apparition of a proton gradient, with
a higher concentration of H' in this intermembrane space and a lower concentration in the matrix. As shown on fig 2.1, the H
stored by the gradient acts as a form of energy, a process called chemiosmosis, used by the ATP synthase to produce ATP.
Adapted from Berg et al. 2002. [68]



As oxidative phosphorylation is an O>-dependent chemical reaction, drastic metabolic adaptation
can be expected in oxygen-deprived cells. Indeed, in hypoxia, multiple metabolic and genetic
modifications occur in order to compensate the energy imbalance and maintain tissue function.
This compensation is regulated by numerous genes belonging to hypoxia-response pathways, the
transcription of which is governed by hypoxia-inducible factors (HIFs), mTOR and the unfolded
protein response (UPR). Interestingly, these pathways are activated at different levels of
oxygenation. For example, the HIFs response pathway begins to be activated at O> < 10 % with
high activation at 0.5 % [69], [70]. The UPR-PERK response pathway appears to be more important
in the regulation of cellular stress under extreme hypoxia, i.e., O2 <0.02 % [71], [72]. Finally, the

mTOR response pathway is prominent under moderate hypoxia exposure of O2 <1 % [73].
2.1.1.2 Hypoxia-Response Pathways, the role of HIFs

HIFs are the main factors that mediate the transcription of more than 100 downstream genes in
response to hypoxia [34], [66]. The HIF family contains 4 genes HIF1A, HIF2A (also referred to
as EPAS1), HIF3A and Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT) coding for HIF-
la, HIF-2a, HIF-30 and HIF-1P respectively, each HIF-a subunit are oxygen-sensitive and can
heterodimerize with the constitutively-expressed 3 subunit [34], [66], [74]. Under normal
physiologic conditions, all HIF-o subunit proteins are continuously produced but undergo
ubiquitination and consecutive degradation by the proteasome through hydroxylation of prolyl
residues. Of note, HIF-1a is ubiquitously-expressed while HIF-2a and HIF-3a are only expressed
in specific tissues [75]. HIF-2a is found in vascular endothelium, liver parenchyma, lung type II
pneumocytes and kidney epithelial cells while HIF-3a is found in the thymus, cerebellar Purkinje
cells and the corneal epithelium of the eye [75]. Degradation of the HIF-o subunit consists of
hydroxylation of 2 proline sites by the oxygen-dependent proline-hydroxylase family (PHDs)
among which, PHD1, PHD2 and PHD3 [34], [76], [77]. Upon hydroxylation, HIF-a is recognized
and marked for proteasomal degradation by the Von Hippel-Lindau protein (pVHL) complex.
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As oxygen is a necessary substrate for PHD activity and subsequent HIF-a degradation, PHD
activity is diminished under hypoxia — this is also true for Ph.D students — allowing HIF-a
stabilization [76]. Under hypoxic conditions, other molecular pathways can lead to HIF-a
stabilization such as ROS-mediated PHD inhibition or mTORCI1 inhibition [74], [76]. Indeed, there
is an increase in ROS production under hypoxic condition, mainly due to dysfunctional
mitochondrial respiration [8], [78]. Hypoxia also inhibits mTORCI1, a complex containing the
mammalian target of rapamycin (mTOR), through HIF1-dependent transcription of DNA damage-
inducible transcript 4 (DDIT4), BNIP3 and AMP-activated protein kinase (AMPK) [8]. This results
in a positive feedback loop between mTOR and HIF1 by the hypophosphorylation of eukaryotic
translation initiation factor 4E binding protein 1 (eIF4EBP1) favoring cap-independent translation
of multiple transcripts among which HIF1A [8], [34], [78]. Finally, once HIF-a are stabilized, they
are translocated into the nucleus and form a heterodimer with HIF-1f. The HIF-o/HIF-13 complex
binds on Hypoxic Responsive Elements (HREs) region of the DNA, within target gene promoters,
to drive the expression of HIFs targets [8], [62]. On a side note, it has been documented that HIF-
la can be stabilized under normoxia by newly-discovered pVHL regulator, but these pathways

remain unclear [66]. (Figure 2-3)

HIF1A and HIF2A and their associated proteins are the most characterized, while HIF3A was the
last to be identified [79], [80]. While HIF-1a and HIF-2a share some redundant functions and
regulate many similar hypoxia-induced genes, they also mediate a distinct set of genes [81]. Indeed,
HIF1A transcription regulates metabolic reprogramming whereas HIF2A plays a role in angiogenic
extracellular signaling regulation and other extracellular matrix remodeling factors [82]. HIF3A
has been identified as a negative mediator of the other HIFs genes, although recent studies have
pointed out its role as an oxygen-dependent transcription factor, activating its own specific subset

of genes under hypoxia [80], [83].
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Figure 2-3 Oxygen Response Pathways : HIFs, UPR and mTOR. Adapted from Wouters and Koritzinsky [1]
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2.1.1.3 Hypoxia-Response Pathways, the Role of mTOR and of the Unfolded

Protein Responses

Other than stabilization of HIFs, cellular adaptation to hypoxia is also governed by mTOR and the
(unfolded protein response) UPR. (Figure 2-3)

mTOR, a part of mTOR complex 1 (mTORC1), is a key regulator of cell survival and cell
proliferation the activation of which under energy-replete stimulates protein translation [65], [84].
Thus, mTOR activity being directly linked to cell energy, its activity is inhibited under hypoxia
[8], [65], [84]. More precisely, hypoxia inhibits mMTORCI1 through an HIF1-independent pathway
involving AMPK-dependent activation of tuberous sclerosis protein 1 (TSC1) — TSC2 complex,
when hypoxic condition is long-lasting (i.e., chronic hypoxia) and in conjunction with other
stresses [65]. Overall, inhibition of mTOR results in changes in specific genes translation,
contributing to a substantial difference in protein expression during hypoxia and influencing
hypoxic-cell phenotype notably by altering metabolism, angiogenesis, autophagy and endoplasmic
reticulum (ER) homeostasis [65]. Conversely, while mTOR is inhibited in hypoxic cells, in the
context of cancer, hypoxic cells can re-establish the function of mTOR to control protein synthesis

[65].

Among other stresses, hypoxia can cause accumulation of unfolded or misfolded proteins in the
ER which activates the UPR [65], [85]. The latter is a signaling program meant to relieve ER stress
by increasing the protein-folding capacity, enhancing the clearance of unfolded proteins or by
inhibiting protein translation [65], [85]. This is achieved through regulation of transcription and
translation of specific genes such as ER chaperones or components of the endoplasmic reticulum-
associated protein degradation (ERAD) pathway [65], [85]. Although generally aiming to promote
cell survival by reducing ER stress, UPR will however trigger cellular death by autophagy or
apoptosis if this stress persists [85].

Three UPR signaling pathways have been uncovered, all initiated by chaperone proteins among
which the glucose-regulated protein 78 (GRP78) also known as binding immunoglobin protein
(BiP) [86], [87]. Buildup of unfolded proteins initiates BiP released from ER membrane, in turn
inducing RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme la (IREla),
and activating transcription factor 6 (ATF6) [65], [86], [87].
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First, PERK activation results in selective translation of proteins such as activating transcription
factor 4 (ATF4), growth arrest and DNA damage inducible protein (GADD34), and
CCAAT/enhancer binding homologous protein (CHOP) [86]. ATF4 restores ER homeostasis by
modulating gene expression involved in amino acid biosynthesis, anti-oxidative responses, protein
folding and in maintaining redox homeostasis [86], [88]. Of note, ATF4 can also induce cellular
death via CHOP activation [86]. Meanwhile, GADD34 allows restoration of protein synthesis by
mediating dephosphorylation of eukaryotic initiation factor 2 (elF2), upon stress recovery [86],
[89]. As already mentioned, CHOP activation stimulated by ATF4 will result in cell death [86].

Second, IRE1a degrades selected mRNA by regulated IRE1-dependent decay (RIDD) to reduce
protein synthesis and decrease ER load. Additionally, IREla release transcriptionally active x-box
binding protein 1 (XBP1) to restore ER homeostasis. IRE1a can also activate a proapoptotic signal

by activation of c-Junk N-terminal kinase 1 (JNK1).

Third, similarly to PERK and IRE1a, ATF6 also promotes restoration of ER homeostasis, this time,
by promoting protein chaperone and lipid synthesis, stimulating ER-degradation, and enhancing

N-glycosylation [86]. Again, ATF6 can also contribute to cell death by inducing CHOP [86].

Furthermore, all hypoxia-response pathways are interconnected. Indeed, there is an interplay
between HIF, mTOR and UPR. For example, UPR signaling promotes the response to hypoxia by
phosphorylation and activation of HIF-1a and ATF4 and IRE1a cooperate with HIF-1a to activate
downstream target genes. More broadly, this interplay is part of a generalized response to hypoxia,
notably by interacting with HIF-1a thus enhancing HIF-1a target genes. mTOR can also promote
HIF-1a stabilization and accumulation as a mean to start the transcription of necessary genes for

cellular adaptation [65], [86], [90].

Overall, all these pathways result in cellular adaptation to hypoxia via complex metabolic and
phenotypic changes involving a numerous set of genes. Alternatively, when hypoxic stress is

prolonged and cells fail to adapt, cellular death is triggered.
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2.1.1.4 Hypoxia-Response Pathways, Downstream Genes and Impact on

Cancer

As previously discussed, multiple pathways trigger the cellular response to hypoxia with the aim
of promoting transcription of a set of genes allowing the cell to adapt and survive under hypoxic
conditions. Indeed, hypoxia-response pathways participate in multiple biological processes such as
angiogenesis, cell metabolism, cell proliferation and differentiation, immune response, metastasis
progression or cell death evasion, all of which promotes a more aggressive phenotype in the context

of cancer.

More than 70 genes have already been identified to be putative HIF1A targets, an ever increasing
number thanks to the democratization of transcriptomics [91], [92], [93], [94], [95]. Here, I describe
a few examples of how these genes allow cancer cells to survive in hypoxic conditions and how

hypoxia promotes a more aggressive phenotype.

As previously mentioned, hypoxic cells will promote angiogenesis to try to mitigate hypoxia by
increasing blood flow. Known factors such as vascular endothelial growth factor A (VEGFA)
promote angiogenesis by inducing proliferation and migration of vascular endothelial cells [96].
Upregulation of VEGFA in tumors leads to erratic neovascularization that fails to support adequate
blood supply thus worsens local hypoxia [20]. Moreover, this neovascularization is leaky due to
high permeability, facilitating tumor cell intra- and extravasation which increases the risk of

metastasis.

The propensity of tumor cells to be highly proliferative translates into increased glucose uptake to
maintain ATP production via glycolysis: the Warburg effect [20], [63], [97] (Figure 2-4).
Activation of the Warburg effect relies on HIFs and MYC response to high proliferation rate and
hypoxia, with HIF-1a being the main actor promoting this switch [63]. Indeed, HIF-10 promotes
anaerobic metabolism shift by activating glycolysis regulators such as recombinant

phosphoglycerate kinase 1 (PGK1) or pyruvate dehydrogenase kinase 1 (PDK1).
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Figure 2-4 The increased glucose uptake to maintain ATP production via glycolysis : the Warburg effect.
Adapted from Cramer et al. [1]

GLUT-1, encoded by solute carrier family 2 member 1 (SLC2A1), is a part of the GLUT family of
membrane transporters proteins facilitating the translocation of glucose across cells [1]. GLUT-1
is widely represented across healthy tissue but is overexpressed in malignant cells to match their
high glucose uptake. In short, glucose enters the cell via GLUT1 and is converted into pyruvate
through glycolysis. Induction of PDKI1 decreases mitochondrial utilization of the resulting
pyruvate, therefore decreasing its transformation into acetyl-CoA to generate ATP [98], [99]. The
rest of the pyruvate will be oxidized into lactate, the accumulation of which results in an increase
of ATP and a reduction of ROS production [20], [63], [97]. This mechanism is one of the many by
which hypoxic cells can evade apoptosis [63], [99].

Moreover, the accumulation of lactate and H' induces intracellular acidification [63], [100].
Therefore, hypoxic cells need to ensure pH homeostasis to survive [100]. In order to do so, carbonic
anhydrase IX (CAIX) catalyzes the transformation of carbon dioxide (CO2) in bicarbonate anion
(HCO3") and both CO; and lactic acid are buffered by HCO3™. As a result, CAIX contributes to the
maintenance of a favorable pH promoting cell survival, but hydration of carbon dioxide also

increases extracellular acidity by generating H'.
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The resulting acidic tumor microenvironment (TME) is a key feature of hypoxic tumors [100]. In
turn, TME acidification promotes tumor growth and tumor cell invasion through breakdown of the

extra cellular matrix (ECM), while reducing immune cell invasion [100], [101].

Hypoxic cells also have the ability to evade cell death partly due to their increased capacity of
surviving with extensive DNA damages and by increasing anti-apoptotic proteins levels [62],
[102]. For example, increased expression of BCL2 interacting protein 3 (BNIP3) and BCL2
interacting protein 3 like (BNIP3L) results in autophagy, a survival mechanism that promotes
tumor progression [103]. While autophagy has been described as a type of cell death, autophagy
plays a crucial role in the context of hypoxia and energy depletion by maintaining ATP production
and other macromolecular synthesis, thus acting as a pro-survival pathway [103]. Furthermore,
hypoxia also induces expression of drug resistance genes belonging to the ATP-binding cassette
(ABC) transporter family. ABC proteins pump the drug out, in turn reducing intracellular drug
concentration, thus limiting cellular death [63], [104]. For example, ABC Subfamily B Member 1
(ABCBI) (encoding for P-glycoprotein), ABC Subfamily C Member 1 (ABCC1) (encoding for
multidrug resistance-associated protein 1, MDR1) and ABC subfamily G member 2 (encoding for
ABCG?2) are directly regulated by HIF-1a. In addition, promoters of ABCB1, ABCCI and ABCG2

contain HREs sensitive to HIF-1a transcriptional regulation [104].

As previously stated, hypoxia also plays a role in metastasis progression by regulating cell and
TME remodeling [105]. Cytoskeleton remodeling, as a part of epithelial-mesenchymal transition
(EMT), is necessary for cancer cells to invade tissue and perform intra- and extravasation [106].
For example, vimentin (VIM), a known EMT marker, coordinates the dynamics of actin filaments
and microtubules promoting cell motility [107]. Furthermore, Prolyl 4-Hydroxylase Subunit Alpha
1 (P4HAT1), by hydroxylation and deposition of collagen in the ECM, generates a pro-invasive
environment [105], [108].

Interestingly, hypoxia can also induce cell cycle arrest through multiple HIFs and UPR-regulated
transcriptions factors [7], [109], [110]. HIF1 and UPR-dependent upregulation of CDK cyclin
inhibitors p21 and p27, induce cell cycle arrest in G1 phase by counteracting cell proliferation,
promoted by HIFs-dependent upregulation of Myc [7], [109], [110], [111]. This cycle arrest in G1
phase will play an important role in how hypoxic cells respond to chemotherapy, which will be

discussed later.
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However hypoxic cells can also evade cell cycle arrest depending on their expression of
minichromosome maintenance complex (MCM) protein family, cell type-specific and cell cycle

phase-specific HIF-1a and HIF-2a activity and effect on Myc, or even Myc itself [7], [110].

Overall, these 12 genes (VEGFA, PGKI1, PDK1, GLUTI1, CAIX, BNIP3, BNIP3L, ABCBI,
ABCCI, ABCG2, VIM and P4HA1) confer an invasive, metabolically-enhanced, drug-resistant
and apoptosis-evading phenotype to hypoxic cells. Despite these genes being but a fraction of the
downstream targets of the hypoxia-response pathways, they already draw the portrait of the
aggressive nature of hypoxic tumors. Even worse, hypoxia limits the efficacy of conventional

cancer therapies, which I will describe in the following section.
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2.2 Hypoxia and Cancer Treatment

Cancer treatment is supported by 4 pillars: surgery, radiotherapy, chemotherapy and targeted
therapy (including immunotherapy). While surgery is also negatively impacted by hypoxia, it is
evidently out of the scope of my Ph.D thesis [112]. As such, the following section will describe the

mode of action of the other 3 modalities, and how hypoxia negatively impacts their efficacy.
2.2.1.1 Radiotherapy

Radiotherapy (RT) plays a major part in cancer management, as an estimated 50% of all patients
will benefit from it at some point during their treatment [2], [113], [114], [115], [116], [117].
Regardless of the type of radiation, the damaging effects of ionizing radiation (IR) are caused by
the ejection of electrons from molecules within the cell, i.e. their ionization [2]. While the radiation
itself can “directly” induce damages by ionization, most molecular damages are “indirectly” dealt
by the cascade of ejected electrons, in turn ionizing molecules along their track. As the speed of
the electron decreases, collisions and subsequent ionization become more frequent, leading to the

formation of clusters of ionizations.

Most of the deposited energy by IR is absorbed by water as it accounts for approximately 80% of
the composition of the cell. Ionized water leads to a rapid production of reactive radical
intermediates which interact with other molecules within the cell, such as DNA, causing the
“indirect effect”. As DNA is the largest molecule in the cell it makes for an “easy” target for IR.
Furthermore, DNA exists in only 2 copies with a limited turnover and is vital for cellular functions,
making it a perfect target in the context of cancer treatment. Thus, when clusters of ionizations are
formed in DNA, breaking chemical bonds and disrupting its structure and function, they eventually
lead to mitotic catastrophe and cell death as the cell simply cannot cope. The most damaging
oxidizing agent is the hydroxyl radical (OH¢) which chemically reacts with the DNA, producing a
radical: DNAe. When in range, this radical can potentially lead to sustained DNA damages.
However, when DNA- is produced, it enters a competition for reduction or oxidation. Reduction
can restore the DNA to its original form through -SH containing compounds such as glutathione
or cysteine. On the other hand, oxidation can fix or make damages permanent via the interaction

between DNA-* and O-.
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Thus, in hypoxia or in the presence of reducing species, DNA damages are not fixed, i.e., not
permanent, and the DNA is ultimately restored. Therefore, hypoxia has a direct negative impact on
the efficacy of RT. As such, enhancement of radiation damage by oxygen, or rather the degree of
cell sensitization through oxygen can be characterized as the oxygen enhancement ratio (OER).
OER is defined as the ratio of doses required to give the same level of biological effect (e.g. cell

surviving fraction) in function of oxygen level, normoxia (or physoxia in patient) or hypoxia.

The OER can be as high as 2.5 to 3.3 for most mammalian cells in vitro and most tissues in vivo
when treated with doses of x- or y- radiation greater than 3 Gy [1], [2]. Although decrease of OER
is observed at doses lower than 3 Gy, close to the clinical dose of 2 Gy used for fractionated
treatment, Wouters and Brown demonstrated that cells at intermediate level of oxygenation can

lead to significant radioresistance during fractionated RT [118].

Indeed, hypoxia-induced radioresistance begins to be observed in vitro at pO>= 20 mmHg, results
in an OER of 2 at pO2 =3 mmHg and confers full resistance at pO2 < 0.2 mmHg. Similar findings
are observed clinically in many cancer types, where hypoxia content is an important predictor of
poor response to radiotherapy and therefore of poor clinical outcome [119]. In addition, hypoxic
cancer cells may have varying competence to undergo DNA-repair mechanisms, whether
homologous recombination (HR), Non-homologous end joining (NHEJ) or nucleotide excision
repair (NER) [1], [2]. As a matter of fact, HR deficiency has been shown to sensitize hypoxic cells
to ionizing radiation, thereby reducing the OER [120].

Finally, cells are known to be more sensitive to RT in phases G2 and M and more resistant in phase
G1 and S. As such, hypoxia-induced cell cycle arrest in G1 phase further reduces the efficacy of
RT [2].
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2.2.1.2 Chemotherapy and Hypoxia-Related Chemoresistance

Chemotherapy (CT) refers to the use of a toxic agent to treat cancer, and can be divided in 3 major
categories: antimicrotubular agents (e.g., anthracyclines, taxanes), alkylating agents (e.g.,

cisplatin), and antimetabolite (e.g., 5-Fluorouracil) [121].

Antimicrotubular agents are divided in multiples categories, among which anthracyclines and
taxanes. Doxorubicin is one of the most well-known CT and belongs to the anthracycline’s family.
Its main mechanism of action can be summarized as DNA intercalation, disruption of
topoisomerase-mediated repairs and free radicals-mediated cellular damages [121], [122].
Paclitaxel, a taxane agent, works by disrupting polymerization and depolymerization equilibrium
of microtubules, in turn causing abnormal cellular function leading to apoptosis. Specifically,
paclitaxel is a M-phase-specific microtubule assembly inhibitor [121]. Further research indicated
that paclitaxel can induce apoptosis by binding to B-cell leukemia 2 (Bcl-2) and thus interrupt its
function [123].

Alkylating agents work by cross-linking their unstable alkyl group (R-CH:") with the DNA bases,
inflicting DNA-damages, making DNA strands unable to uncoil or separate hence stopping DNA
replication and triggering cell death [121], [123].

Lastly, antimetabolite agents, for example 5-Fluorouracil (5-FU), interfere with DNA synthesis
and repair by blocking incorporation of the thymidine nucleotide into the DNA strand during the S
phase of the cell cycle [121], [124]. Importantly, various structural, physico-chemical and
biological effects of cancer hypoxia foster chemoresistance and/or drastically limit CT efficacy.
First, CT cannot properly be delivered to hypoxic niches as the erratic vasculature caused by
hypoxia limits penetration of the chemotherapeutic compound. Second, as most CT agents are
weak basis, low TME pH characteristic of hypoxia limits their efficacy. Indeed, the ion trapping
model explains this phenomenon, as weakly basic compounds will concentrate in acidic regions
instead of reaching their intracellular targets [11], [125], [126], [127]. Third, hypoxic cells further
reduce CT efficacy by way of promoting the activity of drug efflux transporters (e.g. MDR1),
thereby actively reducing intracellular drug concentration [128]. Then, as hypoxic cells are less
proliferative, CT agents relying on DNA or RNA replication, and thus cell proliferation, are less
cytotoxic. This has been widely documented across a large range of CT such as the ones already

mentioned [11], [129], [130], [131], [132], [133].
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2.2.1.3 Targeted Therapies

Compounds specifically tailored to target hypoxic cells have demonstrated their efficacy in vitro

and in vivo, with a few under clinical investigation.

Hypoxia-activated prodrugs (HAPs) are a group of targeted therapies that are selectively activated
under hypoxia, making them more cytotoxic to hypoxic cells [30]. Multiple HAPs have been
developed since the 1980s, but all of them failed to be translated to the clinic despite their
antineoplastic effect being proven preclinically [30]. Indeed, all clinical trials were unsuccessful

due to either, poor efficacy, intense adverse effects, or a combination of both [30], [32].

The most common HAPs are tirapazamine (TPZ or SR-4233) and evofosfamide (TH-302). TPZ,
one of the first compound to specifically target hypoxic cells, was discovered and developed by
Brown and Lee in 1986. Activation of TPZ, enabled by local absence of O, results in production
of free radical species and subsequent topoisomerase I[I-mediated induction of double-strand DNA
breaks [9], [31], [32]. However, TPZ failed to translate into clinical studies due to non-negligeable
adverse effects without higher local tumor control or better overall survival. Of note, this failure

could be partially attributed to poor patient stratification for hypoxia [30], [134].

Evofosfamide has a similar mechanism of action as TPZ. Upon activation in hypoxic regions,
evofosfamide is converted into its active form dibromo isophosphoramide mustard, a potent
alkylator acting as a DNA cross-linking agent [30], [135]. Contrary to TPZ, evofosfamide has been
tested in clinical trials since 2007, and still remains a drug of interest despite reported limited
efficacy. Indeed, 2 new clinical trials starting in early 2025 are investigating efficacy of
evofosfamide as a combination therapy. The first one will be a combination of evofosfamide with
androgen receptor-signaling inhibitor therapy in castrate resistant prostate cancer (NCT06836726),
while the second one is a combination with both zalifrelimab and balstilimab in advanced or
metastatic castration-resistant prostate cancer, pancreatic cancer, and human papilloma virus

(HPV)-negative squamous cell carcinoma of the head and neck (SCCHN) (NCT06782555).

Another approach consists of designing compounds selectively targeting hypoxia-specific genes

and proteins. Evidently, inhibition of HIFs and mTOR has been investigated as part of this strategy.



22

HIF1 inhibitors, such a dichloroacetate (DCA) and digoxin, have demonstrated their efficacy in
preclinical studies [67]. DCA decreases HIF1 transcription through inhibition of PDK and digoxin
decreases HIF-1a through direct inhibition of HIF1 [136], [137]. Both of these drugs have reached
clinical phase, phase I for DCA and phase II for digoxin [80]. However, no phase II clinical trials
involving DCA has been reported, despite promising results in phase I [138]. On the other hand,
digoxin phase II clinical trial failed to obtain results due to low patient enrollment (only 6) and
insufficient amount of tissue samples to analyze [136], [139]. Lastly, EZN-2968, an antisense
oligonucleotide inhibitor of HIF-1a was tested in 1 pilot study and 2 phase I clinicals trials. Again,

no phase II study was launched despite promising results.

Meanwhile, mTOR inhibition strategy led to the development of everolimus [140]. While still
being investigated in multiple clinical trials and being approved by the FDA in 2009, high toxicity
and treatment-related mortality were reported and one important challenge is to properly identify

biomarkers that predict response to everolimus (e.g., hypoxic biomarker) [141], [142].

On the other hand, the HIF-2a inhibitor belzutifan was approved by the FDA in December 2023
for patients with advanced renal cell carcinoma [143]. As of today, it is one of the only drugs that
showed promising results in targeting hypoxia in renal cell carcinoma [29]. Other clinical studies
are currently ongoing to test its efficacy in patients diagnosed with other cancer types
(NCT02974738, NCT04976634). Importantly, 80% of clear renal cell carcinomas are known to
present accumulation of HIF-2a, due to the loss of VHL gene and its protein pVHL [29], [144]. In
this case, HIFs genes and pathways are constitutively activated and hijacked, thus promoting tumor
growth and survival [145]. As such, belzutifan shuts down these pathways independently of

hypoxia levels, leading to its demonstrable efficacy.

Like CT, the delivery of any targeted therapy is limited by the ability of compounds to diffuse
inside the tumor and by some of the aforementioned resistance mechanisms. Overall, very few
hypoxia-targeted therapies have successfully transferred from bench to patients, partly due to

inadequacies between pre-clinical and clinical results.
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Finally, regarding immunotherapy, hypoxic TME is highly immunosuppressive due to both its
acidic pH and key signaling pathways [146]. For example, the hypoxia-mediated anaerobic
glycolysis in tumor cells results in the excretion of adenosine, a potent suppressor of T-cells [147]
Similarly, natural killer cells undergo profound metabolic reprogramming, changing both their
function antitumor function and their phenotype. In addition, contrary to tumor cells, most immune

cells cannot survive in the highly acidic hypoxic regions of the tumor [12], [36], [148].

All therapies described within the past sections, and virtually all non-surgical cancer therapies, are
negatively impacted by tumor hypoxia. Whether physico-chemical or biological, the impact of
hypoxia on cancer therapy efficacy must be adequately recapitulated at the fundamental and pre-
clinical levels to improve the efficacy of cancer treatment modalities and the success rate of

antitumor drugs.
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2.3 Soft-tissue Sarcomas

Soft tissue sarcomas (STSs) account for 1% of all cancers in adults and 20 % of pediatric cancers
[13], [15]. STSs are a rare type of cancer originating from mesenchymal cells, which is to say from
any soft tissue : muscle, fat, blood vessels, nerves, tendons, linings of the joint etc. [13], [15]. While
treatment protocol of STSs patients depends on tumor grade, most large high-grade STSs are
treated with a combination of RT and limb-sparing surgical resection. RT is preferentially given
before surgery (i.e. neoadjuvant RT) to limit long-term RT-related toxicities [16]. Adjuvant CT
can be prescribed for patient with stage II diseases and above, although its efficacy is questionable
as no significant differences in either relapse-free survival or overall survival are observed [149].
Despite achieving excellent local tumor control through neoadjuvant RT + surgery, metastases
remain the main cause of death for around half patients diagnosed with ST, with their overall
survival measured in mere months [150]. For metastatic patients, administration of anthracycline
CT doxorubicin is considered standard of care, despite extremely poor ~20% response rates [17],

[151].

As mentioned above, STSs is a highly metastatic cancer type, which is due in part to the hypoxic
nature of STSs [150]. Indeed, STSs are characterized by a 45 % incidence of tumors harboring
hypoxia, associated with worsened clinical outcome [152], [153], [154]. For example, a decrease
in the 18 months disease-free survival from 70 % to 35 % is observed in soft tissue sarcomas (STSs)

exhibiting hypoxia [20], [155].

Overall, STSs are a perfect example of the impact of hypoxia in cancer: hypoxia renders STSs
resistant to both RT and CT, and increases aggressivity and metastatic potential. Although the focus
of my thesis is on STSs, these findings can be generalized to other cancer types such as
glioblastomas, head and neck carcinomas or breast and ovarian cancer, all of which are aggressive

cancers with poor prognosis.

As such, studying hypoxia at the fundamental and translational level, would be of major interest
for treatment development and could hopefully help improve patient survival, particularly in the

context of STSs.
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2.4 Preclinical Study of Hypoxia

2.4.1.1 Preclinical Models

Treatment discovery and development at the fundamental and preclinical levels rely on a variety

of in vitro, ex vivo and in vivo tumor models, each corresponding to increasing level of complexity.

The following sub-sections will describe the main approaches for these tumor models, along with

their advantages and some of their limitations.
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Figure 2-5 Preclinical Models, Advantages and Limitations

2.4.1.2 In vitro and Ex Vivo Models

Since the 1900s, 2D cell culture has been extensively used in cancer research thanks to its simplicity

and high reproducibility, while being cheap and high-throughput [45], [156]. Despite being the

most commonly used in vitro model for cancer treatment development, 2D cell culture is known

for its limitations in representing tissue cells and recognized inability to mimic 3D cell organization

and tumor kinetics [45], [156].
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Indeed, the lack of tridimensionality of 2D cell culture cannot be eaisily reproduce either the
diffusion-limited oxygen and nutrients gradients or the multi-layered structure of solid tumors,
making them inadequate for the study of hypoxia and for treatment development [41], [45], [156].
Although 2D has certainly demonstrated its usefulness in elucidating the mechanisms of hypoxia
at the molecular and cellular level, 3D incorporates structural and physical aspect of in vivo tumors

especially relevant for tissue oxygenation. (Figure 2-5)

Therefore, overcoming 2D cell culture limitations by engineering more relevant tumor models for
preclinical cancer research is necessary to improve treatment discovery and decrease failure rate in
vivo [156]. As such, 3D tumor models have regained popularity for the past 15 years, despite being
first introduced more than 50 years ago [41], [157]. 3D tumor models consist of either 3D cell
culture (spheroids) or ex vivo culture of tissue explants. Advantages of these models is their ability
to preserve the natural shape and spatial distribution of the cells, recapitulate oxygen and nutrient
gradients as well as preserving cell-cell interactions [41], [156]. Thus, 3D tumor model can emulate
hallmarks of cancer, among which the topic of interest of my thesis: hypoxia. With this, 3D in vitro
and ex vivo models have been garnering interest in cancer research and treatment development

[156]. (Figure 2-5)

Tumor spheroids, defined as compact cell aggregates, can be generated using various methods that
are categorized in 2 groups: scaffold-free and scaffold-based. In scaffold-free culture, the 4 types
of techniques of spheroids production can be summarized as agitation-based, hanging drop, liquid
overlay and microfluidics [49], [156], [158]. Agitation-based techniques consist of continuously
stirring adherent cells to prevent adhesion to the culture vessel, until they aggregate into a spheroid
[48], [158], [159]. Hanging drop technique takes advantage of the surface tension of petri dish
coverslips to generate multiple droplets of cell suspension. Thanks to gravity, cells will fall at the
bottom of the drop and self-aggregate [160]. Liquid overlay technique relies on surface treatment
of culture vessel that prevents cell attachment, such as ultra-low attachment (ULA) well plate. As
adherent cells are used and as they cannot adhere to the bottom of the plate, they will adhere to one
another and ultimately from a spheroid [41], [52], [159]. Microfluidics techniques work in a similar
fashion to the other methods, albeit in a miniaturized setup, and will be discussed later. While
agitation-base, hanging drop and liquid overlay are inexpensive methods to produce a large number
of spheroids they require lots of reagent and do not necessary allow the generation of size-

controlled spheroids [45], [161].
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What’s more, these techniques are not always compatible with other assays: it is not possible to
efficiently image or retrieve spheroids inside a spinning flask or in a hanging drop, and any analyte
secreted (e.g., lactate dehydrogenase or LDH, ATP, cell-free DNA) is extremely diluted, thus
making the technique incompatible with liquid-based assays. In scaffold-based techniques,
spheroids are grown and cultured in a natural (collagen, alginate, chitosan) or synthetic
(polyethylene glycol, polylactic acid) gel-based matrix. Apart from issues regarding high batch-
variability for scaffold materials, spheroids cannot easily be harvested for either bioanalysis or
imaging. In addition, there is a growing concern regarding biocompatibility and toxicity of

compounds used for polymerization of both synthetic and natural polymers [162].

Tumor spheroids are usually smaller than 450 um of diameter. As the expression of hypoxia in
solid tumors begins to appear 150 pm away from blood vessels due to diffusion limitations, a
spheroid of ~ 450 um would barely have hypoxia, if any at all. A few studies have generated
spheroids larger than 500 um, thus naturally harboring a hypoxic core [41], [158], [163] Still, these
spheroids must be grown over more than 10 days to reach the desired size, albeit with high
variability and with the caveat of relying on complex experimental setups (e.g., scaffolds, collagen
matrix, etc). For example, Xavierselvan et al. had to grow their FaDu spheroids over 25 days in a
ULA well-plate to reach a diameter of 650 pm [164]. Finally, although co-culture spheroid models
have been described, most spheroids are made of only one tumor cell line and do not recapitulate

the structural and biological effects of intratumoral stroma [41], [161], [165], [166].

To increase complexity, plate-based methods to culture ex vivo tumor explants have been reported
[165], [167]. Broadly speaking, these methods consist of harvesting tumor samples from either
patients or mouse models, preparing them in the form of slices or spheroid-like biopsies, and
culturing them using plate-based methodologies [165], [168], [169]. Overall, these methods are
tedious, experimentally-heavy and require access to in vivo tumor models, drastically limiting their
throughput. Furthermore, mainly designed to preserve tumor heterogeneity and stromal content,
these approaches often view hypoxia as an issue rather than a characteristic to actively try to

emulate [165], [170].

As such, despite their 3D conformation, most spheroids and ex vivo tumor explants share with 2D
the de facto absence of hypoxia. However, in vivo models could potentially alleviate those

limitations.
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2.4.1.3 In vivo Models

In vivo tumor models, usually mice, inherently recapitulate all major hallmarks found clinically in

tumors.

In vivo tumor models usually result from the inoculation of human cancer cell suspension or
grafting of fragments of patient-derived primary tumor. In this context, genetically-engineered
immunodeficient mice are required to prevent tumor cells or graft rejection, therefore failing to
emulate the immune component of tumor response. The development of humanized mice models
partly addresses these issues by allowing grafting of both human cancer cells and human immune
cells, but have limited ability to generate antigen specific antibody response [171]. Another model
is the syngeneic mice model, where an immunocompetent mouse is subcutaneously or
orthotopically injected with mouse tumor cell lines, this time preserving the immune component
but being limited the low amount of available cell lines and their clinical relevance [50]. Moreover,
genetically engineered mice models that spontaneously develop cancers, driven by altered
expression of oncogenes of tumor suppressors, has been developed and applied to the study of
tumorigenesis. As only few models are available, their use in anti-cancer treatment development is

currently limited [50].

While mice models are wildly used in cancer research and are essential to capture the global
response of tested treatment (e.g., abscopal effect, toxicity, etc.) before clinical trials, they are
tedious to work with. First, in vivo models are expensive due to the number of animals needed to
extract enough data, are time-consuming, can require high maintenance from the animal facility,

and have a low to medium throughput. (Figure 2-5)

Second, in vivo tumor models do not provide complete control over how much tumor cells are
under hypoxia, or if there is hypoxia at all. Indeed, in vivo tumors need to be large enough to
increase the probability of harboring significant hypoxia, usually already close to the limit accepted
by the regulatory bodies being 1.5 cm in all direction [43]. Therefore, studies investigating
treatment efficacy over the course of weeks cannot be performed as the tumor quickly reaches

maximum size in control groups.
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Third, if one wants to assess hypoxia content in live animals before treatment administration, this
must be performed with needle-type O2 electrodes or complex imaging techniques (e.g., PET,
fMRI) [172]. Those kinds of equipment are expensive, require qualified personnel, and are
therefore not necessarily available in all research center and animal facilities. The alternative is
postmortem assessment by immunofluorescence (IF) or immunohistochemistry (IHC) labelling of

tissue section, a post-hoc destructive process.

For all these reasons, animal models are ill-adapted for the first step of preclinical studies,

especially when taking hypoxia into account.

Importantly, the President of the United States of America signed in to law in 2022 the FDA
Modernization Act 2.0. This bill allows and encourages the use of “cell-based assays,
microphysiological systems, or bioprinted or computer models” as alternatives to animal models
for purposes of drug and biological product development [173]. In January 2025, another proposal
to mandate the FDA to update its regulation within 12 months regarding animal use in research has
been introduced in the US Senate [174]. Similarly, the European Medicines Agency (EMA) has
implemented new measures in 2021 to minimize animal testing during medicines development, by
encouraging alternative approaches such as “tests based on human and animal cells, organoids,

organ-on-chips and in silico modelling” [175].

Thus, developing simple preclinical tools to study hypoxia, its impact on cancer and on cancer
treatment, while yielding high throughput results to identify prognostic biomarkers and druggable

targets is extremely relevant and timely.
2.4.1.4 Hypoxia in Preclinical Models

Based on my previous statement regarding hypoxia in in vivo models, i.e. their complexity
regarding the study of hypoxia and the necessity of using alternative models, going back to in vitro

or ex vivo models is warranted. (Figure 2-5)

In vitro study of hypoxia involves complex experimental setups to control oxygen level, or the use
of chemicals acting as oxygen scavengers or interacting with the hypoxia-response pathways.
These methods are used to artificially induce hypoxia in both 2D and 3D in vitro and ex vivo models
(e.g., spheroids, tumor explants). However, these approaches are not without issues: do not be too

excited, we are not out of the water yet.
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2.4.1.5 Chemical Induction of Hypoxia

Cobalt chloride (CoClz) is commonly used to induce hypoxia and is believed to work through
inhibition of PHD, in turn blocking HIF-1a degradation and subsequently initiating the HIFs-
dependent hypoxia-response pathway [176]. Yet, mechanisms of hypoxia-induction by CoCl, are
not fully elucidated and give rise to upregulation of genes unrelated to hypoxia [42], [177], [178],
[179]. Briefly, CoCl> diluted in sterile water is added to cell culture medium for at least 2 hours to
induce stabilization of HIF-1a. However, cells have to be incubated in CoCl,-supplemented culture
medium for 24h to 72h to observe downstream effects of HIF-1a stabilization. Furthermore,
amount of CoCl, required to induce hypoxia has been shown to vary between cell lines (100 uM —

300 uM), with CoCl, being cytotoxic at all such concentrations (ICso= 30 — 125 uM). [177]

Other chemicals such as dimethyloxaloglycine (DMOG) and deferoxamine (DFO) also inhibit
PHD activity, albeit by different mechanisms, again allowing HIF-1a stabilization [177]. While
these chemicals are frequently used to induce hypoxia in in vitro setting, they only mimic parts of
hypoxia [42], [179]. Indeed, they fail to impact other hypoxia-response pathways such as UPR or
mTOR response, thus inadequately recapitulating the full breadth of the effects of hypoxia on
tumor cells [42], [177].

Oxygen-scavenging compounds (e.g., sodium sulfite) directly limiting oxygen concentration have
also been reported [180], [181]. However, their use is most prevalent in the field of microfluidics,

which will be the topic of one of the following sections.

Overall, chemically-induced hypoxia fails to recapitulate the complex multi-layered structure of
varying oxygenation status and cell phenotypes (e.g. proliferating cells, senescent cells, necrotic

cells etc.) found in vivo in solid tumors, making them ill-suited for translational research.
2.4.1.6 Non-chemical Induction of Hypoxia

The most prevalent methods to artificially induce hypoxia are hypoxic chambers (airtight plastic
container), oxygen-controlled incubators or hypoxic glove-box, all operating in a similar fashion
(Figure 2-6). They consist of injecting nitrogen into a confined environment to flush the oxygen

out, creating an oxygen-controlled culture environment at a desired oxygen concentration.
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However, maintaining a controlled level of oxygen during the course of experiment can be
challenging. For example, this equipment constantly consumes large quantities of nitrogen gas to
maintain the target oxygen concentration, and the lower said target the faster the nitrogen is
consumed. On a side note, this approach also makes researchers extremely dependent on the supply
chain to perform basic experiments, the limits of which became apparent during the COVID-19

pandemic.

Figure 2-6 Examples of hypoxic chamber (STEMCELL Technologies, left) and hypoxic glove-box (Coy
Laboratories, right) systems.

Regarding hypoxic chambers and oxygen-controlled incubators, one issue is that once biological
samples must remain inside or else they would automatically reoxygenate. For example, in the case
of oxygen-controlled incubators an action as simple as opening the door could potentially
jeopardize the whole experiment. Similarly, any experiment requiring media change, drug testing
or irradiation would involve taking the samples out of the setup, thereby re-exposing it to ambient
air. Overall, these methods drastically limit the bioassays that can be performed or impose a major

burden on researchers to mitigate their issues.

By contrast, most of these issues are avoided when using hypoxic glove-boxes. They consist of a

glove-box workstation composed of an incubator and a bench with controlled oxygen
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concentration, allowing maintenance of hypoxic conditions during cell culture. Nonetheless, all
reagents for cell culture, treatment or live-bioassays also need to be maintained under low oxygen
level to avoid reoxygenation through the dissolved oxygen they contain. Additionally, leaving cell
culture media or other reagents in low oxygen environment will affect their pH, increasing their
acidity as carbon dioxide can be dissolved at a higher concentration, possibly leading to
uncontrolled adverse effect. Moreover, treatment with RT is still realistically impossible to perform
within this setup, de facto incompatible with external beam irradiators. Therefore, the same issue
as for hypoxic chambers and oxygen-controlled incubators would arise: reoxygenation of the

biological samples when performing basic experiments (e.g., RT, live imaging).

Finally, as for chemical induction of hypoxia, non-chemical induction cannot produce gradients of
hypoxia found in vivo, a level of complexity necessary for translational research. Overall, none of
those methods allow the study of the interaction between hypoxic and normoxic cells as all of the

cells would be subjected to the same oxygen level or lack thereof.

So, we are back to square one: generating hypoxic tumor models is a tedious and imprecise process,

often incompatible with treatment evaluation and translational cancer research.
2.5 Microfluidics in Cancer Research

Microfluidics is the field of miniaturized design allowing the manipulation of microliters of fluids.
Following the same idea as electronic miniaturization, microfluidics enables the miniaturization of
research laboratories in multiple fields and is also colloquially referred to as “lab on a chip”. For
the past decades, microfluidic technologies have been used and developed for biological
applications as they uniquely combine high design versatility, cost-effectiveness, user-friendliness,
and multiplexing capability with the capacity to develop increasingly complex biological models
and bioassays directly on-chip. Thanks to the advent and democratization of microfabrication
techniques, such as 3D-printers and computer numerical control (CNC) milling machines, design
and fabrication of customized microfluidic devices for specific applications are now easily feasible.
For all these reasons, microfluidics has proven to be a great tool in cancer research. [35], [41], [51],

[182], [183], [184].
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As previously stated, despite 3D in vitro tumor models being more relevant than 2D cell culture,
their plate-based culture presents a variety of challenges to researchers. Indeed, spheroids
generation methods are not user friendly, often time-consuming, require lots of reagent and do not
necessary allow the generation of size-controlled spheroids. Similarly, ex vivo tissue samples are
difficult to maintain for multiple days without inducing a significant decrease in viability.
Fortunately, the boom of microfluidics for biological applications in the last decades cemented
microfluidic devices as a tool of choice for the culture of 3D tumor models. As these 3D tumor
models are especially relevant regarding drug uptake dynamics and intratumoral drug distribution
and as on-chip treatment can be easily performed, drug screening became one main avenue for the
development of robust on-chip 3D-tumor models [185], [186], [187], [ 188]. As such, the use of on-
chip 3D tumor models for treatment screening application has increased in microfluidic literature

over the last 10 years [185], [189], [190], [191].

2.5.1.1 Microfluidic Chip Materials for 3D Tumor Model Culture

Microfluidic devices or chips are commonly made of rigid polymer, inorganic materials, PDMS or
even paper, all of which having pros and cons [192]. Glass, thermoplastics and PDMS still remain
the most widely used materials thanks to their durability, versatility, biocompatibility and
inexpensiveness [192], [193]. Glass and thermoplastic-based microfluidic devices can easily be
mass-produced with high reproducibility and high resolution. Additionally, techniques such as hot
embossing, laser engraving or micro-milling are used to manufacture intricate designs [192], [193].
Furthermore, the transparency and rigidity of both glass and thermoplastics such as polymethyl
methacrylate (PMMA) make them compatible with microscopy techniques and equipment [192],
[193].

Meanwhile, PDMS can be a bit more challenging. PDMS chips must be handmade through a
method called soft-lithography [194], [195]. Soft lithography consists of the assembly of two (or
more) parts made in soft polymer materials, here PDMS. First, negative molds of the device made
of ultraviolet (UV) resin, thermoplastic or PMMA are either 3D-printed, embossed or
micromachined [192]. Second, unpolymerized PDMS — usually a mix of 10 parts elastomer to 1
part encapsulating agent for biological purpose — is poured into the molds and polymerized using
heat. Once polymerized, the parts of the device are manually sealed together after a short exposure

to atmospheric plasma [192], [194], [195].
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Briefly, exposing surfaces to atmospheric plasma activates the inert polymer surface by forming
highly reactive species, in the case of PDMS reactive hydroxyl group, (-OH) are formed [196].
Once both surfaces are activated and assembled, covalent bonds between both surfaces are created,
leading to a long-term sealing of the device [196]. However, resolution and intricacy of the design
are limited by both the mold and soft lithography itself, as the manufacturer must be able to unmold
the PDMS. Additionally, despite being transparent, PDMS chips can be ill-adapted for microscopy
analysis as PDMS is a soft material: chips can bend on top of the objective thus affecting the focus

and the quality of the resulting images.

Despite these aforementioned limitations, PDMS remains the polymer of choice for biology
applications thanks to its biocompatibility, its transparency to both light and oxygen, and its
radiocompatibility [54], [197], [198]. In addition, the flexibility of PDMS is a major advantage
when one wants to retrieve the biological samples as the chip can easily be peeled or cut with any
sharp object. Furthermore, chips made with PDMS through soft-lithography are affordable (0.20
CADS$/g, 1 device ~ 20-50 g) and do not require complex and expensive machinery to produce

them: just a 3D printer, an oven and a plasma generator.
2.5.1.2 Microfluidic Chip-Based Methods for 3D Tumor Model Culture

As previously stated, the vast majority of non-commercial microfluidic chips are made of PDMS,
a transparent, oxygen-permeable, water-equivalent (a critical property for RT) and biocompatible
silicon material. Its physico-chemical properties make ideal for cancer research, as tumor models

can be cultured, treated, imaged and analyzed on-chip [54], [55].

In addition, microfluidic chips can alleviate many problems found in existing in vitro tools for
cancer research, such as facilitating formation of size-controlled spheroids in a high throughput
fashion while being faster and less expensive than other spheroid cell culture methods [41].
Similarly, on-chip culture of ex vivo tumor samples like micro-dissected tissues (MDTs) and tissue
slices has been demonstrated to alleviate the issues of poor tissue viability found in plate-based

methods [165].
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Indeed, multiple strategies have been developed to form and culture spheroids on microfluidic
chips such as emulsion techniques, hanging droplets, microtraps, or microwells which allows the
devices to be tailored to match experimental requirements [199]. The selection of the spheroid
generation technique depends on the design of the chip itself, and vice versa. As such, microfluidic
chips can be either perfused or non-perfused depending on experimental purposes and

requirements, although perfused systems can be cumbersome.

The emulsion technique relies on a flow-focusing droplet generator and generally consists of a 3-
inlets chip: one for the cell suspension and two for the non-miscible with water liquid (e.g., oil)
[199], [200]. Briefly, by adjusting the inflows depending on the liquids’ viscosity and target droplet
size, droplets of cell suspensions will be captured within the oil. An alternative is to use cell-
dispensed hydrogel in lieu of cell suspension, with the general methodology being identical [199].
This method enables rapid and high-throughput production of spheroids, although their size is
drastically limited by the maximum size of a droplet [ 199]. For example, Panuska et al. reported in
2024 a system to generate 800 pm droplets, resulting in only ~ 200 um large spheroids [200].
Moreover, emulsion technique requires pressure-pumps, making it cumbersome to use in a
standard biohood. In addition, spheroids are encapsulated in either oil or hydrogel which could

alter further experimentation, e.g., chemo- or radiotherapy testing, or biological processing.

The on-chip hanging drop technique works in a similar fashion to its petri dish version. Briefly,
chips generally consist of one channel with a rigid material (glass, PMMA, etc.) at the bottom and
a holed PDMS slab as the roof. Then, a cell suspension is pipetted into the channel and the chip is
flipped upside-down for droplet formation. Thanks to gravity, cells sediment at the bottom of the
droplet and ultimately aggregate into a spheroid. However, this method shares the same limitations
as the petri dish method: not user-friendly, no easy retrieval of the spheroids, only for small
spheroids. Indeed, the maximum size of a spheroid is drastically limited by the maximum size of
the droplet. The latter is in turn limited by its maximum weight, above which gravity prevails over

surface tension, making the droplet fall.
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The microtraps techniques consist of multiple U-shaped microstructures laterally placed inside of
a channel, trapping cell upon cell suspension injection. However, this method requires a constant
flow to keep the cells tightly packed inside the trap ensuring spheroid formation and once formed,
to keep the spheroid in place. As such, this method requires using syringe pumps, thereby making

it not user friendly and cumbersome to use in standard biohoods and incubators.

Lastly, the microwell technique is the most straight forward method for spheroid generation. Chip
design generally consists of a one channel PDMS chip with microwells at the bottom, with many
shapes and sizes of wells having been reported in the literature. Briefly, the inside of the chip is
first treated with a surfactant (e.g. Pluronic®, a poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol)) to prevent cell adhesion. As the cell suspension is pipetted
directly inside the channel, cells sediment inside each well thanks to gravity and ultimately
aggregate into a spheroid. Mainly, this technique allows user-friendly and high-throughput
generation of uniformly-sized spheroids. Moreover, the size of the spheroid is directly a function
of the size and shape of the well and of the concentration of the cell suspension, making this method
easily tunable to reach any desired spheroid size. Additionally, tumor cell size and cell line-specific
ability to tightly aggregate could also influence spheroid dimensions and sphericity. As such,
previous work from our lab demonstrated applications of the microwells technique for spheroid
generation in PDMS microfluidic chips [14], [33], [53], [55]. Rousset et al. (2017) cemented the
principle and design rules of microfluidic device for 3D tumor model culture using the microwell
technique. Following his work, Patra et al. (2019) engineered a microfluidic device for the culture
of 120 sarcoma spheroids while only using less than 200 uL of reagents, compatible with on-chip

CT (doxorubicin) and RT treatment.

Principles for on-chip methods of ex vivo culture of tumor models are analogous to plate-based
methods: retrieving and processing tumor tissue into smaller fragments or slices. Similarly to in
vitro on-chip methods, some of the issues found in plate-based ex vivo culture can be alleviated by
on-chip culture of tissue slices or MDTs. Indeed, Astolfi et al. (2016), Simeone et al. (2019) and
Dorrigiv et al. (2021, 2023) demonstrated ability to trap large numbers of on-chip MDT explants,
in a comparatively easier fashion than standard ex vivo methods, and showcased applications in
translational cancer research [46], [165], [201], [202]. Similarly, Carr et al, Cheah et al. and
Kennedy et al. (U. Hull, UK) have designed microfluidic casings for user-friendly culture and

irradiation of ex vivo tumor slices [203], [204], [205].
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Overall, microfluidics and its many advantages can be of great use in improving the current

landscape of in vitro and ex vivo tumor models and treatment evaluation, but what about hypoxia?
2.5.1.3 Current Landscape of Hypoxia on-Chip in Cancer Research.

Although 3D tumor culture has benefitted greatly from the development and adoption of
microfluidic chips, this has not fully translated to the field of hypoxia research. Indeed, numerous
groups using microfluidics to study hypoxia do not take advantage of using 3D culture, using 2D
cell culture instead, and the few that are still rely on either chemical or non-chemical artificial
induction [181], [206], [207], [208], [209], [210], [211], [212], [213], [214], [215], [216], [217],
[218], [219], [220].

For example, Barmaki et al. (2020) used the oxygen scavenger sodium sulfite in culture medium
to generate hypoxia in 2D cell culture, while the whole setup is being perfused [181]. Similarly,
Takahashi et al. (2023) uses a complex circulating mix of humidified nitrogen, O, and CO; gas
perfusing 2D cell culture on-chip (Figure 2-7) [221]. Furthermore, both these examples and
multiple other similar studies are only generating hypoxia at one specific O2 concentration, without

generating gradients [181], [206], [214], [221], [222].
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Figure 2-7 Microfluidic setup for hypoxia generation on 2D cell culture

Takahashi et al. chip. The microfluidic device is placed in a stage incubator to maintain temperature. The chip is
perfused with humidified gas mixture of nitrogen, Oz and COz and with culture medium. Red and blue arrows
indicate flow direction of the culture medium and gas mixture, respectively. A photograph of the chip and the flow

channel placed in the stage incubator [221].

Alternatively, multiple groups did generate hypoxia gradients on chip, albeit in 2D or 3D-like
models. Oh et al. (2022) engineered a device and generate a gradient of O; by integrating a
polycarbonate film into their device, acting as an oxygen barrier, and seeded either a cell
suspension (2D model) or a cell suspension-scaffold gel mix (3D-like model) (Figure 2-8, A). I
qualified the cell suspension-scaffold gel mix as a 3D-like model as there is no cell-cell junction
in 3D or dense aggregation, but rather of a 3 cells thick slab [217]. Similarly, others have
engineered chips to generate gradients of hypoxia but again in 2D cell culture, all of them using

artificial methods of induction (Figure 2-8, B) [214], [215], [216], [223], [224], [225].
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Figure 2-8 Microfluidic setups for hypoxia gradient generation on 2D cell culture.

(A) Oh et al. chip. [217] (B) Funamoto et al. chip. This perfused chip can generate both uniform and gradient
hypoxia by injecting nitrogen. Their objective is to follow 3D movements of cancer cell embedded in a matrix, in

normoxic versus hypoxic conditions. [215]

Only a few teams have combined both 3D models and hypoxia, again using small 3D models
(diameter < 500 um) and artificially inducing hypoxia. Barisam et al. (2022) designed a perfused
chip on which they can culture 16 “spheroids” (or rather loose cell aggregates according to their
images) of ~ 500 um and incubated their chip in an oxygen-controlled incubator (Figure 2-9,
A)[206]. However, they are not able to retrieve their spheroids from the device, instead resorting

to systematically dissociating them using trypsin before bioanalysis.
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Figure 2-9 Microfluidic setup for spheroid culture with artificial induction of hypoxia

(A) Barisam et al. chip (B) Pyne et al. chip (C) Fridman et al. chip. They generate on-chip spheroids and artificially
induce hypoxia by injecting nitrogen inside a gas channel in the device. They can generate multiple oxygen
concentrations on the same chip thanks to the design. They generate a gradient across their chip rather than inside

the same spheroid.

Similarly, Pyne et al. (2024) engineered another perfused chip in which they can culture one
spheroid (Figure 2-9, B) [207]. However, despite their spheroid being larger than 1 mm of diameter,
technically far exceeding the threshold for diffusion-driven hypoxia, they still use a hypoxic glove-
box at 1 % of O for their study. In addition, rather than on-chip generation, they form their spheroid
using a ULA 96 well-plate (outside of the chip), transfer it onto their device and add Matrigel
(scaffold material). Of note, given the concentration of Matrigel they used (50 %), and based on

my own experiments, the total absence of spheroid invasion into Matrigel is curious.
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To add to the mystery, their staining of live cells indicates that only the outer rim of the spheroid
is alive for their “static” (no-flow) condition, and no other staining was conducted. Overall, given
the only image presented in the article, it is difficult to gauge if their spheroid is a tightly packed
sphere or a loose aggregate of cells, is hypoxic or not, or is even alive at all. [207] As a final
example, Geyer et al. (2023) used a commercial device from MIMETAS to generate extremely
small patient derived spheroids (that they define as organoids) of less than 150 um of diameter. As
the other groups, they then placed the device in a controlled-oxygen incubator, at 1 % of O.. [208]

Notably, none of those group studied the impact of oxygen gradient in spheroids, missing one of
the important characteristics of tumor hypoxia: the interplay between hypoxic and normoxic cells

(Figure 2-9, C).

Finally, besides not generating large spheroids, artificially inducing hypoxia or only working with
2D models, all of these devices have in common their complexity to use and to potentially transfer

to other research groups.

This is also true when looking at groups using 3D ex vivo models on-chip who, despite investigating
treatment response, either never studied the presence or the impact of hypoxia in these models [46],
[201], [202], [203], [204], [205], [226], [227], [228], [229], [230], [231]. As previously mentioned,

hypoxia is often defined as a limitation in tumor explants rather than a characteristic of interest.
2.5.1.4 Tools for Improved Hypoxia on-Chip.

Fortunately, the fields of microfluidics, 3D biology, physics, biochemistry and engineering already
possess all the necessary tools to address this issue. The following section will describe how
elements from each of these fields can be harnessed to purposefully design a device for the culture

of naturally hypoxic tumor spheroids.
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2.5.1.5 Theoretical Basis for Oxygen and Glucose Consumption

As previously mentioned, hypoxia and lack of nutrients is most often thought of as a limitation in

the field of on-chip tumor models rather than a relevant characteristic to be actively pursued.

The target size of on-chip spheroids, and therefore that of the microwell, is therefore generally
limited by the need for these spheroids to not lack either glucose or oxygen. To ensure so,
researchers can easily model oxygen and glucose consumption of their on-chip tumor models using
Michaelis-Menten kinetics, the parameters of which are either tabulated or can be derived

experimentally.

This equation describes the diffusive process where a species being consumed is written as:

ac c
<~ pvzc——1

= 2.1
ot C+ Ky 2D

With C the concentration of the species, D its diffusion coefficient, q its consumption rate and Km the
Michaelis-Menten constant.

Thankfully, this complex equation can be greatly simplified in the case of O: given the

characteristics of PDMS chips and a few relevant assumptions.

First, as PDMS is extremely oxygen permeable, the volume of culture medium outside of the
spheroid can be considered infinite and fully saturated in oxygen at all times. Steady-state!

ac

=0 (2.2)

Then, as spheroids can be reasonably approximated to perfect spheres, the 3D equations can be

reduced to a 1D problem (Figure 2-10).

- ow l r=0
y r
3D 2D 1D

Figure 2-10 From a 3D to a simple 1D problem.
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Still, 2D is often preferred for data visualization, drawing a visual parallel with IF staining of

spheroids.

With only the radial component remaining, equation (2.1) then becomes:

ar

10 ( zac) qC 2.3)

0=D—— -
rzor\’ C+ Ky

To further simplify this equation, the consumption of the species can be considered occurring at
the constant rate q. Furthermore, the use of the microwell method is especially useful. Given that
a high number of cells are seeded at the same time, the cell aggregate/spheroid bypasses the initial
growth phase, and its size reaches a plateau within a few days. Indeed, spheroids generated on chip
get denser rather than larger over the course of the first few days. As such, variation of spheroid
diameter does not need to be considered within the model [232]. However, it could be argued that
this densification changes the value of q, and the model should as such be considered valid only

when the maximum density is reached.

Therefore, by integrating twice, equation (2.3) becomes:

0C_a (2.4)
" or T 3D '
C()—qr2+A+B (2.5)
Y= %D "7 '

A and B are integration constants, and their expressions can be found by setting the boundary
conditions of the problem. First, assuming finite concentration at the center of the spheroid leads

to A = 0 based on equation 2.4. The second boundary serves to link both domains (spheroid and
2
culture medium) by defining C(r = 11,;) = Cy, leading to B = Cy — %. The value for C, is

generally the oxygen saturation of water (159 mmHg) but can be refined to the exact value of
oxygen saturation in culture medium in a 37°C 5% CO> incubator (141 mmHg) [233]. Obviously,

in the case of a low-O» incubator, C, would change accordingly.

CO) = Cy+ 5% = 1) 2.6)
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The radius at which the spheroid would start containing hypoxia can be calculated by solving for
r = 1y so that the concentration is equal to the threshold for hypoxia C(r) = Cy, defined as total
absence of oxygen, the Michaelis-Menten constant itself or the 10 mmHg (1.3% pO>) threshold for
CAIX expression.

This approach was used by Astolfi et al. and Rousset et al. to define limits for on-chip MDT and
spheroid size, with the calculation being easily solved by hand. This limit is generally around 210

um of radius, and can vary slightly depending on the cell type [46], [227].

In 1955, a similar approach was taken by Thomlinson and Gray in their seminal paper on modelling
of tumor cells oxygen consumption based on histological data [4]. Their histological criterion was
necrosis instead of hypoxia staining, assuming total absence of oxygen instead of a defined
concentration, and the pattern of necrosis within their tumor samples led them to use cylindrical
coordinate system instead of spherical coordinates. Still, the symmetry of the problem leads to a

1D/steady-state simplification of the governing equation, leading to a critical radius of 145 um.

More recently, Grimes et al. calculated a theoretical hypoxic radius using the previously described
approximations, and compared it to EF5-stained slices of tumor spheroids of varying sizes [47].
EF5 binding occurs at 10 mmHg, giving them spatial information on hypoxia content and a
reference point for future oxygen concentration modeling. Although their purpose was to use this
approach to estimate oxygen consumption rate of an individual cell, their framework
experimentally validated the formula for hypoxic content of a tumor spheroid as a function of its

size.

Finally, similarly to Oz, glucose consumption can be modeled using the equation 2.1. However,
contrary to Oz, glucose is not replenished, and we cannot use the steady state approximation.
Therefore, the concentration of such nutrients must be computed with a Multiphysics simulation
software such as COMSOL Multiphysics®. Still, Rousset et al. demonstrated that based on the
volumes of various microfluidic channels and the number of cells within the devices, medium
should be changed every 24h to ensure that glucose levels remain above threshold without
perifusion. Similarly, Dorrigiv et al. showcased the glucose uptake of MDTs and tissue slices over

the course of 24 h, again confirming the need for daily media change.



45

2.5.1.6 General Framework for Hypoxic Spheroid Generation

Going back to equation 2.6 and to Grimes et al.’s observations: if one wanted to purposefully
generate a hypoxic spheroid, its size should simply be increased to above the theoretical hypoxia
radius threshold, 7.+ = 210 for Astolfi et al. or, 211 um < 1.pitic < 255 pum for Grimes et al.
Therefore, a spheroid should theoretically be of ~ 450 um of diameter to observe few cells under
hypoxia. As shown by Grimes et al., this criterion can be used to derive a theoretical formula to

select the target size of a spheroid to yield a given hypoxic content.

From equation 2.6 we can get the formula for the radial depth as a function of local oxygen

concentration:
6D(C(r) —C
r= \[rt%t + () = Co) (2.7)
q
If we set C(r) = Cu = 10 mmHg, we can calculate:
6D(Cy — C
T = \[rt%t + (+0) (2.8)

With 1, the total radius of the spheroid and ry the radius of the hypoxic region.

If we then set an arbitrary criterion of a so that @ = :—H, we get:
tot

Ttot = q(1—a?) (2.9)

For visualization and for experimental purposes, the a criterion can be very simply adapted to the

second dimension, i.e. a slice of spheroid, or the third, i.e. the volume of the spheroid:

B =" =q2 (2.10)

= a3 (2.11)
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For example, if f = 0.5, a = 0.70, we get 14, = 700 um if we use critical radius data (~ 210 pm)
from Astolfi et al. and Grimes et al. However, if we use the histological data for normoxic radius

(~ 150 um) from Thomlinson and Gray and Grimes et al., we get 1, = 450 pm.

This difference of radius demonstrates the limits of theoretical approximations and the usefulness
of more complex finite-element modeling of oxygen consumption, notably by taking the Michaelis-
Menten kinetics into account. Still, these calculations provide guidance for experimental purposes
and microfluidic chip design. Once again, the microwell method comes to our aid: experimentally
adjusting spheroid size simply requires adjusting cell seeding concentration and well dimensions.
The generation of incrementally larger spheroids based on theoretical calculations should

predictably yield spheroids of gradually higher hypoxic content, CQFD.
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2.6 Literature Review: Take Home Message

Throughout this review, I described how hypoxia is a complex biological phenomenon that greatly
impacts cancer patients by negatively impact their prognosis, notably by reducing the efficacy of
all anti-cancer treatments. STS is a perfect case study for tumor hypoxia and its impact, with no
current treatment targeting or counteracting hypoxia being clinically-available. Therefore, it is of
the utmost importance to study hypoxia and its impact on cancer and anti-cancer treatment at the
fundamental and preclinical levels, to develop efficient treatment strategies that take hypoxia into

account.

As I have shown, there is an apparent lack of user-friendly preclinical tools to study hypoxia and
its impact on anti-cancer treatments in a clinically-relevant fashion. The current landscape of
preclinical tools to study hypoxia are either animal models, highly variable and low throughput, or
in vitrolex vivo models for which hypoxia must be artificially induced. Despite the many
advantages of microfluidics for cancer research, researchers must still resort to artificial induction
of hypoxia, which does not recapitulate its clinical hallmarks. In addition, most experimental setups
are cumbersome, complex, hard to use and prone to uncontrolled biases. This explains, in part, why
none of these methods are broadly adopted by the translational cancer research community, slowing

down important research to improve cancer patient outcomes.

By harnessing elements from microfluidics, 3D biology, physics, biochemistry and engineering,
one can derive general principles for user-friendly on-chip generation and culture of tumor

spheroids of predictable size and hypoxic content.



48

CHAPTER 3 Research Rationale, Main Goal and Objectives

Based on the observation that microfluidics has major advantages for 3D culture that were not
properly exploited for the study of hypoxia, my Ph.D project focused on bridging the gap between
clinically-relevant hypoxia research and user-friendliness. Providing researchers with a versatile
tool to integrate hypoxia to any and all fundamental and preclinical cancer research avenues would
address the current unmet need in the field in a timely fashion given the recent FDA Modernization

Act 2.0 and the new implemented measures by the EMA.

Therefore, my overarching goal is to provide a user-friendly and robust tool to study hypoxia at the
fundamental and preclinical level for translational cancer research. Based on the literature review

I defined a set of specifications that my design would need to meet.

Project name
Hypoxic-Core Spheroid on a Chip
Overview

The main goal of this project is to provide a user-friendly and robust tool to easily integrate

hypoxia to preclinical cancer research pipelines.
Objectives

1. Engineer a compact, user-friendly and efficient microfluidic device for the culture of

large tumor spheroids.

2. Demonstrate that large tumor spheroids on chip are naturally hypoxic, and respond to

oxygen-dependent treatment accordingly.

3. Demonstrate that hypoxic-core spheroids recapitulate key hallmarks of clinical hypoxia

on-chip
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3.1 Hypoxic-Core Spheroid on-Chip: Proof of Concept

Objective 1: Engineer a compact, user-friendly and efficient microfluidic device for the culture

of large tumor spheroids.

Specifications Sheet of Objective 1

Requirements The chip must have a straightforward user-friendly design
The chip must have a straightforward manufacturing

The chip must be compatible with a multichannel pipette
The chip must be Autoclavable, biocompatible

The chip must generate spheroids larger than 450 pm of diameter

® & & 6 o o

Larger spheroids naturally express hypoxia

Technical
Specifications

*

Chip must be made of PDMS to ensure constant supply of oxygen

*

Chip must be made through soft lithography

¢ Mold must either be 3D-printed with Asiga MAX X27 or
micromachined from a PMMA slab with Modela MDX-40A 3D
Milling Machine
Microfluidic chip must not be perfused or perifused

¢ Chip must contain multiple spheroids (at least 5) to ensure biological
reproducibility

¢ Spheroids must be dense

¢ Spheroid diameter must be larger than 450 pm

¢ Spheroids must be generated in less than a week to be competitive to
plate-based method

¢ Chip channel must contain enough culture media to ensure sufficient
nutrients and metabolites to sustain multiple spheroids over 24 h

¢ Spheroid must be positive for hypoxia-related gold standard proteins

(e.g., CAIX, HIF-1a) or known hypoxia marker (e.g., pimonidazole,

EF-5: a nitroimidazole derivative)

Issues and

<

Some cell lines might not form spheroids
Concerns ¢ Spheroid might not be larger than 450 um using the microwell
technique
¢ There might not be enough nutrients and metabolites in the culture

media to sustain culture of multiple spheroids larger than 450 um
over 24 h
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Spheroids larger than 450 um might still be negative for hypoxia-
related gold standard proteins known hypoxia marker

Positive controls of hypoxia might inaccurately represent controls for
hypoxia

Microwell technique allows generation of size-controlled spheroids
Spheroid size is a function of well dimensions and cell seeding
concentration

Spheroids with a diameter < 450 um do not exhibit hypoxia
Spheroids with a diameter > 450 um should exhibit hypoxia
Spheroids with a diameter > 900 um should exhibit ~50 % of hypoxia
on the central slice

Glucose concentration in culture medium is sufficient to sustain ~900
um spheroids over 24 h

Investigation of treatment response
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3.2 Hypoxic-Core Spheroid on-Chip: Validation of Hypoxia

Objective 2: Demonstrate that large tumor spheroids on chip are naturally hypoxic, and respond

to oxygen-dependent treatment accordingly.

Requirements

Technical
Specifications

Issues and
Concerns

*

Specifications Sheet of Objective 2

The chip must generate naturally hypoxic spheroids from multiple
cell lines

Establish a finite-element model of oxygen concentration within the
naturally hypoxic spheroids to corroborate experimental data and
previously-published models

The chip must be radiocompatible

The chip must be compatible with research center cabinet irradiator
(GammacCell irradiator)

Convince biologists that spheroids can naturally exhibit hypoxia
without the use of artificial methods of induction

Chip must be made of PDMS to ensure constant supply of oxygen
Chip must be made through soft lithography

Mold must either be micromachined from a PMMA slab with Modela
MDX-40A 3D Milling Machine to ensure absence of chip defects
Microfluidic chip must not be perfused or perifused

Chip must contain multiple spheroids (at least 15) to ensure biological
reproducibility and sufficient biological material

At least 2 cell lines must be used to generated naturally hypoxic
spheroids

Spheroids must be dense

Spheroid diameter must theoretically be larger than 900 um to ensure
that ~ 50 % of the cross-section area is hypoxic

Spheroid must be positive for 2 hypoxia-related gold standard
proteins: CAIX and HIF-1a

Spheroid must be radioresistant

Spheroid must be sensitive to known HAPs (e.g, TPZ, evofosfamide)

Theoretical criterion for 900 um spheroids might experimentally yield
more or less than ~50 % of their cross-section area
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50 % of the cross-section area only represent ~30 % of spheroid
volume and might not be enough to observe relevant biological
effects

Spheroids might not express both CAIX and HIF-1a

Spheroids might not be radioresistant

Spheroids might not respond to HAPs as expected

Positive controls of hypoxia might inaccurately represent controls for
hypoxia

Positive controls cannot be properly treated with RT or HAPs due to
reoxygenation, therefore generating unwanted biases

Microwell technique allows generation of size-controlled spheroids
Spheroid size is a function of well dimensions and cell seeding
concentration

Spheroids with a diameter <450 um do not exhibit hypoxia
Spheroids with a diameter > 450 um should exhibit hypoxia
Spheroids with a diameter > 900 um should exhibit ~50 % of hypoxia
on the central slice

Glucose concentration in culture medium is sufficient to sustain ~900
um spheroids over 24 h

Investigation of other hypoxia-related genes
Investigation of chemoresistance
Investigation of aggressivity

Investigation of immunoresistance
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3.3 Hypoxic-Core Spheroid on-Chip: Characterization of Hallmarks of

Hypoxia

Objective 3: Demonstrate that hypoxic-core spheroids recapitulate key hallmarks of clinical

hypoxia on-chip.

Requirements

Technical
Specifications

Issues and
Concerns

* o

* & o o

* & & o o

Specifications Sheet of Objective 3

The chip must follow identical requirements to objectives 1 and 2
Larger HyCo spheroids must exhibit hallmarks of clinical hypoxia
Convince biologists that spheroids can naturally exhibit hypoxia
(without the use of artificial methods of induction) using standard and
robust bioassays

Chip must be made of PDMS to ensure constant supply of oxygen
Chip must be made through soft lithography

Microfluidic chip must not be perfused or perifused

Chip must contain multiple spheroids (at least 15) to ensure biological
reproducibility and sufficient biological material

At least 2 cell lines must be used to generated naturally hypoxic
spheroids

Spheroids must be dense

Spheroids diameter must theoretically be larger than 900 pm to
ensure that ~ 50 % of the cross-section area is hypoxic

Spheroids must be positive for 2 hypoxia-related gold standard
proteins: CAIX and HIF-1a

Spheroids must express known downstream target genes of hypoxia
Spheroids must be radioresistant

Spheroids must be chemoresistant

Spheroids must exhibit a more aggressive phenotype

Spheroids must have a different phenotype to that of smaller
normoxic spheroids

Must use standard and robust bioassays (PCR, RNAseq, clonogenic
assay, etc.)

900 um spheroids might not exhibit hypoxia in ~50 % of their cross-
section area

50 % of the cross-section area only represent ~30 % of spheroid
volume and might not be enough to observe biological effects
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Spheroids might not be radioresistant

Spheroids might not chemoresistant

Spheroids might not express both CAIX and HIF-1a

Spheroids might not express known downstream target genes of
hypoxia

Naturally hypoxic spheroids might not have a significantly different
phenotype to that of smaller normoxic one

Assays performed might still be insufficient to convince potential
users of the robustness of naturally hypoxic spheroid on chip

Use of microfluidics might be a barrier to the adoption of the device
as microfluidics has yet to be standardized

Microwell technique allows generation of size-controlled spheroids
Spheroid size is a function of well dimensions and cell seeding
concentration

Spheroids with a diameter <450 um do not exhibit hypoxia
Spheroids with a diameter > 450 um should exhibit hypoxia
Spheroids with a diameter > 900 um should exhibit ~50 % of hypoxia
on the central slice

Glucose concentration in culture medium is sufficient to sustain ~900
um spheroids over 24 h

Investigation of immunoresistance
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3.4 SWOT Analysis

Strengths

Microfluidics is still not standard

Relies on ability of cell line to form
hypoxic spheroids

Relies on demonstrating biological
and clinical relevance

@)

High interest for hypoxia in cancer
research

Unmet need for natural hypoxia in
vitro

Push for new 3D pre-clinical models

Boom of microfluidics for biology

Opportunities Threats

Figure 3-1 SWOT Analysis of Hypoxic-Core Spheroids on a Chip
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CHAPTER 4 ARTICLE 1: HYPOXIC JUMBO SPHEROIDS ON-A-
CHIP (HONACHIP): INSIGHTS INTO TREATMENT EFFICACY

4.1 Background Information and author contributions

This chapter presents my 1% published article, which showcases the microfluidic chip, the
generation of large “jumbo” spheroid naturally exhibiting a hypoxic core, and their use to
investigate treatment synergies. This paper establishes the basis of my work: the design of the chip,
the method for the generation of large spheroids and how to apply this method to test different
treatment combinations. As STSs is a case study of hypoxia, I used 2 STSs cell lines: one
commercial and one patient-derived. In this publication, I demonstrate how “jumbo” spheroids
express significantly more hypoxia-related gold standard protein compared to smaller normoxic
ones. Based on these results we designed a finite element model of oxygen consumption as a
function of spheroid size. Then, as a proof of application of the microfluidic chip, spheroids were
exposed to both TPZ, a hypoxia prodrug, and RT. Finally, we discussed the limitations and the
work that still has to be done to prove that “jumbo” spheroids are indeed expressing clinical

hallmarks of hypoxia.

As a first author, I contributed to about 90 % of this article. I designed and manufactured the
microfluidic chips. Although Ouafa Najyb, Audrey Glory and Julie Lafontaine trained me to do all
bioassays, I did all the experiments myself once trained. Rodin Chermat helped me with the design
of the in silico model and with data analysis. I did all the statistical analysis, wrote the paper and
designed the figures. Audrey Glory, Ouafa Najyb, Rodin Chermat and Julie Lafontaine guided me
in the design of the study and the revision of the manuscript. Thomas Gervais and Philip Wong
provided support and supervised the research. All authors have reviewed the article and agree with

these contributions.

The article was submitted on July 8", 2021, and accepted on August 6®, 2021 in Cancers, volume
13, issue 16 [Special Issue Modeling Cancer in Microfluidic Chips)], article number 4046. The
article is reproduced from [33] under an open access Creative Common CC BY license (CC BY

4.0).
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Elena Refet-Mollof 2, Ouafa Najyb 2, Rodin Chermat ', Audrey Glory 2, Julie Lafontaine 2,
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!, Insitute of Biomedical Engineering, Polytechnique Montréal, 2500 Chemin de Polytechnique,
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4.3 Simple Summary

Hypoxia is found in half of the solid cancers and is a major contributor to treatment resistance and
promotion of metastasis, leading to shortened patient survival. No user-friendly in vitro preclinical
tool exists to study natural chronic hypoxia. The aim of this study was to design a microfluidic
device allowing easy culture, maintenance, treatment, and analysis of naturally hypoxic sarcoma
spheroids. We confirmed that our jumbo spheroids (>750 um) contained hypoxic cores, as they
expressed the hypoxic marker protein Carbonic Anhydrase IX (CAIX). Quantification of DNA
strand breaks from radiotherapy and a hypoxia pro-drug demonstrated hypoxia-dependent
treatment responses. Our novel microfluidic device is versatile and convenient for both

fundamental and preclinical research, to better understand and treat hypoxic tumors.
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4.4 Abstract

Hypoxia is a key characteristic of the tumor microenvironment, too rarely considered during drug
development due to the lack of a user-friendly method to culture naturally hypoxic 3D tumor
models. In this study, we used soft lithography to engineer a microfluidic platform allowing the
culture of up to 240 naturally hypoxic tumor spheroids within an 80 mm by 82.5 mm chip. These
jumbo spheroids on a chip are the largest to date (>750 um), and express gold-standard hypoxic
protein CAIX at their core only, a feature absent from smaller spheroids of the same cell lines.
Using histopathology, we investigated response to combined radiotherapy (RT) and hypoxic
prodrug Tirapazamine (TPZ) on our jumbo spheroids produced using two sarcoma cell lines
(STS117 and SK-LMS-1). Our results demonstrate that TPZ preferentially targets the hypoxic core
(STS117: p=10.0009; SK-LMS-1: p = 0.0038), but the spheroids’ hypoxic core harbored as much
DNA damages 24 h after irradiation as normoxic spheroid cells. These results validate our
microfluidic device and jumbo spheroids as potent fundamental and pre-clinical tools for the study

of hypoxia and its effects on treatment response.
4.5 Introduction

Hypoxia is found in 50% to 60% of solid cancers and accounts for 19% to 70% of tumor volume
[9], [152]. Since the 1950s, hypoxia has been identified as a major contributor to treatment
resistance, associated with poor prognosis, metastasis progression and tumor aggressiveness [4],
[234], [235]. For example, soft tissue sarcomas (STSs) are prone to forming large and highly
hypoxic tumors, leading to increased risk of metastasis [15], [236]. Therefore, investigating
combination therapies to target multiple molecular pathways involved in metastasis, such as
hypoxia, could potentially improve patient prognosis [237]. The study of hypoxia and its
implications on radioresistance have been a topic of interest in fundamental, pre-clinical and

clinical research, culminating in 2019 with the Nobel Prize in Physiology or Medicine [64].
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In solid tumors, hypoxia is characterized by a lower oxygen concentration than physoxia and
appears around 100 pm to 200 pm away from a blood vessel, due to poor and abnormal vasculature
[35], [238] (Figure 1). Hypoxia is also characterized by the expression of specific genes and
proteins belonging to the Hypoxia Responsive Element (HRE) pathway [1], [5], [91] such as
Hypoxia Inducible Factor 1 alpha (HIF1-a) protein and one of its downstream targets, Carbonic
Anhydrase IX (CAIX), [1], [9], [130]. Multiple studies demonstrated a correlation between the
expression of hypoxia markers such as CAIX and poor prognosis in soft-tissue sarcomas [19],

[239], [240], [241].

LS Y

3D-conformation 2D-conformation
Hypoxic microenvironment Poor clinical relevance
High-throughput

Cheap

ﬁ ‘
3D-conformation
Variable clinical relevance
Low-throughput
Expensive

Which preclinical model for
treatment screening ?

3D-conformation
Hypoxic microenvironment
Medium-throughput

(c) Jumbo Spheroids
on a Chip

Figure 4-1 Paradigm for HOnAChip

(a) Solid tumors are complex naturally hypoxic 3D-structures. (b) Preclinical models of solid tumors fail to easily
mimic clinically-relevant characteristics of solid tumors. (¢) HOnAChip jumbo spheroids are easily-produced
naturally hypoxic tumor spheroids, in a microfluidic device compatible with drug testing, radiotherapy and

bioanalysis.



60

The efficacy of radiotherapy (RT) is directly linked to hypoxia as oxygen is required to
permanently fix DNA damages caused by RT-induced radical species [9], [242]. This leads to an
oxygen enhancement ratio (OER) of 2-3:1, meaning that there are 2 to 3 times less radiobiological
effects in hypoxic cells than in normoxic ones [62]. Moreover, chemoresistance arises from the
inability of the abnormal vasculature to properly deliver therapeutic agents to the hypoxic core [1],
[9]. Finally, hypoxia fosters immunoresistance as immune cells cannot survive in the highly acidic

hypoxic microenvironment [12], [243], [244], [245].

Tirapazamine (TPZ, SR-4233), a non-toxic prodrug, was discovered and developed by Brown and
Lee in 1986 as an alternative chemotherapy and is one of the first compounds to specifically target
hypoxic cells [31]. Activation of TPZ, enabled by local absence of oxygen, results in the production
of free radical species and subsequent topoisomerase I[I-mediated induction of double-strand DNA
breaks [31], [246]. By acting as a complementary cytotoxin and selectively killing hypoxic cells,
the most radioresistant cells in tumors, TPZ enhances the antitumor effects of radiation [9].
Nevertheless, TPZ, as with other hypoxic prodrugs or HIF-targeting agents, failed to translate to
clinical improvement [32]. Few drugs in development take hypoxia into account, in part due to the
lack of solid user-friendly translational models on which one can study hypoxia and its effects on
drugs and RT [8], [9], [247]. Therefore, there is an unmet need to study the biology of hypoxia at

a fundamental and translational level in order to develop better treatment modalities [41].

As of today, no preclinical in vitro tool exists to study hypoxia without artificially inducing it,
either with a hypoxic chamber, low O2 incubator, chemical such as cobalt chloride (CoClz) or other
HIF-1 alpha inhibitors [35], [39], [41], [233]. Attificially inducing hypoxia can present many
challenges regarding cell culture and maintaining hypoxia, mainly during treatment or bioanalysis
[35], [39], [41]. Furthermore, artificially hypoxic small spheroids do not recapitulate the oxygen

gradients found in normal tumors [41].
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Microfluidic technologies have enabled the formation of size-controlled 3D cell cultures with
medium to high throughput while being less expensive, more reliable, user-friendly, and faster than
other 3D cell culture methods or in vivo techniques [53], [227], [248], [249]. Indeed, animal models
are expensive and time-consuming, making them impractical (and ethically questionable) for the
first steps of fundamental knowledge finding and pre-clinical studies (Figure 1). Microfluidic 3D
tumor models, also called tumor spheroids, can be treated with RT, chemotherapy or drug
combinations directly on a chip while being more relevant than 2D cell culture [41], [53], [227],

[248], [250], [251].

It has been reported that spheroids must theoretically have a radius of at least 100 pm to 200 pum,
depending on the cell type, to be able to naturally produce gradients of oxygen concentration [35].
However, spheroids must exceed this theoretical threshold to recreate clinically relevant aspects of
tumor biology, mainly the coexistence of hypoxic and normoxic cells population in the same
structure [41], [163]. Few microfluidic devices allow the culture of spheroids large enough (>500
um of diameter) to adequately mimic tumor geometry, naturally express hypoxia and be useful for
bioanalytical and pharmaceutical purposes [41], [163]. Indeed, spheroid size and density, growth
conditions and analytical endpoints have to be taken into careful consideration during the design

of a microfluidic chip [41], [163], [252].

In this study we introduce a simple microfluidic tool capable of reliably producing up to 240 tumor
spheroids of >750 um diameter, the largest spheroids produced on chip so far. We demonstrated
how naturally hypoxic spheroids can be used to assess the response to oxygen-dependent
treatments TPZ and RT. Results are supported by in silico modeling of oxygen transport and
consumption, spatial distribution of gold-standard hypoxic protein, and treatment response

measured by immunostaining down to the core of the spheroids.



62

4.6 Materials and Methods
4.6.1 Microfluidic Chip

4.6.1.1 Microfluidic Device Fabrication

The top and bottom layers of the chip were cast in polymethyl siloxane (PDMS) Dow SYLGARD
184 Silicone Elastomer Clear (Ellsworth Adhesive, Stoney Creek, ON, Canada) with a 1:10 ratio
of Dow SYLGARD 184 curing agent (Dow Corning, Midland, MI, USA). The PDMS-filled molds
were placed in a desiccator for 20 min to remove unwanted air bubbles, and then cured at 80 °C
for 45 min in a Precision Compact oven (Thermo Fisher Scientific, Saint-Laurent, QC, Canada).
Top and bottom layers were unmolded and assembled manually after a 30 s exposure to
atmospheric plasma using Enercon plasma gun (Enercon Industries Corporation, Menomonee

Falls, WI, USA). Molds fabrication is presented in Appendix Al.
4.6.1.2 Microfluidic Device Preparation for Cell Culture

Once the chips were assembled, they were individually put inside an autoclavable box before being
autoclaved. Afterwards, chip channels were successively washed once with isopropanol to remove
air bubbles, three times with sterilized deionized water and three times with PEG-PPG-PEG,
Pluronic® F-108 (Sigma-Aldrich Canada Co, Oakville, ON, Canada) to prevent attachment of
biological material. Prepared devices were incubated for 24 h at 37 °C in 5% CO; incubator. Then,
chip channels were washed three times with sterilized deionized water and three times with

appropriate supplemented culture media before seeding.

4.6.1.3 Cell Culture
4.6.1.3.1 Cell Culture

SK-LMS-1 Human leiomyosarcoma cell line was procured from ATCC (HTB-88, ATCC,
Manassas, VA, USA). STS117 Human soft-tissue-sarcoma (STS) primary cell line harboring a loss
of function mutation TP53 was derived from patients’ primary extremity STS diagnosed as an
undifferentiated pleomorphic sarcoma. STS117 cell line was kindly provided by Dr. R. Gladdy
(Mount Sinai Hospital, Toronto, ON, Canada) [240]. SK-LMS-1 was cultured in EMEM (Wisent
Inc., St-Bruno, QC, Canada), STS117 was cultured in DMEM F12 (Wisent Inc.), both
supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, Thermo Fisher Scientific, Saint-

Laurent, QC, Canada) and 1% Penicillin—Streptomycin solution (Wisent Inc.).



63

SK-LMS-1 and STS117 cells were maintained by subculturing at 80% confluency. Briefly, the
medium was aspirated, cells were washed with Phosphate Buffer Saline (PBS) (Wisent Inc.) and
were trypsinized with 0.025% trypsin EDTA (Wisent Inc.) for 2—3 min at 37 °C. Once cells are
detached, supplemented medium was added to stop the enzymatic reaction, and the cell suspension
was centrifuged for 5 min at 1500 rpm. The cell pellets were resuspended in the appropriate volume

to perform seeding in the microfluidic devices.
4.6.1.3.2 Spheroid Formation

Upon preparation of the microfluidic device, suspended cells were seeded at a concentration of 3
x 10% cells/mL. An amount of 200 uL of cell suspension was pipetted in the device thrice in the
inlet and thrice in the outlet for homogenization. The medium was then changed every 24 h until
spheroid were formed 2 days after seeding. Control spheroids formation and hypoxia induction for

control spheroids methods are presented in Appendix A2.

4.6.2 Hypoxic Protein Analysis
4.6.2.1 Western Blot

The top layer of the device was peeled off manually to allow spheroids retrieval. Fifteen spheroids
were pipetted into Eppendorf tubes, washed twice with PBS and centrifugated at 2 min~'.g for 2
min. PBS was then removed, and samples were put on ice. Spheroids were then homogenized 3
times 3 s using a sonicator (XL-2000, Misonix, Cole-Parmer Canada Company, Montréal, QC,
Canada) in RIPA lysis buffer (Sigma-Aldrich, Louis, MO,USA) supplemented with Phosphatase
Inhibitor PhosSTOP (1:1000) (Roche, Sigma-Aldrich) and cOmplete™ Protease Inhibitor Cocktail
(1:10,000) (Roche, Sigma-Aldrich) to prevent denaturation. Then samples were centrifugated for
15 min at 13,000 rpm at 4 °C (Biofuge pico, Heraeus, Kendro Laboratory Products, Asheville, NC,
USA). Protein concentration was determined by BCA Protein Assay (Bio-Rad Laboratories Ltd,
Saint-Laurent, QC, Canada and lysates concentrations were standardized to 1 pg/uL by diluting in
4X Laemmli buffer (Bio-Rad, Hercules, CA, USA) and 100 mM DTT. Before blotting, samples
were heated at 100 °C for 7 min. Then, 30 g of cell lysates were loaded in precast gels 4—15% Mini-
PROTEAN® TGX™ (Bio-Rad) and transferred onto PVDF membrane (Immobilon-P, Merck
Millipore, Sigma-Aldrich). PBST (PBS 1X, 0.1% Tween-20) and 5% skim milk solution was used
for blocking.
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Membranes were then incubated, at 4 °C overnight, with primary antibody diluted in blocking
buffer; 1:750 rabbit anti-HIF1-a (ab179483, Abcam, Waltham, MA, USA), 1:2000 rabbit anti-
CAIX (ab15086, Abcam, USA) and 1:20,000 mouse anti B-actin (A-5441, Sigma-Aldrich). After
washing with PBST buffer, membranes were incubated 1 h at room temperature in HRP
(CellSignaling, Withby, ON, Canada) diluted in blocking buffer. Then, membranes were rinsed,
incubated for 1 min with SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific, Waltham, MA, USA) and imaged on Bio-Rad ChemiDoc MP Imaging
system (Bio-Rad). Chemiluminescent intensities were measured and HIF 1-a and CAIX levels were
normalized by B-actin levels to eliminate influence of loading differences. The ratios were then

normalized to the positive control.
4.6.3 Immunofluorescence

Two days after seeding or 24 h after treatment, spheroids were washed 3 times with PBS directly
in the device and fixed with Formalin 10% (Fisher Scientific Company, Toronto, ON, Canada) for
45 min. Then, spheroids were washed 5 times with PBS, the top layer of the chip was peeled off to
proceed to inclusion of 5 spheroids in optical cutting compound OCT (Leica, Buffalo Grove, IL,
USA). Included samples were left overnight to sediment, thereby insuring homogeneous z-levels
across samples. Afterwards, included samples are frozen on dry ice and stored at —80 °C. Frozen
samples were sectioned using Leica Cryostat (Leica, Buffalo Grove, IL, USA) with a 5 pm
thickness at —20 °C. Sections were incubated for 1 h at room temperature with blocking buffer
(PBS 1X, 3% IgG-free, Protease-free BSA, 0.5% Triton 100 10X). Sections were then incubated
in blocking buffer with rabbit anti-CAIX (1:1000) (PA1-16592, ThermoFisher Scientific,
Waltham, MA, USA) and mouse anti-yH2AX (1:250) (05-636, EMP Millipore) overnight at 4 °C.
After washing 3 times with PBS, sections were incubated in secondary antibody buffer (PBS 1X,
3% BSA) with AlexaFluor-647 antibody (1:750) (A31573, Invitrogen, USA) and AlexaFluor-488
antibody (1:750) (A31571, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) for 1 h at
room temperature. Afterwards, sections were stained with DAPI (1:5000 from 5 mg/mL stock
solution) (D3571, Invitrogen, USA) to stain nuclei. Then, sections were mounted with ProLong™
Gold Antifade Mountant (P36934, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA).
Images were obtained on a Zeiss fluorescence microscope with Axio-Vision 4.0 software (Carl
Zeiss AG, Jena, Germany). Images were analyzed using ImageJ (Imagel, Fiji General Public

License). Image analysis is described in Appendix A3.
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4.6.4 In silico Modeling of Oxygen Consumption

A finite element method with the commercial COMSOL Multiphysics® software was used to model
the oxygen consumption in our jumbo and small spheroids. A 2D-symmetry approximation was
used to draw the spheroids as perfect circles, with a previously estimated mean diameter. Oxygen
consumption was defined by a reaction equation with Michaelis—Menten kinetics, using a method
derived from Grimes et al. [47]. Briefly, Michaelis—Menten parameters were set for our jumbo
spheroids so that CAIX expression threshold of 10 mmHg (0.0126 mM) was crossed at the
estimated mean depth of hypoxic region. After adjusting the oxygen consumption rates for size,
the model was then applied to small spheroids. Michaelis—Menten constant was set at 4.63 x 1073

mol/m? [227]. Oxygen consumption rates applied to the models can be found in Table 1.

Table 4-1 Parameters used in the oxygen consumption in silico model

Spheroids Oxygen Consumption Rate [mol/.s]
SKLMSI1 jumbo 3.65 x 1072
STS117 jumbo 4.07 x 102
SKL.MS1 small 2.61 x 1072
STS117 small 2.33 %1072

4.6.5 Treatment Modalities
4.6.5.1 Tirapazamine (TPZ)

Serial dilution of Tirapazamine (SML0552, Sigma; dissolved in DMSO at 50 mM) in proper
culture media was performed to reach desired concentration of 10 uM and 35 uM (a dose within
the range used in human trial [32]) (control: culture media, 1:1500 DMSO). Treatment with TPZ
was performed 2 days after seeding by pipetting 5 x 200 pL in each channel to ensure homogeneity.

Then, devices were incubated for 24 h at 37 °C in 5% CO: incubator.
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4.6.5.2 Conventional Radiotherapy

Two days after seeding, fresh media were added to each channel before irradiation of spheroids
directly on chip using the Gammacell 3000 irradiator (Best Theratronics, Ottawa, ON, Canada) at
defined doses (0, 2, 4 and 8 Gy).

4.6.5.3 Combination Therapy

Combination of TPZ and radiation therapy was performed directly on a chip. Spheroids were
irradiated 2 days after seeding at 0, 2, 4 or 8 Gy, then treated with either 0, 10 or 35 uM of TPZ
and incubated for 24 h at 37 °C in 5% CO: incubator. Then, spheroids were retrieved 24 h after

treatment and analyzed by IF assay as previously described.
4.6.6 Statistical Analysis

Statistical analysis was conducted using GraphPad Prism (Version 9.0.1, GraphPad, San Diego,
CA, USA). Gaussian distribution of SK-LMS-1 and STS117 jumbo spheroids diameter were
assessed by performing a Shapiro-Wilk lognormality and normality test. Distribution of samples
passed the normality test if p > 0.05. For Western blot analysis mean fold changes in proteins in
negative control (small-normoxic), positive control (small-hypoxic) and jumbo spheroids were
analyzed for significance using an ordinary one-way ANOVA with Tukey’s multiple comparisons
test. For IF analysis, comparison of YH2AX foci per nuclei area between normoxic and hypoxic
region of jumbo spheroids cross-section, when treated with either TPZ or RT alone, were analyzed
for significance using an ordinary one-way ANOVA with Siddk’s multiple comparisons test.
Comparison of YH2AX foci per nuclei area in normoxic and hypoxic region of jumbo spheroids
cross-section, when treated with a combination of TPZ and RT, were analyzed for significance

using an ordinary one-way ANOVA with Tukey’s multiple comparisons test.
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4.7 Results

4.7.1 The Microfluidic Chip Allows Formation of Size-Controlled Jumbo
Spheroids

The microfluidic chip consists of 16 independent channels, each containing 15 wells allowing
formation of one jumbo spheroid each (Figure 2a). Hexagonal-shape wells were chosen to optimize
the number and volume of wells per channel (Figure 2a). Final dimensions for the wells are 1.6
mm for the inscribed diameter and a depth of 1.2 mm. The chip was optimized to be the same
dimension as a 96-well plate, as well as being compatible with an 8-channels multipipette and for
each channel to fit in a histology cassette. In comparison with a 96-well plate, this microfluidic
chip allows the formation of 240 jumbo spheroids, i.e., 3 times more spheroids per mm2, while
using 2 times less reagent than in standard protocols [253]. In addition, this chip is optically
translucent, allowing imaging of spheroids with brightfield microscopy, and can be cut with a
scalpel or a razor blade for experimental purposes (Figure 2b). Sterilization of the chip can be
performed using a standard autoclave and the chips can be kept for at least one year after fabrication

without alteration of their physicochemical properties.
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Figure 4-2 Spheroids of 2 sarcoma cell lines are successfully formed 2 days after seeding and present a
controlled diameter

(a) 3D-render of assembled chip. (b) Image of assembled chip. Plastic inlets are separate from the chip and added
for experimental purposes. (¢) (d) Brightfield image of SK-LMS-1 (¢) and STS117 (d) jumbo spheroids 2 days after
seeding. (e). Mean diameter of SK-LMS-1 and STS117 jumbo spheroids 2 days after seeding. Diameter of SK-
LMS-1 spheroids is 753 + 67 um, n=210. Diameter of STS117 spheroids is 774 + 62 um, n=227. Values are
presented as mean + SD. Results were obtained across more than 3 repetitions. (f) (g) Distribution of SK-LMS-1 (f)
& STS117 (g) jumbo spheroids diameter. In both cell lines, spheroids diameters follow a Gaussian distribution (SK-

LMS-1 : p=0.53, STS117 : p=0.69).
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In both cell lines, spheroids are successfully formed 2 days after seeding and present a
homogeneous diameter following a gaussian distribution (Figure 2c,d,f,g). SK-LMS-1 jumbo
spheroids have a diameter of 753 + 67 um and STS117 jumbo spheroids have a diameter of 774 +
62 um (Figure 2e).

4.7.2 Presence of Hypoxia in Small vs. Jumbo Spheroids

A high expression of HIF1-a was observed in Western blots of SK-LMS-1 spheroids, regardless
of their size (Figures 3a,b and S1). Although there is a high expression of HIF1-a protein in SK-
LMS-1 jumbo spheroids, no statistical difference between small-normoxic spheroids (negative
control, < 450 um), small-hypoxic spheroids incubated for 24 h in 2% O2 incubator (positive
control, method in Appendix A2) and jumbo spheroids was observed (Figure 3b). In contrast,
Western blot analysis for STS117 showed the expected variation in protein levels (Figures 3d,e
and S1). STS117 small-hypoxic and jumbo spheroids expressed 2.7 times and 2.3 times more HIF-
a, respectively, than small-normoxic ones (Figure 3e). No statistical difference was observed

between STS117 jumbo spheroids and small-hypoxic ones.
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Figure 4-3 In both cell lines, CAIX expression increases significantly in jumbo spheroids, consistent with
presence of hypoxia.

(a) (d) CAIX and HIF-1a expression in SK-LMS-1 (a) and STS117 (d) small-normoxic (diameter <450 um), small-
hypoxic and jumbo (diameter > 750 um) spheroids. (b) (e) Fold change of HIF1-a protein in SK-LMS-1 (b) and
STS117 (e) small-normoxic, small-hypoxic and jumbo spheroids (STS117: small-normoxic vs small-hypoxic:
p=0.0089; small-normoxic vs jumbo : p=0.0320). (¢) (f) Fold change of CAIX protein in SK-LMS-1 (¢) and STS117
(f) small-normoxic, small-hypoxic and jumbo spheroids (SK-LMS-1: small-normoxic vs small-hypoxic: p=0.0022;
small-normoxic vs jumbo : p=0.0069), (STS117: small-normoxic vs small-hypoxic : p=0.0087; small-normoxic vs

jumbo : p=0.0018). Values are presented as mean + SD (standard deviation), N=3 with more than 15 spheroids per

repetition, * p<0.05, ** p<0.005.
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CAIX expression levels were consistent with our expectations in both cell-lines, namely a low
expression of CAIX in small-normoxic spheroids and a high expression of CAIX in small-hypoxic
and jumbo spheroids (Figure 3a—c,f). Indeed, SK-LMS-1 small-hypoxic and jumbo spheroids
expressed 30 times and 24 times more CAIX, respectively, than small-normoxic spheroids (Figure
3c). No statistical difference was observed between SK-LMS-1 jumbo spheroids and positive
control. Similarly, in STS117, small-hypoxic and jumbo spheroids expressed 6 times and 7.8 times

more CAIX, respectively, than small-normoxic spheroids (Figure 3f).

An immunofluorescence assay (IF) was performed to localize the expression of CAIX in small-
normoxic, small-hypoxic, and jumbo spheroids cross-section. As expected, in both SK-LMS-1 and
STS117, CAIX is localized in the core of the jumbo spheroids (Figure 4a,b). Respectively, 45% of
SK-LMS-1 jumbo spheroids cross-section area and 49% of STS117 jumbo spheroids cross section

area are CAIX-positive (Figure 4c).
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Figure 4-4 Hypoxia is localized in the core of jumbo spheroids at expected depths.

(a) (b) CAIX (red) staining in SK-LMS-1 (a) and STS117 (b) small (normoxic and hypoxic controls) and jumbo
spheroids using anti-CAIX antibody. N=3 with more than 3 spheroids per repetition. Scale bar = 100pm. (¢) Hypoxic
fraction area on jumbo sarcoma spheroids. 45 % + 8.9 % of SK-LMS-1 and 49 % + 11.4 % of STS117 cross section
area express CAIX and is defined as hypoxic area. Resulted are presented as mean + SD. N=3. (d) Schematic of
oxygen consumption modelling in jumbo spheroids. Michaelis-Menten parameters for oxygen consumption are
derived from CAIX staining. (¢) Mean oxygen concentration profile in jumbo and small spheroids cross-section.

(f) Graph of mean oxygen concentration in small, jumbo and theoretically hypoxic spheroids cross-section.

For both cell lines, small-normoxic spheroids expressed significantly less CAIX signal than small-
hypoxic ones (Figure A1) CAIX was expressed all over the section of small-hypoxic spheroids, as

expected for hypoxia-induced spheroids (Figure 4a,b).
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Using the IF results, we calculated the mean depth of hypoxic regions in our jumbo spheroids as:

d,=rx|1 An
hn=T 2

With the mean hypoxic depth, r the mean total radius, and the hypoxic fraction area in our jumbo
spheroids with A, the CAIX-positive area and A4 the total area of the spheroid (based on the CAIX
expression in the IF). This gave us an estimated hypoxic depth of 120 pm in jumbo spheroids.
Given these values, we built a numerical model of oxygen consumption in both our jumbo and
small spheroids to understand why small spheroids (<450 um) did not express CAIX (Figure 4d).
As shown in Figure 4e,f, in a model specifically built so that CAIX-expression threshold is crossed
at the previously calculated depth, the same threshold is never crossed in smaller spheroids. Using
our model, we estimated that STSs spheroids should theoretically be at least 461.4 um wide for the
first cell to cross the hypoxic threshold, confirming the necessity of spheroids larger than 750 pm

to have a meaningful number of hypoxic cells.
4.7.3 Evaluation of Treatment Response in Jumbo Spheroids

SK-LMS-1 and STS117 spheroids were treated with RT (0, 2, 4, 8 Gy) and TPZ (0, 10, 35 uM; a
dose within the range used in human trial [32]), both of which inflict DNA damages as their main
mode of action [1]. As previously stated, TPZ preferentially causes single- and double-DNA strand
breaks in hypoxic cells [254]. Therefore, cytotoxicity of TPZ in both SK-LMS-1 and STS117
jumbo spheroids was assessed by quantifying double strand DNA breaks using YH2AX marker by
IF. First, we compared the number of YH2AX foci per nuclei area in the CAIX-positive region
(hypoxic region) versus CAIX-negative region (normoxic region) of the jumbo spheroids cross-

section, in both cell lines, when treated with either TPZ or RT only.

Both SK-LMS-1 and STS117 hypoxic regions show a dose—response relationship to TPZ (Figure
5a,d). Indeed, there is a dose-dependent response in hypoxic regions only, with significant
differences between 0 uM and 10 uM for SK-LMS-1, between 10 uM and 35 uM for STS117, and
0 uM and 35 puM for both cell lines (Figure 5b,e). Moreover, at 35 uM there is a significant
difference between the hypoxic regions and the normoxic regions, confirming that TPZ induces
DNA damages preferentially to hypoxic regions as previously demonstrated in the literature

(Figure 5b,e).
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Figure 4-5 Contrary to RT alone treatment with TPZ alone resulted in oxygen-dependent responses.

(a) (d) DNA damages (YH2AX, green), hypoxia (CAIX, red) and nuclei (DAPI, blue) staining in SK-LMS-1 (a)
and STS117 (d) jumbo spheroids treated with either 35 UM of TPZ or 8 Gy of RT. (b) (c) (e) (f) DNA damages in
hypoxic (H) versus normoxic (N) regions of SK-LMS-1 and STS117 jumbo spheroids treated with either TPZ alone
(b) (e) or with RT alone (c) (f) (SK-LMS-1: H: 0 — 10 pM: p=0.0038, 0 — 35 uM: p<0.0001; 35 pM: H vs N:
p=0.0096), (STS117: H: 0 — 35 pM: p<0.0001, 10 — 35 uM: p<0.0001; 35 uM: H vs N: p=0.0009), (SK-LMS-1:
H: 0 -8 Gy: p=0.0157; N: 0 — 4 Gy: p=0.0111, 0— 8 Gy: p=0.043), (STS117: H: 0 — 8 Gy: p=0.0076, 2 — 8 Gy:
p=0.0429; N: 0 — 2 Gy p=0.0387, 0 — 4 Gy: p=0.0125, 0 — 8 Gy: p=0.0002). From yH2AX IF staining foci were
counted and normalized per nuclei area. Values are presented as mean + standard error of the mean (SEM), N=3-4,

2-4 spheroids per repetition, * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.0001.
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However, no statistical differences were observed between normoxic and hypoxic regions of
STS117 and SK-LMS-1 jumbo spheroids when treated with RT only (Figure 5c,f). The increase in
YH2AX foci per nuclei area is dose-dependent in both cell lines regardless of the region. In the
absence of TPZ, significant differences are observed in hypoxic regions between 0 Gy and 8 Gy
for both cell lines, and 2 Gy and 8 Gy for STS117 (Figure 5c,f). These differences are already
observed between 0 Gy and 4 Gy, and 0 Gy and 8 Gy in SK-LMS-1 normoxic regions, and between
0 Gy and 2 Gy, 0 Gy and 4 Gy and, 0 Gy and 8 Gy in STS117 normoxic regions (Figure 5c,f).
Despite no significant differences between regions for a given radiation dose, these results could
indicate that a higher radiation dose is required to yield significant DNA damages in hypoxic

regions than in normoxic regions.

Then, we investigated the combined effects of TPZ and RT and compared the DNA damages in
each region separately. For SK-LMS-1, at 10 uM of TPZ, significant differences are observed
between 0 Gy and 8 Gy, 2 Gy and 8 Gy, and 4 Gy and 8 Gy in both hypoxic and normoxic regions
(Figure 6a,b). For STS117, at 10 uM of TPZ, significant differences are observed only between 0
Gy and 8 Gy in both hypoxic and normoxic regions (Figure 6¢,d).
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Figure 4-6 Combination of RT and TPZ resulted in oxygen-dependent responses.

(a) (b) (c) (d) DNA damages in hypoxic area (a), (c) and normoxic area (b), (d) of SK-LMS-1 and STS117 jumbo
spheroids treated with TPZ and RT, (SK-LMS-1: H: 10 pM: 0 — 8 Gy: p=0.018, 2 — 8 Gy: p=0.0023, 4 — 8 Gy:
p=0.0076; N: 10 pM: 0 — 8 Gy: p=0.0015, 2 — 8Gy: p=0.0003, 4 — 8 Gy: p=0.0008; N: 35 pM: 0 — 8 Gy: p=0.0077),
(STS117: H: 10 pM: 0 — 8 Gy: p=0.0072; N: 10 pM: 0 — 8 Gy: p=0.0294; N: 35 pM: 0 — 8 Gy: p=0.0126). (e)
DNA damages (YH2AX, green), hypoxia (CAIX, red) and nuclei (DAPI, blue) staining in SK-LMS-1 and STS117

jumbo spheroids treated with 35 uM of TPZ and 8 Gy of RT. (f) Comparison of treatment regimen in normoxic of

hypoxic regions of jumbo spheroids. From yYH2AX IF staining foci were counted and normalized per nuclei area.

Values are presented as mean + standard error of the mean (SEM), N=3-4, 2-4 spheroids per repetition, * p<0.05,

% p<0.005, *** p<0.0005.
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In the normoxic regions of both cell lines, at 35 uM of TPZ, RT retains its observed dose-dependent
DNA damage increase (Figure 6b,d). Furthermore, for SK-LMS-1 and STS117, combination
therapy of 35 uM and 8 Gy appears to yield similar damages than the sum of each condition alone
(Figure 6e,f). In the hypoxic regions of both cell lines, there are no significant differences between
each RT dose (either 0 Gy, 2 Gy, 4 Gy and 8 Gy) when jumbo spheroids are treated with 35 uM of
TPZ (Figure 6a,c). Although the difference is not significant, combination therapy of 35 pM and 8
Gy appears to yield fewer damages than the sum of each condition alone (Figure 6e,f). These results
could indicate additive effects of the combination therapy under normoxia, in SK-LMS-1 and

STS117, respectively.
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4.8 Discussion

Our microfluidic chip allows the formation of up to 240 size-controlled jumbo hypoxic spheroids
in 48 h with minimal and user-friendly operation, on which rapid evaluation of treatment
combination can be performed. Natural expression of hypoxia in our spheroids alleviates the
challenges presented by artificial induction. Indeed, to artificially maintain culture media and cells
under low pO;, nitrogen needs to be injected in the chamber [35], [39]. This leads to a progressive
acidification of the culture media, which has been shown to alter drug conformation and possibly
inactivate them [1], [40]. Furthermore, studying RT on hypoxic cell cultures would either require
for the whole chamber to fit in the irradiator or for the hypoxic environment to be interrupted for
the duration of the treatment. Finally, artificial induction of hypoxia does not allow both normoxic
and hypoxic regions within the same sample, thus making it less consistent with real tumor
microenvironment. Furthermore, compared to hanging drops or spinner flask methods, our chip
enables a precise control of spheroid size while being more ergonomic. Control of spheroids size
is achieved by the optimization of cell density that needs to be seeded and by the size of the wells
[250]. Compared to a 96-well plate, the increased number of samples per condition reduces the
amount of reagent required and the experimental variability. Our device allows easy drug delivery,

retrieval of samples for standard histopathology or bioanalysis and is fully compatible with RT.

Protein quantitation demonstrated higher levels of gold-standard hypoxic protein CAIX in our
jumbo spheroids, illustrating the presence of chronic natural hypoxia without resorting to hypoxic
chamber or chemicals. Quantitation of other gold-standard hypoxic protein HIF1-a yielded mixed
results depending on the cell line, varying as expected between samples in STS117 but not in SK-
LMS-1. As HIF1-a levels are known to vary between cell lines, our failure to correlate HIF1-a
expression and hypoxia in SK-LMS-1 could be attributed to previously observed abnormal HIF1-
a basal levels [255], [256]. Indeed, SK-LMS-1 exhibits an altered MY C pathway (amplification of
MYCBPAP and deletion of MLX and MXII) which has been shown to drive HIF1-a stabilization
under normoxia [62], [257], [258], [259]. As 3D-conformation has been shown to influence gene
expression and regulation in tumor cells, investigating MYC, HIFI1A, VHL and PHD gene
expression and relevant miRNAs levels could provide insights into the significance of HIF1-a
levels in SK-LMS-1 jumbo spheroids [260]. SK-LMS1 may not be the best sarcoma model, but
served to exemplify a model in which a disconnect between HIF1-a and CAIX occurs in the 3D

model, which had been observed in vivo [261].
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Overall, our results in jumbo spheroids indicate that CAIX is a more reliable marker of hypoxia

across cell lines, as previously observed clinically [20], [262], [263], [264].

Histopathology analysis showed that CAIX-expressing cells were localized at the center of our
jumbo spheroids, at depths similar to those found in the literature, strengthening our claim of
natural expression of hypoxia [5]. CAIX/HIF1-a co-staining would have provided meaningful
information on protein localization in our jumbo spheroids, especially for SK-LMS-1 as they
expressed high level of HIF1-a even in normoxia, but proved extremely arduous and not cost-
effective mainly due to the high HIFI-a antibody concentration required for IF [265]. Indeed,
studies have highlighted how hazardous IF staining of HIF1-a is, often preferring CAIX or
pimonidazole [237], [266], [267], [268]. The CAIX signal displayed at the rim of our jumbo
spheroids is attributed, as other staining artifacts, to local folding of sample, and could be reduced

by using positively charged glass slides.

Using an in silico model of oxygen consumption derived from IF results of jumbo spheroids, we
were able to show that for STS cell lines, observed expression of hypoxia in jumbo spheroids
implied an absence of hypoxia in smaller spheroids. This observation highlights how the link
between spheroid cellular density and spheroid volume drives the oxygen consumption, hence the
expression of hypoxia [99], [269]. Indeed, extremely high cellular density has been shown to
upregulate HIF1-a even in 2D cell culture [99]. As the size of jumbo spheroids makes them too
small to use microneedle probes, the standard method for pO2 measurements, our model is still
limited by the assumption that CAIX begins to be expressed at 10 mmHg [47], [59], [266], [270],
[271], [272].

We used our microfluidic device to test combined treatment of jumbo spheroids with conventional
RT and widely used hypoxia pro-drug TPZ [32], [273], [274], [275]. As expected, TPZ was
preferentially cytotoxic to CAIX-expressing cells in a dose-dependent manner, thereby cementing
our spheroids as a naturally hypoxic 3D tumor model [246]. Surprisingly, both hypoxic and
normoxic regions of our jumbo spheroids displayed a dose-response effect to RT, contradicting
with expected hypoxia-associated radioresistance. A possible explanation could be that, although
our spheroids are hypoxic enough to express CAIX, oxygen levels are still high enough to prevent

radioresistance.
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Indeed, an OER of 2 has been documented to appear below 3 mmHg, which according to our in
silico model would only represent a fraction of our hypoxic core (Figure A2) [58]. Therefore,
increasing the size of our jumbo spheroids might increase this fraction enough to observe
radioresistance. Another explanation could be that 24 h after treatment, the oxygen-dependent
DNA-repair in normoxic regions and the accumulation of DNA-damages in hypoxic regions are
important enough to cancel out differences between these two regions [62], [276]. We chose to
look at yYH2AX staining 24 h after treatment, based on the study of Olive et al. [277], which aids
in prediction of tumor response to treatment and gives us a better indication on treatment efficacy.
As hypoxic cells are known to have impaired DNA-repair and a tendency to accumulate DNA
damages, while DNA of normoxic cells can repair themselves more efficiently, investigating
YH2AX foci 30 min after irradiation could reveal a potential hidden radioresistance in our jumbo

spheroids [276], [277], [278].

Combination of RT and TPZ resulted in oxygen-dependent responses. Under hypoxia, RT loses its
dose-response effect when combined with 35 uM of TPZ (a dose within the range used in human
trial [32]) but not with 10 pM, suggesting that high concentration of TPZ masks additional effects
of RT. However, under normoxia, 35 uM of TPZ increased efficiency of 8 Gy of RT additively for
STS117 and SK-LMS-1, as previously observed in preclinical studies [279], [280].

At the clinical level, additional benefits of TPZ combined with RT and other chemotherapeutic
agents such as cisplatin and carboplatin have not been demonstrated which could be explained by
poor patient-stratification for hypoxia in most of these studies [134], [280]. Our results suggest that
repurposing TPZ in combination with RT alone could yield meaningful results in soft tissue

sarcoma treatment.

Finally, characterization of jumbo spheroids multilayered structure (presence of senescent,
quiescent cell and/or necrotic cells) and expression of Hypoxia Responsive Element genes would
provide meaningful information on our hypoxic tumor model, and how it can be used for the study

of hypoxia.
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4.9 Conclusions

To date, our spheroids are the largest (> 750 um) on a chip and display a hypoxic core expressing
gold-standard hypoxia-associated protein CAIX at the expected depth. Remarkably, this feature is
absent in smaller spheroids of the same cell line, as shown both experimentally and in silico. The
microfluidic format used is simple, reliable, and fully compatible with RT. As a proof of concept,
jumbo spheroids were treated with TPZ hypoxic prodrug and RT, the efficacies of which are
oxygen-dependent thus linked to hypoxia. In both the SK-LMS-1 and STS117 cell line, treatment
with TPZ led to dose-dependent response in their hypoxic core only. Conversely, both hypoxic and
normoxic regions of jumbo spheroids displayed a dose-response effect to RT, showing no evidence
of radioresistance in the hypoxic core. Interestingly, the combination of both TPZ and RT resulted
in an oxygen-dependent response. Overall, addition of 8 Gy of RT to 35 uM of TPZ yielded

maximum DNA damages to both normoxic and hypoxic region, in an additive manner.

Finally, using our microfluidic device and our jumbo hypoxic spheroids to explore the biology of
hypoxia and its implication on treatment resistance on a variety of cancer types would provide a

useful preclinical tool for drug screening and treatment combinations.
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CHAPTER S ARTICLE 2: HYPOXIC-CORE (HYCO) SPHEROIDS
RECAPITULATE HALLMARKS OF CLINICAL HYPOXIA: A SIMPLE
CHIP-BASED METHOD FOR TRANSLATIONAL ONCOLOGY

5.1 Background Information and author contribution

This chapter presents my 2" soon to be submitted article, which showcases follow-up works of my
1% publication. This paper establishes the heart of my work. It delved deeper in the characterization
of the “jumbo”, now renamed hypoxic-core (HyCo) spheroids. The goal of this article is to
demonstrate how this new in vitro model could enable preclinical researchers to easily incorporate
hypoxia in their research hypothesis. The same chip design was used to generate HyCo spheroids
from the same STSs cell lines as in the 1% publication. It then provides a thorough phenotypical
characterization of HyCo spheroids and guidance towards how potential user could use the HyCo

spheroids for drug screening or biomarker identification.

Again, as a first author, I contributed to about 90 % of this article. I designed and manufactured the
microfluidic chips. As before, Julie Lafontaine trained me to do RTqPCR and I did all the
experiments myself once trained, with the exception of clonogenic assays that were done by Rodin
Chermat. I did all the statistical analysis, wrote the paper and designed the figures. Rodin Chermat
and Julie Lafontaine guided me in the design of the study and the revision of the manuscript.
Thomas Gervais and Philip Wong provided support and supervised the research. All authors have

reviewed the article and agree with these contributions.

The article was submitted on April 3™, and published on April 9", 2025, in BioRxiv and will soon

be submitted to Science Advances.
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5.3 Abstract

Hypoxia influences the biology and response of cancers. No user-friendly device allows the study
of hypoxia on highly-controlled clinically-relevant tumor models. Here, we describe how hypoxic-
core (HyCo) spheroids generated using our unique non-perfused microfluidic device recapitulate
key clinical hallmarks of hypoxia in vitro. Our PDMS-made system can generate up to 240
spheroids naturally exhibiting a diffusion-driven hypoxic core in only 4 days, here from two
sarcoma cell lines. Compared to smaller normoxic spheroids from the same cell lines, known
hypoxia-related genes are upregulated in HyCo spheroids. In addition, HyCo spheroids display
hallmark hypoxia-induced resistance to radiotherapy and chemotherapy, along with increased
invasiveness. Finally, to demonstrate applications of our HyCo spheroids and on-chip framework
in drug development, we used our HyCo-derived gene expression dataset to select a drug candidate
(diethyl-pythiDC) and confirmed its effect on spheroid invasiveness. Our results suggest that HyCo
spheroids can be efficiently used as translational tools to integrate hypoxia in cancer research,

without complex workflows or setups.
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5.4 Teaser

On-chip spheroids with a natural hypoxic-core emulate clinical cancer hypoxia hallmarks essential

for novel therapy development.

5.5 Introduction

Tumor hypoxia refers to intratumoral oxygenation lower than physiological levels and is known to
directly increase tumor aggressivity, treatment resistance, metastasis progression and shorten
cancer patient survival [4], [5], [281]. Cellular response to hypoxia involves activation of the
hypoxia response pathway, a cascade of physiological and biological changes allowing hypoxic
cells to survive in extreme conditions of low oxygen, low pH, and low concentration of nutrients
[282], [283], [284]. These changes include increased glycolysis, angiogenesis, pH regulation, and
endothelial to mesenchymal transition [284]. Moreover, the hypoxic microenvironment promotes
tumor progression and metastasis by exacerbating cell motility and propensity to invade local tissue
(i.e., the first step of the metastatic cascade) through both autocrine and paracrine mechanisms [6],
[285], [286]. These mechanisms include secretion of growth factors and modulation of the
expression of cell-cell or cell-extracellular matrix adhesion molecules [287]. In addition, hypoxia
fosters pro-migratory and invasive phenotypes as well as regulating cell intravasation and
extravasation, further contributing to metastasis progression [286], [287]. These combined effects
will establish a vicious circle, as the increased tumor volume will result in greater depletion of

oxygen and nutrients, further driving the aggressive phenotype [287].

Notably, hypoxia also contributes to anti-cancer treatment resistance [9], [62], [287], [288]. For
example, radiotherapy (RT) efficacy is based on the generation of free radicals within the cell,
among which the hydroxyl radical OHe, in turn producing radicals on the DNA (DNA®) [1]. As the
fixation of these radicals into permanent DNA damage is an oxidative process, hypoxia directly
results in decreased RT efficacy [1], [4], [289]. In addition, hypoxic cancer cells have acquired the
ability to survive both RT-induced DNA damages and their extensive baseline genomic instability
resulting from high cellular stress and impaired capacity for DNA-repair, further limiting the
impact of RT [62]. Similarly, chemotherapies (CT) that target DNA are less efficient in hypoxic
conditions [62], [276], [287], [290]. Furthermore, hypoxia increases the expression of a panel of
genes involved in CT drug efflux (ATP-binding cassette family, e.g., ABCB1, ABCCI) thereby

reducing intracellular drug concentration [291], [292].



&5

Finally, similar observations can be made regarding immunotherapy, with hypoxia driving an
immunosuppressive phenotype [36]. Mainly, immune cells cannot easily penetrate hypoxic
regions, and the few cells that manage to do so are inactivated due to the acidity of the tumor

microenvironment [36], [244].

Soft-tissue sarcoma (STS) is a rare groups of cancers in adults (less than 1%) but accounts for 20
% of pediatric solid malignant cancer [13], [15]. Originating from any soft tissues (e.g., muscle,
fat, blood vessels, nerves, tendons, linings of the joints), about 45% of STSs harbor hypoxia, which
is associated with worsened clinical outcome [152], [153], [154]. RT and limb-sparing surgical
resection are the standard of care for most large high-grade STS, with RT being preferentially given
before surgery (i.e. neoadjuvant RT) to limit long-term RT-related toxicities [16]. The value of
adjuvant CT is questionable, with no significant differences observed in either relapse-free survival
or overall survival (OS) [149]. Despite achieving excellent local tumor control through neoadjuvant
RT + surgery, around half of patients subsequently develop metastases and their OS is often
measured in months [150]. For metastatic patients, anthracycline CT is considered standard of care
although response rates are extremely poor (e.g., ~20% for doxorubicin), and is sometimes
combined with the alkylating agent ifosfamide [17], [151], [293]. Cisplatin, another widely-used
alkylating agent, has shown poor efficacy in metastatic STSs. However multiple clinical trials using
cisplatin in combination with other drugs are still ongoing (NCT06684327, NCT05057130,
NCTO04605770) [17]. As previously stated, the hypoxic nature of STSs likely renders them resistant
to CT and radiotherapy, more aggressive and more metastatic, explaining poor patient survival
rates [155], [294], [295]. As such, the validation of alternative treatment strategies taking hypoxia
into account is required to reduce metastasis occurrence in STSs patients and increase disease-free

survival.

However, there is an apparent lack of user-friendly devices allowing the study of tumor hypoxia in
a controlled manner [35], [41], [233], [296]. Indeed, in vitro study of hypoxia often involves
complex experimental setups to control the oxygen level either physically (e.g., hypoxia chambers)
or chemically (e.g., cobalt chloride) [35], [39]. Generally speaking, physical methods do not allow
long-term manipulation and RT/drug treatment of samples without removing the samples from the

setup, thereby re-oxygenating them.
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Additionally, oxygen level in such setups is controlled by injecting nitrogen, the resulting media
acidification having been shown to induce uncontrolled biases in biology experiments [1], [40],
[233]. Similarly, chemical induction can interact with other metabolic pathways than response to
hypoxia and eventually affect treatment response evaluation [42]. Furthermore, none of these
methods are able to capture the whole picture of clinical hypoxia, among which the complex
interplay between hypoxic and normoxic cells within the same sample [35], [297]. Finally,
discrepancies between in vitro methods of hypoxia induction limits the establishment of clinically-
translatable signatures [37]. If in vivo tumor models can naturally exhibit hypoxia, duration of
experiments is drastically limited by the need for these tumors to already be extremely large to be
sufficiently hypoxic, close to the limit accepted by most ethics committees. Moreover, in vivo
quantification of hypoxia is either a post-mortem process or requires complex imaging techniques
and equipment [298]. As such, despite higher biological relevance, animal models are ill-suited for

the study of hypoxia in early preclinical studies.

Microfluidics have eased cancer translational research and drug development for the past 20 years,
enabling the culture and treatment of increasingly complex 3D tumor models in compact user-
friendly systems [41], [54]. As the recently signed FDA Modernization Act 2.0, and the proposed
FDA Modernization Act 3.0, allow and encourage “cell-based assays, microphysiological systems,
or bioprinted or computer models” as alternatives to animal testing for purposes of drug and
biological product development, the validation of microfluidic tools is both warranted and timely
[173], [174]. In 2021, we reported a user-friendly non-perfused microfluidic chip on which users
can culture up to 240 spheroids that naturally harbor both a normoxic shell and a hypoxic core [33].
In this study we delved deeper into the characterization and demonstration of translational
applications of our in vitro models: the Hypoxic-Core (HyCo) spheroids. We show that our
spheroid model displays key hallmarks of in vivo hypoxic STSs, including hypoxia-specific gene
expression, treatment resistance and increased invasiveness. Then, we showcase how our on-chip
model and methodology can be applied to data-driven treatment testing. Overall, we show that our
on-chip tumor model provide cancer researchers with a simple yet clinically-relevant and powerful
tool to study hypoxia and its impact on cancer treatment, as well as identifying potential prognostic

biomarkers or druggable targets.
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Figure 5-1 Paradigm for on-chip HyCo spheroids.

Soft-tissue sarcomas are hypoxic solid tumors, which contributes to their agressive phenotype, chemoresistance,
radioresistance and increased invasiveness. On one hand, in vitro models are high-throughput but require artificial
induction. On the other, animal models are naturally hypoxic but are low-throughput and cumbersome. In this study,

we showcase how our chip-based high-throughput method generates naturally-hypoxic HyCo spheroids which

recapitulate clinical hallmarks of tumor hypoxia, making them adapted for early preclinical studies

87



88

5.6 Results
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Figure 5-2 HyCo spheroids have an increased expression of hypoxia-related genes, for both SK-LMS-1 and
STS117.

(A) Photograph of microfluidic chip for HyCo spheroid generation, culture and treatment. (B) 3D Schematic of
HyCo spheroid with sectional view representing the 70:30 normoxic to hypoxic cells volumetric ratio. (C), (E)
Brightfield images of SK-LMS-1 and STS117 HyCo and normoxic spheroids. (D), (F) Mean diameter of SK-LMS-
1 and STS117 HyCo and normoxic spheroids (**** : p-value < 0.00001, N = 3 independent experiments, total of
n= 33 to 79 spheroids, unpaired t-test). (G) Immunofluorescence images of SK-LMS-1 and STS117 HyCo spheroids
stained for nuclei (DAPI, in blue) and hypoxia (CAIX, in red), along with quantification of CAIX-positive nuclei
area ratio. (H), (I) RTqPCR of hypoxia-related genes expression (CAIX, CD47, CD73, CXCL12, GAPDH, HIF 1A,
LOX, PDK1, SCL2A1 VEGFA, VIM) in SK-LMS-1 and STS117 HyCo vs normoxic spheroid (mean = SEM, N =
3 to 4 independent experiments).
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5.6.1 HyCo spheroids generated on-chip overexpress key known hypoxia-

related genes

Our microfluidic chips (Fig. 2A) are transparent, oxygen-permeable, radio-compatible, and allow
formation of HyCo spheroids within 2 to 3 days for both SK-LMS-1 and STS117 cell lines. We
selected 950 um as the target diameter of HyCo spheroids based on our in-house in silico model of
oxygen consumption [33]. At this size, approximately 43% of the spheroid volume or cellular
content would theoretically grow under the 10 mmHg pO- threshold for CAIX-expression, ergo in
hypoxia (Fig. 2B, Fig. S1). For SK-LMS-1, HyCo and normoxic spheroids harbor a mean diameter
of 921 + 90 pm and 446 *+ 49 um, respectively (Fig. 2C, D). For STS117 HyCo and normoxic
spheroids harbor a mean diameter of 946 £ 75 um and 465 + 43 pum, respectively (Fig. 2E, F). It is
worth noting that very few HyCo spheroids (3 SK-LMS-1 and 1 STS117, across 38 and 33
spheroids over 3 experiments) are much smaller than average and overlap with normoxic spheroid
size distribution. In such cases, “small” HyCo spheroids were excluded from further experiment to
prevent confounding effects. As such, as shown in Fig. 2G, our on-chip HyCo spheroids
consistently exhibit a CAIX-expressing hypoxic core that occupies approximately 60 % of their
cross-section. By extrapolating to the third dimension (Fig. 2B), our results indicate that
approximately 45% of the total amount of cells in a HyCo spheroid are hypoxic, consistent with

our in silico modeling (Fig. S1).

To probe whether ~ 45 % of hypoxic spheroid content was sufficient to induce observable
downstream molecular responses, we performed a RTqPCR on a panel of 10 genes known to be
upregulated under hypoxic conditions: CAIX, CD47, CD73, CXCL12, HIF1A, LOX, PGKI,
SLC2A1, VEGFA and VIM. In both cell lines, most genes of the selected hypoxia-related panel
are upregulated (fold-change > 1) except for CD47 in STS117 (Fig. 2H, I). For SK-LMS-1, CAIX
(p-value = 0.02), CXCL12 (p-value = 0.21), LOX (p-value = 0.11), PGK1 (p-value = 0.23),
SCL2A1 (p-value = 0.03) and VEGFA (p-value = 0.13) have a fold-change above 2 in HyCo
spheroids. For STS117, CAIX (p-value = 0.04), LOX (p-value = 0.15), SCL2A1 (p-value = 0.31)
and VEGFA (p-value = 0.19) have a fold-change above 2 in HyCo spheroids. Of note, HIF1 A gene
is not significantly upregulated, with a fold-change of only 1.35 + 0.62 for SK-LMS-1 and 1.07 +
0.22 for STS117.
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Absence of HIF1 A upregulation despite evidence of downstream effects of HIF 1o stabilization has
been previously reported for multiple cancers, and is observed here for our two sarcoma cell lines
[299]. Overall, HyCo spheroids had increased expression of an array of known hypoxia-related

genes in comparison to smaller normoxic spheroids, for both cell lines.
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Volcano Plot of STS117 Spheroids

@ Not Significant - Log, Fold Change @ p-value < 10 @ p-value < 10°° & Log; Fold Change < 0.5 @ Not Significant  Log, Fold Change @ p-value < 10 & Log; Fold Change < 0.5
40, 20
JCA9
30 1
5 ooITd
Q Q
£ ° NDRG1
k3 §"|0 SLC2A1
0 v CA9
ATP13A2 PRKACA ERO'G’;BP." Excre
1,
10 5 MARF1_1 o " BAGE.
. SROS5A3 SELILS -
LOC102724594 TSy EoLN '
CROCCP2_1 l ‘
0 o - 0| I
-10 5 0 10 5 0
Log, fold change Total = 32383 variables Logj fold change Total = 32727 variables
C Venn Diagram of Common Upregulated Genes in F G
SK-LMS-1 and STS117 HyCo Spheroids
Adjusted p-value < 0.05, Log: Fold Change > 0.5 Gene Ontology of SK-LMS-1 HyCo Spheroids Gene Ontology TOC' (SSI;:L&S';}:HyCo Spheroids
Nemz  Evoa  pokrAst
cene® S g Wi Lociiems SLOAZ 7 307
33 ecay SNORDIC  BAGALNT2 WPt RFE et
A o T MIR2IOHG  PIDT Fawiste  ONAME PrKEBS
RO e S sicoess  zwrers  Lopt e FBx08 s 25 25
A IHAT e TENM2 SCN1A KCNK1 foR<0s FoR=08
o Coma S TME s mews  cow s Cotiont
TMEM158. DARS1-AS1  DUSP1 SIRPB1 TRPCA PGMS PCSK1
LINC01929 e C1aTNFY e CSorfds. R VATIL S MFAP2 e PTGS2 20 20
PoK1 o LOCH08372497 FKBP1A LA RNFl448  COBLLY etz caB1 LOCT24304196 | 0C108372683
FBL IGFBP3. nen coLeAt S 0SGINZ SLCO4AT MIR210HG o SNORD10 e ANGPTY
e e TGFA PCGFS cz PTPRH SGCE 0DAD2 I ALPK2 STEGALNACS
MME NDNF e BIRCY e XIRP2 SLC2A5. NDS. LOCIOSIT020 a7 - RCSE.
Ton i (oo ocn mom G SEY Rewe SoSeC DU looomas o s ] B
ow o L A VR A I &1
s com D rowrzas Moo ar o paw ot et aount 3108 H § H 8
it ops  S¥DM eRe  wso Perie  oPn (ncosrs  STeOA2 ) con Locrassaisra g ] 2
gom o0z o sicct osim e e oon o Loctossreezs 2 £ g
SROSA3  DSE e 2 sz sz ZeANDt (3 206 PTPNZ 1y £ 2 £
T T vown AR oo one ok o S sy, H . & ) g8 . s
o o = ot i 2 PPPIRIG  ZNFSED o veow2 o7 EROIA paiar >, H g 30 3
et Eno Noxs  seemez W TR wmemwe  LomEmTS GO lovisemss  gppiy e & = 5§ ¢ E
S o BNPL  copca  omen T Rapcers  TRAC oxoiz roaar "M o 2 £ 5 H § 5 z
o Lotz pry  pRONE2 2 LETD D CENVIOPT jprigy  LOCta4s0105 1GFBP3. Q 2 . E s 2% 8 3
Sciae oAtz ) Torems KT Craeie T8 it Boms. ooms SELS P B - PR . g 5.
ar s crss oo = T &R caops2 e Locrausorss NoRGY DNAIGE RXRE 8 g 52238 g o83
sPOCK! § 23124 laco LC1 NAVPT posaxsd Loctosazesra SNORMD sicaat SLCAAS XRP1 Q) § s 8 8% 3 & g 8%
Swa OGO ph, oo Locmesisr WOAT Foszr Locizisanzsy o S e 2 s A § 2% SEEg 2
e s NSO 2T s I o e o TER e $
) Mo o e e Somemm i g3 1Tl EEELEELR
Wh o mew TR ML, wem AL PeciRRsii:
cosEr M NSRBLAST ReSZ  RPL2t ez ] g g 5 258898 §
Din s 58555”55 S L E
B I 5533588886
2 3 3 525
D Top 100 Differentially Expressed E Top 100 Differentially Expressed
Genes of SK-LMS-1 Spheroids Genes of STS117 Spheroids
-_— — I S Size Factor
Cell Type.
m—
HLA-DRBS
CaA 1 H I
TMT1B

LN 9OuBON
€N oIxowioN
N OIXIOUWON

P2RX6
B
LOC124902388
INMT

UHRF1

NLGN3 160
LOC102723409 140,
LOC107985015

LOC101927374 120
TMEMI3T T

SPANXA

regulation of

pyruvate metabolic process

response to hypoxia

response to decreased oxygen levels

response to oxygen levels

telencephalon development

forebrain development

brain development

Gene Ontology of $T$117 HyCo Spheroids

FoR<0s
FoR>05

head development

Enrichment Ratio

Gene Ontology of STS117 HyCo Spheroids
TCGASARC

purine ibonucleotide catabolic process.
purine nuclestide catabolic process

fibonucleotide catabolic process

FoR<0s

purine-containing compound catabolic process

nucleotide catabolic process

nucleoside phosphate catabolic process

response to hypoxia
response to decreased oxygen levels

response to oxygen levels
smallmolecule metabolic process

100
80
15
H
é
LN - z
LINC02731 £
£ 10
&
s
2 Size Factor
14
.
06
© cell Type
SK-ALMS-1
-1 sTst7
Conditions
2 [l Normoxic
HyCo

[T1

i

De Novo 24-Gene Hypoxia
Signature of SK-LMS-1 Spheroids

S Factor
ot Type
Conditions
PFKFBA
BHLHESO
2NF385
VEGFA
SLC2A1
ENO2

DIT:
0OC
1
SLC2A3
PPFIAL
PRSSS3

33
8 %

K

Tl

5 3

De Novo 24-Gene Hypoxia
Signature of STS117 Spheroids

Figure 5-3 HyCo spheroids hypoxia-related genes signature correlates with STSs clinical data, for both SK-

LMS-1 and STS117.
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(A), (B) Volcano Plot of SK-LMS-1 and STS117 HyCo spheroids compared to normoxic spheroids. (C) Venn
diagram of common upregulated genes in both SK-LMS-1 and STS117 HyCo spheroids (adjusted p-value < 0.05,
Logz Fold Change > 0.5). (D), (E) Heatmap of top 100 differentially expressed genes of SK-LMS-1 and STS117
HyCo and normoxic spheroids. (F), (G) Gene ontology pathway enrichment ratio of SK-LMS-1 HyCo spheroids
with whole human genome for reference and with TCGA-SARC for reference. (H), (I) Gene ontology pathway
enrichment ratio of STS117 HyCo spheroids with whole human genome for reference and with TCGA-SARC for
reference. For gene ontology analysis, False Discovery Rate (FDR) correction is applied using Benjamini-Hochberg
(BH) method. (J), (K) Heatmap of de novo 24-gene hypoxia signature of SK-LMS-1 and STS117 HyCo and
normoxic spheroids. All Heatmaps are clustered by Complete linkage with Euclidean distance and gene expression
data are scaled by row (Z-score transformation) before clustering. All data comes from N = 3 to 4 independent
experiments.

5.6.2 HyCo spheroids gene expression matches known soft-tissue sarcoma

hypoxia signature

Following our RTqPCR, we profiled the bulk transcriptomes of HyCo and normoxic spheroids for
SK-LMS-1 and STS117 (Fig. 3). As shown in the first Volcano plot (Fig. 3A), 112 genes are
significantly upregulated (log> fold change > 0.5, p-value < 10e-6), and 43 genes are significantly
downregulated (log> fold change < -0.5, p-value < 10e-6) for SK-LMS-1 HyCo spheroids. As
shown in Fig. 3B., only 10 genes are significantly upregulated (log: fold change > 0.5, p-value <
10e-6), and 3 genes significantly downregulated (log> fold change < -0.5, p-value < 10e-6) for
STS117 HyCo spheroids. Combined analysis of SK-LMS-1 and STS117 data identified shared
upregulated genes for future experimental purposes (Fig. S2). For each cell line, we then ranked
upregulated genes (log> fold change > 0.5) by their adjusted p-values. As shown in Fig. 3C, out of
the 313 and 21 genes that were significanlty upregulated (adjusted p-value < 0.05) in SK-LMS-1
and STS117 respectively, there were 9 genes upregulated in both cell lines: CAIX, EROIA,
SRD5A3, SLC2A1, IGFBP3, DDIT4, NDRG1, PAHA1 and NFIL3.
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To visualize gene expression across our samples, we generated heatmaps using the expression
levels of the top 100 differentially expressed genes, for SK-LMS-1 and STS117 respectively (Fig.
3D, E). For SK-LMS-1, Unsupervised clustering of the spheroids based on the top 100
differentially expressed genes showed a clear divide between normoxic and HyCo spheroids in
both cell lines, with 21 genes downregulated and 79 upregulated in the latter. Similarly, for
STS117, 19 genes are downregulated and 81 are upregulated in HyCo spheroids. Based on whole
human genome database (RampDB Genomics), gene ontology (GO) terms enriched in both SK-
LMS-1 and STS117 HyCo spheroids include pathways in response to hypoxia, response to oxygen
level and response to decrease oxygen levels. (Fig. 3F, H). Other GO terms enriched in SK-LMS-
1 are related to metabolism switch and vasculogenesis, of which the relationship with hypoxia has
been well-documented [35], [286]. For other pathways enriched in STS117 however, FDR are
consistently above significance threshold and pathways such as brain development and forebrain
development are, at first glance, unrelated to STSs response to hypoxia. Although the biological
relevance of this finding cannot be entirely ruled out, considering the genome as a whole could
lead to probability-based biases and misinterpretation of enriched pathways. Therefore, we
performed gene ontology analysis using the human sarcoma-specific database (TCGA-SARC) as
a reference to help us interpret our findings in the context of sarcomas. Based on TCGA-SARC
database, GO terms enriched in HyCo spheroids of both cell lines now only include pathways
linked to low oxygen levels and metabolic adaptation to hypoxia, in accordance with literature (Fig.

3G, D [19].

Finally, we applied the de novo 24-gene hypoxia signature from Yang et al. to our data, with
expression levels for SK-LMS-1 and STS117 spheroids illustrated in Fig. 3J and 3K [19]. Out of
the 24 genes, 15 and 18 are upregulated (log> fold change > 0.5) within HyCo spheroids for SK-
LMS-1 and STS117 respectively (Fig. 3J, K). This showcases that HyCo spheroids gene signature
matches that of Yang et al., which was selected based on its specificity to hypoxic STSs and its
correlation with shorter pastient distant metastasis-free survival [19]. Overall, these results confirm

the hypoxic nature of our HyCo spheroid model and its biological relevance in preclinical research.
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Figure 5-4 HyCo spheroids are resistant to both chemotherapy and radiotherapy compared to normoxic
spheroids.

(A), (B) Immunofluorescence images of SK-LMS-1 and STS117 HyCo and normoxic spheroids after overnight
exposure to SuM of cisplatin, stained for nuclei (DAPI in blue), apoptosis (CellEvent ready probe 3/7 in green) and
hypoxia (CAIX in red). (C), (D) Quantification of apoptosis signal (activated caspase 3/7) after overnight exposure
to SuM of cisplatin in SK-LMS-1 and STS117 HyCo and normoxic spheroids. Data are presented as mean = SD,
(*) : adjusted p-value < 0.05, N=3.4 independent experiments, n = 2 to 8 spheroids per repetitions, 2way ANOVA,
Sidak’s multiple comparisons test . (E), (F) Clonogenic survival curves of SK-LMS-1 and STS117 HyCo and
normoxic spheroids after on-chip external beam radiotherapy treatment. Data are presented as mean £ SD, (*):

adjusted p-value <0.05, (**): adjusted p-value <0.01, N=3 independent experiments, multiple unpaired t-test using
Holm-Sidak method.
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5.6.3 HyCo spheroids recapitulate clinically-observed hypoxia-induced

treatment resistance

To further confirm the hallmark phenotypical behavior and more precisely the resistance to both
chemo- and radiotherapy of our HyCo spheroids, we treated them with 5 uM of cisplatin or with 4
and 8 Gy external beam radiotherapy (EBRT). Cisplatin, a known alkylating chemotherapeutic
agent, induces DNA-damages ultimately leading to apoptosis. Therefore, we evaluated cytotoxicity
by quantifying accumulation of caspase 3 and 7 activation over 16 h. We selected cisplatin
specifically for its poor response rate in STSs (10 %) and the well-established links between
hypoxia and cisplatin resistance [17], [290]. Although EBRT also inflicts DNA-damages, we
evaluated treatment efficacy by quantifying clonogenic survival to capture the long-term

consequences of ionizing radiation on tumor cells.

For both cell lines, cisplatin-treated and non-treated HyCo spheroids display similar level of
activated caspase 3 and 7, meaning there is no significant effect of cisplatin (Fig. 4A — D). By
contrast, normoxic spheroids have 2.47 + 0.74 times higher activated caspase 3 and 7 than HyCo
(adjusted p-value < 0.05) for SK-LMS-1 (Fig. 4C), and 1.69 + 0.20 (adjusted p-value < 0.05) for
STS117 (Fig. 4D), showcasing that normoxic spheroids are more sensitive to cisplatin than HyCo
spheroids of the same cell line. In addition, when separating the response to cisplatin between
normoxic and hypoxic regions of HyCo spheroids, we observed that both regions exhibited lower
activated caspase 3 and 7 than corresponding regions in normoxic spheroids (Fig. S1). Although
not significant, this finding points towards paracrine signaling of cisplatin resistance from the

hypoxic to the normoxic regions of HyCo spheroids.

Similarly, the clonogenic assay confirms the resistant behavior of HyCo spheroids for both cell
lines after treatment with EBRT. SK-LMS-1 HyCo spheroids exhibit 1.26 + 0.07 times more
colonies than normoxic spheroids after exposure to 4Gy of EBRT (adjusted p-value < 0.01) (Fig.
4E). However, we observed no colonies when treated with 8 Gy of EBRT (Fig. 4E). STS117 HyCo
spheroids exhibit 1.64 + 0.07 times more colonies than normoxic spheroids after exposure to 4 Gy
(adjusted p-value < 0.01) and 13.67 + 8.04 times more colonies than normoxic spheroids after
exposure to 8 Gy (adjusted p-value < 0.05) (Fig. 4F). From this data, STS117 cells appear more
radioresistant than SK-LMS-1, as they are still able to form colonies after 8 Gy of EBRT even

under normoxic conditions.
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At 4 Gy however, normoxic STS117 spheroids are more sensitive than normoxic SK-LMS-1, while
HyCo STS117 and HyCo SK-LMS-1 exhibit similar clonogenic survival. As such, hypoxia-
induced radioresistance also appears more prominent for the STS117 cell line at 4 Gy. More
broadly, the clonogenic assay indicates a dose response of HyCo and normoxic spheroids to EBRT

regardless of cell line.

Overall, for both cell lines, HyCo spheroids are resistant to CT (cisplatin) and EBRT, therefore

exhibiting an overall more resistant phenotype compared to their smaller normoxic counterpart.
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Figure 5-5 HyCo spheroids are more invasive than small normoxic ones.
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(A) Schematic of experimental timeline. (B) Example of invasion image analysis pipeline. (C), (D) Brightfield
images of SK-LMS-1 normoxic and HyCo spheroids at day 0 and day 9. White arrows indicate invadopods, i.e. cell
protrusions into the Matrigel. (E) Normalized invasion indexes A and B for SK-LMS-1 normoxic and HyCo
spheroids over 10 days. (F) Invadopod density of SK-LMS-1 normoxic and HyCo spheroids at day 9. (G), (H)
Brightfield images of STS117 normoxic and HyCo spheroids at day 0 and day 9. White arrows indicate invadopods,
i.e. cell protrusions into the Matrigel. (I) Normalized invasion indexes A and B for STS117 normoxic and HyCo
spheroids over 10 days. (J) Invadopod density of SK-LMS-1 normoxic and HyCo spheroids at day 9. All invasion
indexes data are presented as mean £ SEM, (*) : adjusted p-value < 0.05, (**) : adjusted p-value < 0.01, (¥**) :
adjusted p-value < 0.001, (****) : adjusted p-value < 0.0001, N = 4 independent experiments, n = 5 normoxic
spheroids and n= 5 HyCo spheroids per experiments, 2way ANOVA, Sidék’s multiple comparisons test. Invadopod
density data are presented as a scatter plot with mean value, p-value <0.001, (****), N =4 independent experiments,
n = 5 normoxic spheroids and n= 5 HyCo spheroids per experiments, unpaired t-test.

5.6.4 HyCo spheroids recapitulate clinically-observed hypoxia-induced tumor

aggressiveness

Another critical characteristic of hypoxia in cancer is the promotion of an aggressive phenotype,
manifesting as increased invasiveness and metastatic progression. To investigate this, we
performed an invasion assay on HyCo and normoxic spheroids by following the invasion of
spheroids in a Matrigel matrix over 10 days (Fig. 5A). We then analyzed the invasion images using
the method described in Fig. 5B, adapted from G. J. Lim et al. [300]. Briefly, invasion index A
describes the invading outermost regions of the spheroid, while invasion index B includes the

loosely aggregating intermediate region (Fig. 5B)

For both cell lines, normalized invasion indexes A and B were significantly higher for HyCo
spheroids compared to normoxic ones (Fig. 5C, D, F). Normalized invasion index A is 1.8-times
higher for HyCo spheroids than for normoxic ones on day 7 for SK-LMS-1 (Fig. 5F) and day 6 for
STS117 (Fig. 51) (adjusted p-value < 0.05). On the other hand, normalized invasion index B is 1.7-
times higher on day 5 for SK-LMS-1 (Fig. 5F) (adjusted p-value < 0.05) and 1.5-times on day 3
for STS117 (Fig. 51) (adjusted p-value < 0.05) HyCo spheroids compared to normoxic ones.
Furthermore, both normalized indexes remain significantly higher for HyCo spheroids for the
remainder of the experiment. It is also worth noting that normalized invasion indexes of HyCo
spheroids of both cell lines continuously increase overtime while normalized invasion indexes of

normoxic spheroids plateaued starting day 4.
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In addition, invasion assays can provide information on the distribution of the various arms
protruding from the spheroids into the surrounding Matrigel, which we have termed “invadopods”.
As shown on Fig. 5C, D, I, and J, each spheroid is surrounded by dozens of such protrusions, the
amount of which can be normalized to the circumference of the invading area to derive an
invadopod density. Here, for both SK-LMS-1 and STS117, invadopod density on day 9 is on
average higher in HyCo spheroids by 57 % and 40 % respectively (p-value < 0.0001) (Fig. 5G, L).
In other words, the proportionally higher invasiveness of HyCo spheroids is also accompanied by

a proportionally higher amount of invadopods.

As a side note, across all repetitions, 6 SK-LMS-1 HyCo spheroids underwent a process we labeled
“sprouting”, whereby a secondary spheroid is partially or completely expulsed from the primary
one (Fig. S4). This process was only observed for HyCo spheroids of the SK-LMS-1 cell line and

was not investigated further.

Overall, our results demonstrate that HyCo spheroids exhibit a more invasive phenotype, in

accordance with clinical literature on tumor hypoxia.
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Figure 5-6 HyCo spheroids can provide preclinical information on drug efficacy.
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(A) Schematic of experimental timeline. (B) Brightfield images of SK-LMS-1 HyCo spheroids treated with control
buffer (left) and diethyl-pythiDC (right) at days 0, 3 and 9. (C),(D) Normalized invasion indexes A and B for SK-
LMS-1 control and treated HyCo spheroids over 10 days. (E) Invadopod density of SK-LMS-1 control and treated
HyCo spheroids at day 3 and day 5. (F) Brightfield images of STS117 HyCo spheroids treated with control buffer
(left) and diethyl-pythiDC (right) at day 0, 6 and 9. (G), (H) Normalized invasion indexes A and B for STS117
control and treated HyCo spheroids over 10 days. (I) Invadopod density of STS117 control and treated HyCo
spheroids at day 6. All invasion indexes data are presented as mean £ SEM, (*) : adjusted p-value < 0.05, (**) :
adjusted p-value <0.01, (***) : adjusted p-value <0.001. N = 4 independent experiments for SK-LMS-1 and N =3
for STS117. n = 4 HyCo spheroids per experiments (2 control and 2 treated). For SK-LMS-1, a mixed-effects
analysis with Sidak’s multiple comparisons test was used due to uneven group sizes (1 blurry spheroid in N3 control
group). For STS117, 2way ANOVA, Sidék’s multiple comparisons test analysis was used.

5.6.5 HyCo spheroids enable data-driven cancer-specific preclinical drug

testing

Finally, we sought to demonstrate applications of our HyCo spheroids to drug testing. Based on
genes upregulated in both SK-LMS-1 and STS117 (Fig. 3C), availability of such compounds and
documented evidence of preclinical efficacy, we selected PAHAI-specific inhibitor diethyl-
pythiDC as a drug candidate. Diethyl-pythiDC mode of action relies on directly decreasing tumor
ability to infiltrate local microenvironment, and as such has been shown to reduce tumor invasion
and metastasis [301]. Given the documented impact of this compound on proliferation and
invasion, and given the metastatic nature of STSs, we chose to quantify diethyl-pythiDC efficacy

by measuring spheroid invasiveness through invasion assays (Fig. 6A).

We observed no significant effect of diethyl-pythiDC on SK-LMS-1 HyCo spheroids. Still, both
indexes were lower compared to control, with the maximum difference between the 2 conditions
observed at day 5 and 3 for indexes A (16.3 %) and B (14.7 %) respectively (Fig 6B-D).
Furthermore, we report no differences in invadopod density for spheroids at either day 3 or day 5

(Fig. 6E).

On the other hand, diethyl-pythiDC appears effective for STS117 HyCo spheroids, with indexes A
and B being significantly lower for HyCo at days 5 to 8 and 5 to 7 respectively (Fig. 6F-H). This
difference is the highest at day 6, with indexes A and B being reduced by 25.4 % (61.8 + 4.1 to
46.1 £ 16.0, adjusted p-value < 0.001) and 18.9 % (70.9 + 3.1 to 57.5 + 12.8, adjusted p-value <
0.05) respectively. However, indexes of the control group appear to ultimately catch up to that of
the treated group, with no significant difference at day 9 for index A and at day 8 for index B.
Finally, there was no difference in invadopod density between treated and untreated spheroids at

day 6 (Fig. 6I).
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This indicates that the reduced invasiveness is not mediated by reduced number of invadopods but
rather by reduced ability of these invadopods to invade, consistent with diethyl-pythiDC

mechanism of action.

Overall, these results demonstrate that HyCo spheroids can be efficiently applied to preclinical
treatment testing, with their clinically-relevant hypoxia-specific gene signatures being used as

guidance for treatment selection.

5.7 Discussion

While tumor hypoxia represents a well-known feature associated with worsened patient survival,
there is still no user-friendly platform to study it in laboratory settings. As previously mentioned,
hypoxia research requires complex experimental setups such as hypoxic chambers or chemicals
(e.g., cobalt chloride), which can introduce biological biases including media acidification and
interaction with treatments, assays and outcomes. Conversely, although closer to clinical
mechanisms of hypoxia, mice tumor models are heterogeneous in their hypoxic content, both
spatially and temporally, thereby increasing the complexity and cost of studying them.
Quantification of hypoxia in vivo is either post-mortem using immunofluorescence (IF) or
immunohistochemistry (IHC) or require methods such as needle-type O> electrodes or complex
and costly imaging techniques (e.g, PET, fMRI), which are not universally available and demand
specialized personnel. Overall, animal models, though biologically relevant, are ill-suited to study
hypoxia for the first steps of preclinical studies. In 2022, the FDA Modernization Act 2.0
encouraged the use of “cell-based assays, microphysiological systems, or bioprinted or computer
models” as alternatives to animal testing for purposes of drug and biological product development
[173]. A proposal to mandate the FDA to update its regulations within 12 months, dubbed FDA
Modernization Act 3.0, has been introduced in the US Senate in January of this year [174]. Thus,
developing a simple powerful preclinical tool to study hypoxia can contribute to the
democratization of scientific research by lowering barriers to entry, encouraging interdisciplinary
collaboration, and enabling broader participation in scientific research and hypoxia-related

treatment development.
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Our microfluidic chips easily produce 240 size-controlled spheroids that naturally harbor both a
hypoxic core and a normoxic shell due to oxygen-diffusion limitations, defined as HyCo spheroids.
As shown in our previous publication and in Fig.2B and 2C HyCo spheroids reliably feature a
hypoxic core comprising 35 - 45% of their total volume [33]. In this study, we further characterize
> 900 um spheroids and demonstrated that they upregulate key hypoxia-response genes such as
CAIX, SCL2A1, or VEGFA [37]. As previously stated, HIF1A gene was not upregulated at the
gene level despite demonstrable downstream effects of HIFla protein stabilization, including
CAIX expression. Given that most of the volume of HyCo spheroids is in normoxic conditions, it
is possible that the signal from hypoxic cells is simply masked by that of normoxic ones [33].
Furthermore, although post-translational regulation of HIF 1o activity under hypoxic conditions is
well-known, oxygen-independent regulatory mechanisms of HIF1A transcription and translation

have also been identified and observed firsthand in our previous publication [33], [299], [302].

Although HyCo spheroids are not entirely hypoxic, their gene expressions recapitulate those
observed in clinical STSs hypoxic samples. Transcriptomic profiling showed a clear difference in
gene expression between HyCo and normoxic spheroids, which was more evident for SK-LMS-1
than STS117. Indeed, SK-LMS-1 HyCo spheroids have 10-times more significantly upregulated
genes than STS117 despite having the same controlled hypoxia content. These differences may
stem from STS subtype-specific adaptation to hypoxia or inherent differences between
commercially-available and patient-derived cell lines, both of which have been documented [303],
[304], [305]. Genes significantly upregulated in both SK-LMS-1 and STS117 included SLC2A1,
SRD5A3, IGFBP3, NDRGI1, CAIX and ERO1A, all of which are known to be involved in tumor
response to hypoxia at various levels and have been shown to correlate with poorer clinical

outcomes [1], [19], [42].

Our transcriptomic data and GO analyses support the biological relevance and alignment with
known clinically-identified hypoxia-related cancer gene expression profiles, and more specifically
with STSs-derived profiles [19], [306]. This solidifies HyCo spheroids as an excellent clinically-
relevant in vitro model of STSs hypoxia. Given the heterogeneity of STSs and clinical outcomes,
better risk stratification strategies are warranted. Currently, despite the identifications of several
prognostic gene signatures, their clinical utility are limited by the lack of efficacious systemic or

hypoxia-targeted treatments that could alter patient outcomes [19], [306].



104

As HyCo spheroids can be generated from both commercially available and patient-derived cell
lines, our chip-based strategy offers a versatile platform for identifying cancer-specific hypoxia

biomarker and testing treatment response.

To further validate the functional relevance of our HyCo spheroids, we treated the spheroid on-
chip with both CT and EBRT to demonstrate hypoxia related chemo- and radioresistance. We
selected cisplatin as it is a widely-used alkylating chemotherapeutic agent, with a 10% clinical
response rate in STSs compared to the 20% response rate of doxorubicin, the first-line treatment
for STSs [17]. Like RT, cisplatin cytotoxicity relies on DNA-damage induction which is an
oxygen-dependent process, lessened under hypoxic conditions. In addition, evidence of a variety
of hypoxia-related mechanisms of cisplatin resistance (e.g., increased drug efflux, cisplatin
detoxification, etc.) have been reported [307]. HyCo spheroids recapitulate this phenomenon,
exhibiting less apoptosis than their normoxic counter parts when treated with cisplatin. Our results
indicate that both normoxic and hypoxic regions of HyCo spheroids display resistance to cisplatin,
although the difference between each region and normoxic spheroids is not statistically significant
(Fig. S3). This suggests not only a hypoxia-driven chemoresistance in hypoxic cells but also a
hypoxia-driven paracrine mechanism of resistance in normoxic cells, both of which have been
documented [285], [307]. Of note SK-LMS-1 were overall more sensitive to cisplatin than
STS117. Increased sensitivity to cisplatin can be attributed to a variety of pathways, including the
significant downregulation of MYC in SK-LMS-1 HyCo spheroids [308]. Additionally, it has been
reported that commercial cell lines do not adequately reproduce drug sensitivity in cancer patients,

highlighting the value of including patient-derived models in non-clinical drug testing [303], [305].

Hypoxia-induced resistance to RT has been widely documented, both in vitro and clinically, and is
based on reduced oxygen-dependent fixation of DNA damage [1]. The clonogenic assay is the
gold-standard for RT efficacy, based on the ability of individual cells to successfully undergo
multiple rounds of mitosis after irradiation [309]. Here, HyCo spheroids recapitulate the expected
radioresistance conferred by hypoxia, as HyCo spheroids have consistently higher clonogenic
survival compared to normoxic spheroids. In addition, differential response between SK-LMS-1
and STS117 in both normoxic and HyCo conditions points toward treatment resistance being a

function of both oxygen status of the cell as well as sarcoma subtype-dependent factors.
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As both normoxic and hypoxic cells co-exist within our samples in a controlled manner, performing
the clonogenic assay on the whole spheroid can be seen as analogous to evaluating the response of
a whole tumor. Once again however, with more than half of the volume of HyCo spheroids in
normoxia, the contribution of hypoxic cells to clonogenic survival is significantly diluted.
Importantly, unlike hypoxia chambers, our system allows straightforward on-chip irradiation due
to its water equivalence and radiocompatibility, enhancing its utility for translational radiotherapy
research [33], [54], [55], [197]. This further illustrates the usefulness of chip-based approaches for

in vitro CT and RT testing, especially in the context of translational cancer research.

The invasion assays provided further support for the aggressive hypoxia phenotypes exhibited by
HyCo spheroids with significantly increased and continuously increasing normalized invasion
indexes compared to normoxic smaller spheroids. Of interest, sprouting event was only observed
in HyCo SK-LMS-1 spheroids and warrant future investigation. Contrary to other assays discussed
in this manuscript, invasion assays offer a non-destructive way of evaluating whole spheroids,
retaining the three-dimensional architecture and the complex interplay between normoxic and
hypoxic cells. Yet, the recency of this methodology makes it prone to potential biases in analysis,

and metrics should be carefully selected to mitigate them.

In turn, HyCo spheroids are as such uniquely adapted to perform invasion assays, especially in the
context of pre-clinical drug development. To demonstrate this, we applied HyCo spheroids and
invasion assays to testing the efficacy of PAHA 1-inhibitor diethyl-pythiDC. By inhibiting collagen
biosynthesis in tumor cells, diethyl-pythiDC directly limits their ability to remodel neighbouring
microenvironment and thus to invade [301]. As such, it has been proven to reduce tumor
invasiveness preclinically, but has yet to reach clinical testing [301], [310]. Here, we confirmed
the efficacy of diethyl-pythiDC on reducing invasiveness of STS117 HyCo spheroids, but could
not do so for SK-LMS-1. Although advantageous, invasion assay must currently be performed off-
chip due to Matrigel viscosity and limited on-chip well area. A chip-compatible invasion assay
would require less viscous alternative matrix products or extensive chip design modification.
Despite that, HyCo spheroids prove to be an adequate model for drug testing that could potentially

improve the accuracy and success rate of bringing drugs from in vitro to in vivo to human trials.
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Overall, we have demonstrated that our HyCo spheroids generated on-chip recapitulate clinical
hallmarks of tumor hypoxia: gene signature of hypoxic STSs, hypoxia-induced treatment resistance
and aggressive metastatic phenotype. Although described here for STSs, our device and
methodology are inherently cancer agnostic and can be used with any spheroid-forming cell line
of interest. Our ability to produce 15 HyCo spheroids per channel in only a few days, with high
reproducibility, demonstrates that this technology can be efficiently used in a research setting. In
addition, our microfluidic device is specifically designed to be as user-friendly and versatile as
possible, broadening the scope of its possible uses and increasing its chances of adoption by the
research community [311], [312], [313], [314]. At the fundamental level, our methodology can be
applied to the investigation of response to hypoxia in cancer subtype-specific models, easily
generating hypoxic gene expression data. As shown here, this data can in turn be used to find
druggable targets, for which compounds can easily be tested on the very same clinically-relevant
models using a variety of bioassays. By being complex enough yet easily-produced, HyCo
spheroids demonstrate themselves to be a suitable in vifro model for researchers to investigate
whether their findings can be converted into actionable targets, as well as model the downstream
effects on phenotype before moving to in vivo studies. In addition, the radiocompatibility and
broader user-friendliness of our microfluidic platform allows for easy investigation of treatment
combinations, further increasing the potential of our technology and of our HyCo spheroids to

bridge the gap between bench and benchmark in drug development.
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5.8 Materials and Methods

5.8.1 Experimental design

The objectives of the study were as follows: on-chip generation of normoxic and HyCo spheroids
from two human STSs cell lines, validation of hypoxia-specific gene expression in HyCo
spheroids, validation of hypoxia-induced radioresistance and chemoresistance in HyCo spheroids,
validation of increased invasiveness of HyCo spheroids, application of HyCo spheroids to drug
testing based on RNAseq data. The following sub-sections describe the various methodologies

associated to each of these objectives.

5.8.2 Microfluidic chip

Negative molds of the top and bottom layers of the microfluidic chip were machined PMMA by
computer numerical control Modela MDX-40A 3D milling machine (Roland, USA) using the chip
design from our previously published paper. A mix of polydimethylsiloxane (PDMS) Dow
SYLGARD 184 Silicon Elastomer Clear with a 1:10 ratio of Dow SYLGARD 184 curing agent
(Ellsworth Adhesive, Canada) was used to cast the top and bottom layers of the chips. After a 15
min desiccation step, PDMS-filled molds were cured at 80 °C for 30 min in a Precision Compact
oven (Thermo Fisher Scientific, Canada). The top and bottom layers of the chip were unmolded
using tweezers, with inlets and outlets punctured using a 3 mm biopsy punch. Devices were then
assembled manually after a 30 s exposure of each layer to atmospheric plasma using Enercon

plasma gun (Enercon Industries Corporation, USA).

5.8.3 Cell culture

SK-LMS-1 human leiomyosarcoma cell line was purchased from American Type Culture
Collection (HTB-88, ATCC, USA). STS117 cell line was kindly provided by Dr. R. Gladdy
(Mount Sinai Hospital, Canada). STS117 is a human STS primary cell line harboring a loss of
function mutation of TP53, derived from patients’ primary extremity STS diagnosed as an
undifferentiated pleomorphic sarcoma. SK-LMS-1 were cultured in Eagle’s minimum essential
medium (EMEM, 320-005-CL, Wisent, Canada), supplemented with 10% fetal bovine serum
(FBS, 12483-020, lot: 2567894RP, Gibco, ThermoFisher, Canada) and 1% penicillin-streptomycin
mix (450-201-EL, Wisent, Canada).
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STS117 were cultured in Dulbecco’s modified Eagle medium/nutrient mixture F12 (DMEM/F12,
319-075-CL, Wisent, Canada), supplemented with 10% FBS and 1% penicillin—streptomycin
solution. Both cell lines were maintained by subculturing at 80% of confluency for a maximum of
30 passages. Briefly, after the culture medium was aspirated, cells were washed with D-PBS and
subsequently trypsinized with 0.25% trypsin EDTA (325-043-EL, Wisent Inc., Canada) for 3—5
min at 37 °C. Once detached, the enzymatic reaction was stopped by adding appropriately

supplemented culture medium, and cells were passaged 1:4 in a new cell culture flask.

5.8.4 Microfluidic Chip Preparation

Plastic inlets and outlets were connected to the microfluidic chips and assembled chips were placed
in an empty pipet tips box for autoclave sterilization. Channels were first filled with 4 °C cold
isopropanol to remove air bubbles. Beyond this step, the channels must remain filled with fluids to
prevent air bubble formation. Then, the channels are washed three times with 200 pL 4 °C cold D-
PBS (311-425-CL, Wisent, Canada), and three times with 4 °C cold PEG-PPG-PEG, Pluronic®
F-108 solution (Sigma-Aldrich Canada Co, Canada). To prevent cell adhesion, Pluronic-filled
devices were left to incubate overnight in 37 °C, 5% CO: incubator. Prior to cell seeding, the
channels are rinsed three times with 200 L. 37°C D-PBS and another three times with 200 pL of

37°C appropriately culture media.

5.8.5 Spheroid Formation

To prepare cells for cell seeding, culture medium was aspirated, cells were washed with 5 mL of
D-PBS and were trypsinized with 3 mL of 0.25 % trypsin 2.21 mM EDTA (325-043-EL, Wisent,
Canada) and incubated for 3—5 min at 37 °C. Once detached, the enzymatic reaction was stopped
by adding 7 mL of appropriately supplemented culture medium. The cell suspension was then
collected in 50 mL Falcon tubes (Sarstedt Inc., Canada) and centrifuged for 5 min at 1500 rpm.
The cell pellet is then resuspended in an appropriate volume to reach the final concentrations
described in table 1. In prepared microfluidic devices, 200 uL of culture medium was aspirated
from the outlet and 200 pL of cell suspension was added to the inlet. This step was performed three
times and another three times starting from the outlet to the inlet, to ensure homogeneous
distribution of the cell suspension. Culture medium is then changed every 24 hours until spheroids

are formed.



109

Table 5-1 Cell suspension concentration for on-chip generation of HyCo and normoxic spheroids.

Spheroid type Concentration (cells/mL)
Hypoxic-Core (HyCo) spheroids 4 x 10°
Normoxic spheroids 2.5 x 10°

5.8.6 RNA extraction

Three days after seeding, 15 spheroids (1 channel) were washed on-chip by pipetting three times
200 pL of 37°C D-PBS (ref, Wisent, Canada), then, washed three times with 200 pL of RNAlater
stabilization solution (AM7020, Invitrogen, ThermoFisher Scientific, Canada) directly on-chip.
RNAlater stabilization solution was used to stabilize and protect cellular RNA of spheroids to avoid
RNA degradation and to allow long-term storage of samples. Spheroids were retrieved from the
chip in 800 puL of RNAlater, transferred in a 1.5 mL DNA LoBind Eppendorf tube (022431021,
Eppendorf), 200 pL of PBS were added and tubes were kept overnight at 4°C. 600 pL of RNAlater-
PBS buffer was removed, 400 pL of ice-cold PBS was added and sample were centrifuged at 4000
min!.g for 3 min. The remaining 400 uL were removed, 600 uL of RLT buffer (Qiagen RNeasy®
Plus Mini Kit, Cat. 74134, Qiagen, Canada) were added and tube was vortexed for 10 s. After,
tubes were sonicated (x1-2000 Misonix, Canada) 3 times at level 6 for 1 s with 30 s rest on ice
between each pulse. Lysates were centrifuge at 13000 min™'.g for 3 min. Supernatants were then
transferred in gDNA eliminator spin columns placed in a 2 mL collection tubes. Next, samples
were processed following Qiagen Purification of Total RNA from Animal Tissues protocol using
Qiagen RNeasy® Plus Mini Kit. Of note, no B-mercaptoethanol was added to RLT buffer as
RNAlater was already used to prevent RNA degradation. Finally, RNA concentration was
measured using nano drop spectrophotometers (DS-11 FX, DeNovix, USA).
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5.8.7 RTPCR and qPCR

Reverse transcriptase (RT) PCR was performed using SuperScript IV VILO Master Mix with
ezDNase enzyme kit (11766050, Invitrogen, Thermofisher, Canada) according to the manufacturer
protocol. Mixture was gently homogenized, incubated at 37 °C for 2 min, briefly centrifuged and
placed on ice. 4 puL of SuperScript IV VILO Master Mix and 6 pL of DNase-free water were added
and gently mixed with the solution. Following steps were performed according to the manufacturer
protocol. The resulting cDNAs were diluted 5-times in nuclease-free water and stored at -80°C
until qPCR. PowerTrack SYBR green master mix kit (A46109, Applied Biosystems,
ThermoFisher, Canada) was used for qPCR and samples were processed following the provided
protocol. Samples were then placed in qPCR machine (Applied Biosystems™ StepOnePlus™
Real-Time PCR System). Expression of human GAPDH and Actin mRNA were used as
endogenous control in the comparative cycle threshold method (2-086Ct) with the listed primers

(PrimerBank, USA) [315], [316], [317].

Table 5-2 Primer sequences used for qPCR

GENE FORWARD PRIMER REVERSE PRIMER

ACTIN CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
CAIX GGATCTACCTACTGTTGAGGCT CATAGCGCCAATGACTCTGGT
CD47 AGAAGGTGAAACGATCATCGAGC CTCATCCATACCACCGGATCT
CD73 CCAGTACCAGGGCACTATCTG TGGCTCGATCAGTCCTTCCA
CXCL12 ATTCTCAACACTCCAAACTGTGC ACTTTAGCTTCGGGTCAATGC
HIF1A GAACGTCGAAAAGAAAAGTCTCG CCTTATCAAGATGCGAACTCACA
LOX GCCGACCAAGATATTCCTGGG GCAGGTCATAGTGGCTAAACTC
PGK1 TGGACGTTAAAGGGAAGCGG GCTCATAAGGACTACCGACTTGG
SLC2A1 GGCCAAGAGTGTGCTAAAGAA ACAGCGTTGATGCCAGACAG
VEGFA AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
VIM AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC
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5.8.8 Bulk RNA Sequencing

Upon RNA extraction, samples were sent for sequencing at McGill Genome Center, Victor Phillip

Dahdaleh Institute of Genomic Medicine at McGill. The following protocols were followed:

Table 5-3 Bulk RNA sequencing protocol

QC, RNA, TapeStation

Library preparation RNAseq, NEBNextU]Itra II Directional RNA

Sequencing, [llumina NovaSeq6000 Sprime v1.5, PE100 (depth of ~400M reads per samples)
QC, Library for Illumina sequencing

All samples had RNA integrity (RIN) measured with RNA TapeStation. All samples had RIN

values between 6.9 and 9.4.

5.8.9 RNA Sequencing Analysis

Unmapped paired-end sequences from an Illumina NovaSeq6000 sequencer were tested by FastQC
v0.11.5 using a variety of metrics. Sequence adapters were removed and reads trimmed using
Trimmomatic v0.39. The reads were mapped against the reference human genome (version hg38)
using Burrows-Wheeler Aligner v0.7.17. Counts per gene were calculated with featureCounts
v2.0.8 using annotation from Ensembl. Normalization and differential expression were calculated
with DESeq2 (v1.46.0). Genes up- and down-regulated were identified with DESeq2 (p-value <
10e-6 and > 2 fold change on pre-log, transformed expression). Gene ontology terms enriched with
protein-coding genes consistently induced by hypoxia in multiple cell lines were identified using

WebGestalt 2024 (Benjamini corrected FDR < 0.05) [318].

5.8.10 Radiotherapy treatment

Conventional EBRT was used for on-chip irradiation of HyCo and normoxic spheroids. Briefly,
culture medium was replaced before whole-chip single dose irradiation using a Gammacell 3000
irradiator (Best Theratronics, Canada) at 4 or 8 Gy. Clonogenic assay was then performed

immediately after irradiation following the previously described protocol.
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5.8.11 Drug treatment

5.8.11.1 Cisplatin

Cisplatin (1 mg/mL, DIN02355183, Accord Healthcare Inc., Canada) was obtained from the
University of Montreal Hospital Center (CHUM) pharmacy and directly diluted in appropriate
media at a final concentration of 5 uM (control: D-PBS). Treatment with cisplatin was performed
3 days after seeding by pipetting 3 x 200 pL in each channel. Then devices were incubated for 16
h at 37°C 5% CO; incubator.

5.8.11.2 Treatment for invasion assays

Table 5-4 Drug, buffer, concentration and control buffer concentration

Drug Buffer Concentration  Buffer Concentration (control)
Diethyl-pythiDC DMSO 50 uM 1:2000

Diethyl-pythiDC was obtained from MedChemExpress (HY-103068, USA) and resuspended in
DMSO (MedChemExpress, USA) (Table 2). Treatment with diethyl-pythiDC was performed off-
chip. Spheroids were retrieved and plated as previously described in the Invasion Assay section.
Then, 90 pL of treatment-media solution was added on top of each spheroid and the plate was
incubated overnight at 37°C 5% CO: incubator. The next day, Invasion Assay protocol was

performed, and plate was put inside the Incucyte S3 for image acquisition.
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5.8.12 Immnunofluorescence Assay

For cisplatin treatment experiments, CellEvent Caspase-3/7 Green Ready Probe reagent was added
to the culture medium of treated and untreated spheroids. 16 h after treatment, spheroids were
washed three times with PBS directly in the device and fixed with Formalin 10% (Fisher Scientific
Company, Toronto, ON, Canada) and 0.03 g/mL of sucrose (Invitrogen, USA) for 45 min. Then,
spheroids were washed five times with PBS (Wisent Inc., Saint Jean-Baptiste, QC, Canada) and
the top layer of the chip was peeled off. 15 spheroids per condition were retrieved using a cut-up
1000 pL pipet tip and pipetted directly into a histopathological cassette filled with optical cutting
temperature (OCT) compound (Leica, Buffalo Grove, IL, USA). Included samples were left to
sediment overnight, subsequently frozen on dry ice and stored at —80 °C. Frozen samples were
sectioned using a Leica Cryostat (Leica, USA) with a 8 um thickness and mounted onto glass
slides. Sections were incubated for 1 h at room temperature with blocking buffer (PBS 1x, 3% IgG-
free, Protease-free BSA, 0.5% Triton 100 10x). Sections were then incubated in a solution of
blocking buffer with rabbit anti-CAIX (1:1000) (PA1-16592, ThermoFisher Scientific, USA)
overnight at 4 °C. After washing three times with PBS, sections were then incubated in secondary
antibody buffer (PBS 1%, 3% BSA) with AlexaFluor-647 antibody (1:750) (A31573, Invitrogen,
USA) for 1 h at room temperature. Then, sections were stained with DAPI (1:5000 from 5 mg/mL
stock solution) (D3571, Invitrogen, USA) to localize cell nuclei. Finally, sections were mounted
using ProLong™ Gold Antifade Mountant (P36934, Invitrogen, ThermoFisher Scientific, USA).
Fluorescence images were obtained on a Zeiss fluorescence microscope with ZEN microscopy

software (Carl Zeiss AG, Germany).

5.8.13 Clonogenic Assay

For each condition, after channels were washed with warm D-PBS, 5 HyCo spheroids and 21
normoxic spheroids were pipetted in a 15 mL Falcon tube. The spheroids were then centrifuged for
2 min at 1500 rpm, and D-PBS was aspirated. 300 pL of trypsin were added and left to incubate
for 8 and 5 min respectively. Afterwards, a total of twenty ups and downs were performed with the
pipette to ensure complete dissociation, and 700 puL of warm culture medium were added to block
enzymatic reaction. 10 puL of cell suspension is then mixed to 10 uL of trypan blue in a 96-well
plate, and 10 pL of this solution is pipetted in a cell counting slide to perform cell counting using

a TC 20™ Automated cell counter (BioRad, Canada).
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The cells are then centrifuged for 5 min at 1500 rpm, and the pellet is resuspended in appropriate
volume to obtain a 1 x 103 cells per mL solution. Then, the appropriate number of cells were seeded
in triplicate in 6-well plates (3516, Corning Inc, Canada), of appropriate culture medium. Plates
were kept in a 37°C 5% CO; incubator with medium being changed every 3 days. After 10 days,
wells were rinsed with 1 mL of D-PBS, and 2 mL 70% methanol solution containing 0.5% crystal
violet (Sigma-Aldrich, Canada) was added to fix the colonies. After rinsing them with water, plates
were imaged with Chemidoc (Bio-Rad, Canada). Colonies were manually counted using Imagel
software and normalized to the number of cells seeded to calculate clonogenic survival, which was

in turn normalized to the control condition [319].

5.8.14 Invasion Assay

Each microfluidic chip was placed in a petri dish to prevent spillage. The top layer was carefully
peeled off using a pair of sterile tweezers, leaving the well layer containing the spheroids exposed.
Then, 400 pL of appropriate culture media were added on top, and spheroids were harvested using
a cut-up 1000 pL pipet tip to avoid damaging them. Spheroids are then individually pipetted in 90
uL of appropriate culture media into an ultra-low-attachment round bottom 96 well-plate (7007,
Corning, USA). Media is then removed and 90 pL of media-drug mixture is added and spheroids
are incubated at 37 °C 5% CO: for 24h. The next day, the plate was cooled over ice using a cooling
plate in a cool box until it reached approximately 4°C, at which point 90 uL of phenol-red free
Matrigel (356237, Corning, USA) were added. The plate was then centrifuged at 300 rpm for 1
min at 4°C. Then, the plate was incubated for 30 min in a 37 °C 5% CO: until the Matrigel
polymerized. Finally, 50 pL of media alone or media-drug mixture were added, and the plate was
placed in Incucyte S3 (Sartorius AG, Germany) for image acquisition over 10 days. Brightfield
images were analyzed using custom ImageJ software analysis pipeline, by intensity thresholding
to delimit three regions of interest (ROI) : edge, intermediate and core (Fig. 4.B) [319]. Invasion
indexes A and B were calculated using the following formulas. When comparing small normoxic
and HyCo spheroids, invasion indexes A and B were normalized to their values at day 0 to account
for size-induced biases. For each spheroid, invadopods were manually counted on the day where
the difference in invasion indexes between conditions was the highest. Invadopod count is then
normalized to the circumference of the edge ROI, estimated from the total invasion area, on the

same day.
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5.8.15 Statistical analysis

Statistical analysis was conducted using GraphPad Prism (Version 9.0.1, GraphPad, USA). For
spheroid size distribution, diameters were analyzed for significance using an unpaired t-test. For
RNAseq, gene expressions were analyzed for significance using DESeq2 built-in statistical
analysis. For gene ontology analysis, False Discovery Rate (FDR) correction is applied using
Benjamini-Hochberg (BH) method. For clonogenic assay, clonogenic survival of spheroids were
analyzed for significance using Holm-Sid4k's multiple unpaired t-test. For IF, caspase 3/7 signal
was analyzed for significance using a two-way ANOVA with Sidak's multiple comparisons test.
For invasion assays, invasion indexes and invadopod densities were compared using a two-way
ANOVA with Sidak's multiple comparisons test and unpaired t-test, respectively. For invasion
assay of treated spheroids, a mixed-effects analysis with Sidak’s multiple comparisons test was

used due to uneven group sizes for SK-LMS-1.
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5.10 Supplementary Materials

Theoretical Oxygen Concentration of Soft-tissue Sarcomas Spheroids
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Figure 5-7 In silico model of the oxygen concentration in an on-chip soft-tissue sarcoma spheroid, depending
on its diameter.

HyCo spheroid diameter was set at 950 um, and based on previous results normoxic spheroid
diameter was set at 421.5 um. Hypoxic threshold is set at 10 mmHg, i.e. the threshold for CAIX

expression.
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Figure 5-8 Volcano Plot of combined SK-LMS-1 and STS117 HyCo spheroids compared to normoxic

spheroids. All data comes from N = 3 to 4 independent experiments.
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Apoptosis in HyCo vs Normoxic
Spheroids Treated with Cisplatin
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Figure 5-9 Quantification of apoptosis signal (activated caspase 3/7) after overnight exposure to SpM of
cisplatin in SK-LMS-1 and STS117 HyCo and normoxic spheroids.

Data are presented as mean + SD, (ns) : non-significant, N=3 independent experiments, n = 2 to 8
spheroids, 2way ANOVA, Sidak’s multiple comparisons test.
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Figure 5-10 Sprouting Event in SK-LMS-1 HyCo Spheroids

(A) Brightfield image of sprouting spheroid. (B) Quantification of sprouting event in SK-LMS-1
normoxic and HyCo spheroids over 10 days.
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CHAPTER 6 DISCUSSION

This project started as my M.Sc. A. project with a simple question: how big can a spheroid be while
remaining alive without any vasculature or perfusion? To this simple question asked by Prof.
Thomas Gervais, my co-director Dr. Philip Wong added: “It would very interesting if the spheroid
would be big enough to exhibit hypoxia”. From that initial exchange with my supervisors, what

would ultimately become my Ph.D project was born: hypoxic spheroids on-chip.

As I have presented in the literature review, the more I delved into the field of cancer research and
hypoxia the more I realized how and why hypoxia was often left aside. Hypoxia was often being
referred to in the discussion sections to explain potential observed effects or as future work, rather
than being the object of a research hypothesis within the papers themselves. I observed this
firsthand at the Montreal Cancer Institute, where no one was including hypoxia to their research
hypothesis at the time of the beginning of my project despite its relevance for many of their research

fields and hypotheses.

However, this is no fault of their own and it is easily understandable given the complex setups
needed and the many constraints of working with hypoxia. Therefore, I wanted to facilitate the
integration of hypoxia to cancer research hypotheses by engineering a better in vitro preclinical
tool, using the advantages of microfluidics. To address this unmet need, this tool must be compact,
simple, user-friendly and compatible with the generation, treatment and bioanalysis of clinically-

relevant hypoxic 3D tumor models.
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6.1 The Quest for the Biggest Spheroid on-Chip

My first objective was to generate the largest spheroid on-chip possible, and to assess if it was
hypoxic. Based on previously-published microfluidic chips from our group, I designed multiple
iterations of small microfluidic chips, progressively increasing the diameter of the spheroids I was
able to produce. I designed, 3D-printed and manufactured multiple versions of the chip based on
the design of Patra et al. (2019). Patra’s chip has a straightforward design consisting of 2 layers:
the “channel layer” containing the culture channel(s) and the “well layer” containing the spheroid
culture wells. The channel layer consists of two 70 x 4 mm rectangular channels, with a total
volume of ~ 200 pL each. Below each channel, the wells are arranged as 5 groups of 3 x 8 grids of
0.5 x 0.5 x 0.5 mm? square wells. Using this chip, our team was able to produce spheroids of ~ 250
um of diameter. My initial approach was to simply incrementally scale-up the size of the wells
until it reached 1 x 1 x 1 mm? as shown in figure 5-1. Each increment was accompanied by an

optimization of cell seeding density to yield, every time, a larger spheroid than the last iteration.

B CAIX
e

ae

Figure 6-1 CAD of well and channel layers molds of Patra's adapted chip (1 mm?® well). STS117 spheroids 2
days post seeding. CAIX immunostaining

Using what would be the last iteration of this chip, and after optimizing cell seeding density, I
generated the largest spheroids produced in our lab: 800 pm of diameter STS117 spheroids (figure
5-1). I decided to leave the race of the largest spheroid once I reached the 800 um cap. As a 400
pum spheroid should have a few cells under hypoxia, a spheroid twice the size should harbor a
substantial hypoxic core. Thus, I performed an immunostaining to assess the presence of hypoxia
by staining for CAIX using the paraffin embedding method developed by Simeone et al. (2019) in
collaboration with our lab (figure 5-1). After confirming that I was able to produce large spheroids

with a positive signal of CAIX, I wanted to improve the chip design.
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Indeed, the designs of chips used in our lab are at times inefficient, with a relatively high footprint
compared to their size and their throughput with only 2 distinct conditions (i.e., 2 channels), and
are not compatible with multipipettes. This high footprint extends to their molds, with only 2
devices (4 channels) being fabricated each time, requiring 2 separate steps of plasma bonding. As
each fabrication requires roughly an hour, the chip fabrication rate is of a mere 4 channels per hour.
As everyone knows, working in biology is already time consuming without much room for
optimization, and finding ways to save time when doable can go a long way. Therefore, I wanted
to optimize my chip to produce a maximum number of channels in the minimum amount of time.
Initially, chips were manufactured at Polytechnique, and all the biology was achieved at the
CRCHUM, a 45 min trip between the 2 institutions, also explaining why I wanted to increase chips
production rate. Since then, a chip fabrication station has been made available at the newly

launched Microfluidics Core Facility at the CRCHUM.

Taking inspiration from the honeycomb structure of bee hives and their high compacity, I changed
the design of the well to hexagons. Compared to squares, this also increases the well volume per
spheroid, and helps with their sphericity. It increases the compactness of the device. Well area over
total area is maximized in hexagonal arrays compared to face centered square arrays. Finally, it
also preserves a three-fold symmetry around each well which can be exploited in certain
applications, such as brachytherapy, where the distance between wells is important. This
modification allows to produce a chip no larger than a glass slide, containing 3 channels with only
8 wells in each, enabling the production of 24 large spheroids (figure 5-2, left schematic). Again, I
confirmed that I could generate 800 um spheroids harboring a hypoxic core. However, this chip

was just a test design before the production of an even larger chip.
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Figure 6-2 Schematic of the antepenultimate and ultimate versions of my chip

Upon confirmation of the channels and well designs, spheroid generation and CAIX content, I
developed the final and last version of my chip: 16 channels, 15 well each for a total of 240, no
larger than a 96 well plate and compatible with an 8-channel multipipettes (figure 5-2, right
schematic). My thought process was to engineer a chip design that could ultimately be compatible
with the pipetting robots used by pharmaceutical companies. With this new design, I was able to
produce 16 channels per hour, a 4-times higher yield than what was previously implemented. This
chip is assembled using only one plasma bonding step, and can then be cut into smaller chips with
an unspecified number of channels depending on experimental requirements. This design is more
efficient, easier to manufacture and more versatile, making it more user-friendly altogether. On a
side note, the initial design by Patra et al. was ultimately modified within our lab to slightly increase
the spheroid size closer to that of MDTs, but still yielded spheroids smaller than the threshold for
hypoxia. As such, I used this modified design to generate all of my negative (and positive) controls

for both of my publications.

This work completed the first objective of my thesis: I produced, at that time, the largest spheroid
on-chip. Since then, 3 publications have reported larger on-chip spheroids: one from our group
(Chermat et al., 2024 [55]), one from Pires’ group (Pyne et al., 2024 [207]) and another one from

myself. As such, my next objective was to characterize the large spheroids produced on my chip.
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6.2 The Trials of Hypoxia Validation

The characterization of my hypoxic-core spheroids, initially referred to as “jumbo spheroids” in
my 15 publication, was essential to convince biologists that the hypoxia they contained was similar

to in vivo hypoxia.

The step 0 was to compare my data with both a negative and a positive control. T used small
spheroids (diameter <450 um) as a negative control as they should not exhibit any hypoxia, which
was confirmed by an immunostaining of CAIX. However, the challenge was to find a suitable
positive control. The easiest way was to artificially induce hypoxia in HyCo spheroids 24 h post
seeding, not dense enough to express hypoxia yet. To do so, I placed the chip inside an Acrylonitrile
“engineered pouch” (i.e., a nitrile glove), removed the air using the biohood vacuum and incubated
this setup for 2 h and 6 h and stained for CAIX signal. I also needed a control for these hypoxia-
induced spheroids to compare if expression of CAIX in the cell lines I used was truly positive.

Pancreatic metastasis of ccRCC Pancreatic metastasis of ccRCC Engineered acrylonitrile pouch
Negative control of CAIX Positive control of CAIX
CAIX CAIX

¥ &7 S i -

Chip inside
theglove

HyCo spheroid day 1 post seeding
Incubated 2 h in acrylonitrile pouch
CAIX

HyCo spheroid day 1 post seeding HyCo spheroid day 1 post seeding
Incubated 6 h in acrylonitrile pouch Incubated 6 h in acrylonitrile pouch
CAIX

Figure 6-3 Control of hypoxia. CAIX stainings and hypoxia induction setup

For this, I compared my positive controls to 2 pancreatic metastases from clear cell renal cell
carcinoma (ccRCC) tumor biopsy slides kindly provided by Mame-Kany Diop from Dominique
Trudel’s research group, one positive and one negative for hypoxia. Staining results demonstrate
that [ was able to artificially induce hypoxia with a signal comparable to the biopsy slide of ccRCC

metastasis positive for CAIX as shown in figure 6-3.
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Of note, still with the goal of streamlining the experimental processes as much as possible, the 3
days/20 steps paraffin-embedding and processing of spheroids was quickly replaced by a 1 day/5

steps OCT inclusion protocol.

Nevertheless, as the engineered pouch was not a standard method of inducing hypoxia and thanks
to the availability of an oxygen-controlled incubator from Francis Rodier’s lab, I decided to use
this incubator to artificially induce hypoxia in small normoxic spheroids. As such, I was confronted
to all the problems rising from the use of an oxygen-controlled incubator, among which the need

to work extremely fast to compensate for reoxygenation and protein degradation.

After finding a way to have both positive and negative controls for my HyCo spheroids, I
performed a Western-Blot and IF to assess the expression of HIF-1a and its downstream target
CAIX. Again, this first experiment was extremely challenging regarding the positive control. As
stated in the literature review, as soon as the door of the oxygen-controlled incubator is opened,
samples reoxygenate. As such, due to HIF-1a short half-life (8-10 min), I had to process my
samples extremely fast [320]. To put it simply, all positive control experiments for my first paper
required a lot of running around to limit reoxygenation. The fact that my HyCo spheroids were
substantially easier to generate and manipulate for experimental purposes than any positive control
was not lost on me. It proved early-on a strong point of this thesis: that in vitro study of hypoxia is

a tedious process that must be refined to potentiate pre-clinical research.

Another question arose from these first experiments: how to compare my hypoxic-core spheroid to
an imperfect standard? Indeed, if we go back to the literature review, the discrepancies between
induction of hypoxia and in vivo hypoxia are well-known and range from differences in gene
expression to treatment response. Should I expect my HyCo to have similar protein levels as
hypoxia-induced small spheroids? Should I expect that they do not and if so, how would I justify
using them as positive controls? Positive controls of what exactly? In fine, these “positive controls”
were considered more as another set of samples rather than true positive controls. Their role was

as much to provide a reference point for in vitro hypoxia as to showcase their inadequacies.

With this consideration in mind, my first publication showcased that HyCo spheroids express gold-
standard hypoxic protein CAIX in their core only, but HIF-1a protein expression was trickier to
observe. Indeed, I only observed significant level of HIF-1a in positive controls for both SK-LMS-
1 and STS117, but only in STS117 for HyCo spheroid.
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One possible explanation was the altered MYC pathway leading to a dysregulation of HIF-1a
expression. This was further confirmed in my second publication by the RNAseq data, as MYC
was indeed significantly downregulated in SK-LMS-1 HyCo spheroids. In addition, even if the role
of HIF-3a in the hypoxia-response pathways is still not fully understood, its upregulation in HyCo
SK-LMS-1 spheroids could also play a role in the low level of HIF-1a observed. Surprisingly, IF
staining of HIF-1a was unsuccessful even in positive controls, contradicting the Western-Blot
results. Indeed, no signal was observed in positive controls despite antibody concentrations as high
as 1:50 (recommended concentration by the manufacturer was 1:500). This can be explained by
the increased duration of preparation steps, namely the 35 min fixation, giving ample time for HIF-
la degradation. Overall, this also confirms the difficulty of working with hypoxia given the short

half-life of hypoxia-related molecules and the non-negligeable risk of reoxygenation.

Following consultation with the other authors of the 1% manuscript, I decided to no longer use the
so-called positive controls again: they are disproportionally hard to work with, are incompatible
with some of my experiments and are a poor representation of the in vivo hypoxia I was trying to

emulate.

To further confirm that HyCo spheroids responded as in vivo hypoxic tumors, I treated them with
the known hypoxia activated prodrug (HAP) tirapazamine (TPZ), and radiotherapy (RT). My
hypothesis was: if HyCo spheroids are sensitive to TPZ and resistant to RT, then their hypoxia will
have value for preclinical studies. I demonstrated that 35 uM of TPZ was preferentially cytotoxic
to the hypoxic core rather than to the normoxic region of the same spheroid. Unexpectedly, there
was no difference in response to RT between the hypoxic and normoxic regions, i.e. no hypoxia-
induced radioresistance, despite an evident dose-response to RT. However, this might be explained
by the choice of assay and timepoints I used to assess response to RT. Standard methods for
evaluating RT efficacy consist of either staining for reporters of DSBs (YH2AX, 53BP1) 30 - 45
min after irradiation or performing a clonogenic assay. The YH2AX protein is the first step in
recruiting and localizing DNA repair proteins following the formation of a DNA double-strand
break (DSBs) due to endogenous or exogenous stimuli (e.g., ionizing radiation). yYH2AX appears
as foci within cell nuclei representing the DSBs in a 1:1 manner, making it a highly sensitive
biomarker for DNA damages. Like YH2AX, 53BP1 (i.e. p53-binding protein 1) is also recruited at
the site of DNA damages to recruit other DNA repair proteins, and appears as foci [2].
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The 30 - 45 min post-RT is generally chosen, as it corresponds to the peak of recruitment of DSB
reporters [2], [321]. Another option is the clonogenic assay, which allows the observation of the
overall survival, accounting for all types of cell death resulting from mitotic catastrophe for up to
two weeks after treatment. As an in-between, I chose to quantify DSBs by staining for YH2AX 24
h after RT, this timepoint having been shown to correlate with clonogenic survival [277]. However,
as this correlation was established on 2D cell cultures and xenografts using FACS analysis,
translating it to my newly validated HyCo spheroids using IF was quite a gamble. In hindsight,
performing both assays separately would have probably enabled me to observe the radioresistance
in terms of both decreased induction of DNA damages and increased clonogenic survival, which
was ultimately observed in another publication from our group and in my second paper [55]. The
efficacy of TPZ + RT was also assessed by staining for YH2AX 24 h after treatment, with the
combination appearing to have additive effects in both hypoxic and normoxic regions. Once again,
the use of other assays and time point of interest might have yielded different results. As previously
mentioned, YH2Ax appears as foci within the nucleus, and contrary to 2D models, cell nuclei cannot
be individually segmented in our 3D spheroids. In addition, cells and their nuclei might intersect
with the 2D slice at different heights, therefore only appearing as fractions of the total cell/nuclei.
As such we elected to quantify foci per mm? of nuclei, a method that cannot be easily compared to
measurement of hypoxia gradient within the spheroid. Although any number of small regions of
varying oxygen levels could have been defined, we ultimately elected to only discriminate between

hypoxic and normoxic nuclei area by CAIX expression.

Finally, as other students in our lab wanted to use the hypoxic-core spheroid and as one of the
Gervais’ lab expertise is designing in silico model, Rodin Chermat and I elaborated a finite element
model of oxygen consumption as a function of spheroid size. Based on hypoxic content of HyCo
spheroids derived from our CAIX IF staining data and on the methodology described by Grimes et
al., this model correctly predicted that, solely based on their size, our small spheroids would indeed
be normoxic [47]. Since then, the hypoxic content of all spheroids generated in our lab match with
this model, regardless of their size, with slight variations attributable to cell line-specific

differences (e.g., smaller cells, denser spheroids, higher metabolic rate).
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With this, [ had demonstrated that my HyCo spheroids were indeed hypoxic and seemed to respond
to treatments as hypoxic tumors would, but there was still a long way to go if I wanted to convince
biologists to adopt this model and methodology. This became the focus of my second publication:

do my HyCo spheroids recapitulate clinical hallmarks of hypoxia?
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6.3 “If it looks like clinical hypoxia and behaves like clinical hypoxia ...”

Following the adage “if it quacks like a duck and walks like a duck ...”, my goal was to show that
since HyCo spheroids recapitulate hallmarks of clinical hypoxia, they are close enough to in vivo
hypoxic tumors to have value at the fundamental and preclinical levels. My goal was to convince
potential users by showing them not only the CAIX core but also the quantifiable downstream

effects of hypoxia on gene expression, treatment resistance and invasiveness.

I delved deeper in the characterization of the HyCo spheroid on-chip, progressively adding building

blocks to the work I have done.

Characterizing gene expression was a necessary step to convince biologists, and was the obvious
next step of my thesis, therefore I assessed the relative expression of a selection of 11 hypoxia-
related genes by RTqPCR. In addition, this first experiment was conducted to de-risk a potential
future bulk RNAseq. Indeed, as a reminder for the members of the jury, only 30 % of the volume
of HyCo spheroid is hypoxic and I was at the time unsure if this hypoxic content would be enough
to counterbalance the gene expression of the normoxic region. As RTqPCR results were
conclusive, meaning that almost all hypoxia-related genes had an increased relative expression

compared to small normoxic spheroid, I followed through with the whole genome bulk RNAseq.

Unequivocally, RNAseq provided clearly distinct gene expression profiles between small
normoxic and HyCo spheroids. It is worth noting here that since only 30 — 45 % of the total volume
of the HyCo spheroid is hypoxic, the gene expression changes induced by hypoxia are diluted by
a similar factor. Still, all upregulated genes in HyCo spheroids were associated with hypoxia and
was further confirmed by the gene ontology analysis. Indeed, upregulated pathways were
associated with response to hypoxia and metabolic changes in accordance with what was found by

Yang et al, who also studied hypoxia in STS patients [19].

However, RNAseq results of STS117 were not as clear as that of SK-LMS-1. This difference
highlights the importance of using various patient-derived or commercial cell lines to better
represent the many STSs subtypes. Thanks to our versatile methodology, many spheroid forming
cell lines can be tested, be they subtypes of STSs or different cancer types altogether. These results

completed the validation of the 1*" hallmark: hypoxia-specific gene expression profile.
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As I was not able to demonstrate the RT resistance of the HyCo spheroids in my 1% paper, and as
another student from our group had been able to do so in the meantime, I wanted to showcase in

my 2" paper that they were resistant to both RT and CT [55].

Therefore, I repeated the previous experiment, treating both normoxic and HyCo spheroids with 4
Gy and 8 Gy of RT, this time assessing RT efficacy using clonogenic assay. Results showcased a
higher clonogenic survival of HyCo spheroid after RT, proving their inherent hypoxia-related
radio-resistance. In addition, I treated spheroids with cisplatin, a common CT. Although cisplatin
is not used in the context of STS patients, hypoxia-related cisplatin resistance and its mechanisms
are widely known and recapitulating them would be convincing to many. Again, I was able to
demonstrate that HyCo spheroids were less sensitive to cisplatin compared to their smaller
normoxic counterparts. These results confirmed a 2™ hallmark: hypoxia-related treatment

resistance.

Finaly I was interested in the increased metastasis potential attributed to hypoxia. The spheroid
invasion assay is a newly validated method correlating with metastasis progression [322], [323].
Briefly, it simply consists of placing individual spheroids in a ULA 96-well plate, embedding them
in Matrigel and following their growth and invasion overtime using brightfield microscopy. For
once, this method does not require dissociation or fixation of spheroids, HyCo spheroids can be
kept intact and alive for the duration of the experiment. This preserves the oxygen gradient and
cross-talk between hypoxic and normoxic regions, essential to the metastatic cascade. With this
method, I was able to observe an increased invasion potential in HyCo spheroids compared to small
normoxic ones, demonstrating their more aggressive phenotype. As such, HyCo spheroids

recapitulate yet another hallmark of hypoxic tumors: hypoxia-related aggressive phenotype.
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With the last figure of my 2™ paper, I wanted to showcase possible applications of HyCo spheroids,
such as a RNAseg-based drug screening using invasion assays. Invasion assays are indeed
compatible with treatment screening on whole spheroids, again retaining the coexistence of
hypoxic and normoxic cells found in vivo. Spheroid invasion in Matrigel can be thought of as
analogous to tumor burden, with each spheroid being a microtumor, without requiring animal
models. However, invasion assays must still be performed off-chip and do not take full advantage
of the microfluidic format. Indeed, I was not able to inject Matrigel® inside the chip due to its high

viscosity.

Overall, “if it looks like clinical hypoxia and behaves like clinical hypoxia ...” then it must be
sufficiently close to it. HyCo spheroids recapitulate key hallmarks found in hypoxic solid tumors

and can thus be used as preclinical models of said hypoxia in translational cancer research.



133

6.4 Limitations

This body of work demonstrated that on-chip HyCo spheroids have many advantages for the
fundamental and preclinical study of hypoxia and its effects on phenotype and treatment response,
both my microfluidic device and on-chip spheroid models have a number of limitations hindering
their potential. These current limitations must be addressed to improve the chances of the broader
adoption of my device and HyCo spheroids by other translational cancer researchers, be they in my

lab, at the Montreal Cancer Institute or in other research centers.

First, despite being versatile and user-friendly, all bioassays have to be performed off-chip apart
from treatments. For example, the chip is not compatible with the Incucyte® imaging system, being
one reason for spheroids transfer into a ULA plate for invasion assay. While rinsing, fixation or
RNA stabilization can be done on-chip in an efficient cost-effective and streamlined manner,
spheroids have to be extracted from the chip to perform most bioanalysis protocols (RNA
extraction, clonogenic assay, OCT embedding). This limitation is not specific to the microfluidic
format however, as spheroids must also be removed from a 96-well plate for bioanalysis.
Conversely, whole spheroid imaging techniques are physically-limited by the size of the sample
regardless of whether the spheroid has been generated on-chip or off-chip. Still, despite the
transparency of PDMS, imaging of on-chip spheroids cannot provide information on its internal
structure, viability or protein expression. These limitations are as much a limitation of chips
themselves, among which my own, as of spheroid-based assays altogether. The development and
validation of non-destructive biomarker-based assays (e.g., cfDNA, soluble biomarkers) has been
gaining interest in vivo and clinically, and could be easily translated to spheroid models. Uniquely,
by concentrating 15 spheroids in a 250 pL channels my design is advantageous for culture medium-
based assays compared to 96-well plates, as any biomarker of interest will also be more
concentrated and thus easier to detect. The exploration of this research avenue is the topic of
Maryam Ziaee’s ongoing PhD project in Prof. Gervais and Dr. Wong’s labs, with my chip being

used to generate spheroids and quantify soluble biomarkers of interest.
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Second, HyCo spheroids can only be generated from spheroid-forming cell lines. Although in
appearance self-evident, this means that potential cell lines of interest must be able to coalesce into
a dense spherical aggregate using our on-chip method to be compatible with my methodology.
Although I was able to generate HyCo spheroids from all STSs cell lines available in our lab (SK-
LMS-1, SW684, SW872, MCA205, STS117, STS93), users of my device and/or protocol were not
always as lucky. While head and neck carcinoma (FaDu), colon carcinoma (HCT116), lung
adenocarcinoma (A549) and breast cancer (HCC1954, Hs578T, MCF7, MDA-MB-361) cell lines
prove successful, no prostate cancer cell line has yet been able to yield a HyCo spheroid. Plate-
based spheroid generation generally consists of plating a small number of cells and waiting for
them to proliferate into a spheroid. Our on-chip method bypasses this growing phase by directly
seeding a high number of cells, extremely high in the case of HyCo. As such, on-chip spheroid
formation ability is probably linked to the ability and propensity of cells to aggregate and to the
speed at which they do (or do not). However, it should be possible to adapt the plate-based method
to the chip which will be further investigated by other students.

Although addition of compounds promoting spheroid formation (Matrigel, collagen, chitosan)
could be considered in well-plates, it is made challenging on-chip due to their high viscosity.
Indeed, the injection of these compounds to a microfluidic channel systematically results in a large
quantity of bubbles, i.e. the microfluidicist’s archenemy, preventing the filling of the wells around

the cell aggregate.

Third, my model is made from cancer cells only, while tumors are comprised of a mix of multiple
cell types (fibroblasts, endothelial cells, immune cells). This could limit the translational potential
of the HyCo spheroid. For example, one hallmark of hypoxia that was not addressed in my thesis,
is its impact on immune cells. While being one of my research objectives at the beginning of my
thesis, it quickly became evident that it was beyond the scope of this work. However, Aliya
Ortaaslan, an undergrad student in Dr Wong’s lab, demonstrated the feasibility of harvesting
peripheral blood mononuclear cells (PBMC) from mice spleen and to put them in contact with
spheroid on-chip. Similarly, impact of hypoxia on cancer-associated fibroblasts is well-known.
Rodin Chermat, PhD student in Prof. Thomas Gervais’ and Dr. Philip Wong’s labs, is currently
validating HyCo co-culture spheroids comprised of both colon carcinoma and colon fibroblast cell

lines.
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Finally, integration of vasculature to on-chip spheroids has been demonstrated in other research

groups and could be applied to HyCo spheroids following slights modification of the chip design
[324], [325].

Overall, although my HyCo spheroid and my microfluidic chips are not without limitations, most

of these can and hopefully will be addressed in future work.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS
OF HYPOXIA AND CHIPS

As I have discussed throughout this document, hypoxia has a major impact on cancer and cancer
treatment efficacy. Hypoxia is one of the culprits behind chemoresistance, radioresistance, and
immunoresistance, increased tumor growth, increased metastasis potential and overall poor patient
prognosis. As such, its integration at the fundamental and preclinical level is of paramount
importance for the identification of biomarkers, the understanding of its underlying mechanisms
and the development of better treatment modalities. However, all preclinical methods for the study

of hypoxia are either cumbersome, limited, and are poor representations of clinical hypoxia.

The purpose of my PhD project was to design a microfluidic chip for the generation of tumor
spheroids that naturally express a hypoxic-core, characterize their multi-layered structure, validate
hallmarks of clinical hypoxia and study its impact on treatment efficacy. My overarching goal was
to finally provide a user-friendly tool to study hypoxia at the fundamental and preclinical level for

translational cancer research.

As described in my thesis and my two publications: my HyCo spheroids are hypoxic, and this
hypoxia is akin to clinical hypoxia. As a biomedical engineer, I have provided researchers with a
user-friendly tool to study hypoxia at the fundamental and preclinical level for translational cancer

research.

In my own research group, 2 students, Maryam Ziaee and Sara Ghasemi, are using my chip for
their Ph.D projects. Maryam is working on validating cell-free DNA as a biomarker of hypoxia
and treatment response in STS and colorectal cancer, while Sara focuses on the role of hypoxia-
related G3PP protein in castration resistant prostate cancer. Dr. David Roberge, head of the radio-
oncology department at the CHUM, and his M.Sc. student Dr. Kevin Pehr will also be using my
chip to generate preclinical data on efficacy of FLASH RT modality in non-melanoma skin cancer
to justify a clinical trial. Dr. Clara Fallone, medical physicist at the University of Calgary, and her
team are currently using my chip to demonstrate that MRI can be tuned to quantify hypoxic content

of tumors. France Coulet, Ph.D student at the Université de Bretagne Occidentale in France in Prof.
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Hymery’s lab, is using my device to investigate the effect of mycotoxins on liver organoids.
Following my first publication, Rodin Chermat (Ph.D student in our group) adapted my chip design
for brachytherapy irradiation of my HyCo spheroids, further demonstrating the use of my
methodology. In addition, 2 students under his supervision will be using his chip and by extension

my HyCo spheroids model to elucidate the mechanisms of FLASH RT efficacy.

While resulting in more complex in vitro tumor models, the challenges of spheroid culture still
prevent their broad adoption to the field of cancer research. Taking the Institut du Cancer de
Montréal as an example, most groups and researchers still prefer 2D culture or in vivo models. By
showcasing the potential of microfluidics for user-friendly culture of hypoxic 3D tumors models,
I hope that more will use chip-based approaches to ease their transition to 3D culture and will
progressively adopt my methodology or similar on-chip approaches to incorporate hypoxia to their
research hypothesis. As Gerardo Ferbeyre (Chairholder of CIBC Chaire en Recherche sur les
Causes du Cancer du Sein de I’Université de Montréal and full professor at the Université de
Montréal) told me during the 2025 Institut du Cancer de Montréal Research Day: “You want to put

hypoxic chamber companies out of business!”. My answer was an emphatic yes.

As I have stated in the “limitations™ subsection, all bioassays for HyCo spheroids unfortunately
still must be performed off-chip. Thus, developing on-chip bioassays or chip-compatible
methodologies would improve the chances of adoption of the HyCo spheroid microfluidic chip. As
previously mentioned, Maryam Ziaee is currently using my device to develop an on-chip assay
taking advantage of the highly concentrated secreted molecules in the culture medium. Similarly,

slightly adapting the design for on-chip invasion assay could also benefit the adoption of the chip.

More broadly, adding a channel emulating the vasculature system would be of interest, specifically
regarding hypoxia. Understanding the mechanisms by which tumor cells escape the primary
tumor/spheroid would benefit the development of anti-cancer treatment for highly metastatic

cancer such as STSs.

By definition, the role of an engineer is to provide fit for purpose tools, but a tool is only as useful
as you make it. When I reflect on my 5 years of B. Eng and 6 years as a biomedical engineer
graduate student and on all the engineering meetings I attended, I realize that engineers mostly like
to invent “stuff” other engineers will find cool. They lose themselves in the engineering of it, and

at times forget the purpose of what they are developing.
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Even if I understand the importance of doing science for the sake of science, I think it is always
important and useful to think of potential future applications of what we develop, be they 10 or 100
years from now. Looking back at recent MicroTAS meetings (International Conference on
Miniaturized Systems for Chemistry and Life Sciences - Micro-Total Analysis Systems) I
understand better why microfluidic technologies are perceived the way they are, and why most
biologists are reluctant to use any of them. The majority of the setups are complex, bordering on
the incomprehensible, without clear advantages compared to standard methods, as if no one ever
consulted a potential user. As the heart of the field of biomedical engineering is to provide tools
for clinicians and biologists, to cultivate a transdisciplinary research environment is of the utmost

importance.

The engineer must adjust the technology to the need of our users, while proving them that the
innovative aspects are worth it and valuable. It is a fine balance of innovation, simplicity, user-
friendliness. The goal is to meet the unmet-need and it often involves changing mindset and taking
disruptive approaches to do so. The proposed solution must neither be broad to the point of having
no obvious application nor a hyper-specific single use device. The relative quick adoption of my
technologies within the CRCHUM and beyond testifies of the standard I strove to achieve in
bioengineering design: “Always strive to consult potential users, to attend meetings related to the
field of application of the technology you develop. Always keep an open mind: you never know

when you’ll meet someone interested or interesting.”
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