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ABSTRACT 

Glioblastoma multiforme (GBM) is a highly aggressive brain cancer, characterized by 
rapid progression, robust invasiveness, and resistance to conventional therapies. These 
attributes contribute to a dismal median survival rate of approximately 14-15 months. 
GBM reprograms its microenvironment to facilitate rapid proliferation and treatment 
resistance through elevated reactive oxygen species (ROS) production and dysregulation 
of redox-responsive transcription factors, including high mobility group box 1 (HMGB1) 
and transcription factor EB (TFEB). Post-translationally modified HMGB1 (e.g., 
AcHMGB1) can activate immune cells, such as microglia, in the tumor microenvironment 
(TME). Microglia accumulate near the hypoxic core of the tumor and release high levels 
of pro-inflammatory cytokines, contributing to neuroinflammation and redox imbalance.  

This study explores the therapeutic potential of polyphenolic and polydendritic molecules 
with antioxidant and anti-inflammatory properties. Notably, flavonoids such as fisetin and 
quercetin can protect non-cancerous cells while eliminating cancerous cells in both 2D 
cultures and 3D tumoroids. Utilizing a series of in vitro assays, including MTT and LDH 
release assays, we show the dose-dependent cytotoxic effects of these compounds on 
human U251N GBM cells and human HMC3 microglia. Fisetin and quercetin significantly 
reduce GBM cell viability and metabolic activity with increasing concentrations, while 
microglial cells exhibit minimal cytotoxic responses. This suggests a differential 
cytotoxicity that selectively targets cancerous cells, sparing non-cancerous cells within 
the TME. Next, we evaluated the synergistic potential of fisetin with temozolomide (TMZ), 
a standard chemotherapeutic for GBM. The combination therapy significantly enhanced 
the reduction in GBM cell viability compared to individual treatments. Moreover, our study 
extended to the effects of fisetin on oxidative stress parameters and redox-sensitive 
transcription factors. Notably, fisetin treatment significantly mitigated spike protein-
induced oxidative stress in both GBM cells and microglia, normalizing intracellular ROS 
levels, and selectively reducing the abundance of AcHMGB1 in microglia. Moreover, 
fisetin enhanced the nuclear translocation of TFEB in microglia, promoting lysosomal 
biogenesis and function—an essential cellular mechanism for maintaining cellular 
cleanup and homeostasis. 

Exploring beyond natural compounds, we assessed the effects of synthetic dendritic 
polyglycerols (dPGs). These dendritic nanostructures not only possess inherent anti-
inflammatory properties but also serve as efficient nanocarriers for drug delivery. 
Specifically, we tested dendritic polyglycerol amine (dPGA), structurally similar but 
oppositely charged from previously studied sulfated analogs (dPGS), on microglia and 
GBM cells. We hypothesized that dPGA is more cytotoxic to GBM cells than to microglia. 
We assessed MTT, LDH, and cell loss in both cell types, and analyzed lysosomal 
abundance and lysosomal activity (cathepsin B), due to its crucial role in cell survival. 
Unexpectedly, dPGA significantly increased lysosomal activity, attributed to its alkaline 
amino groups, contributing to its cytotoxic effects in GBM cells. The high lysosomal 
activity correlates with low abundance of TFEB and low lipid droplet abundance in GBM. 
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The approach of employing both natural and synthetic compounds underscores a 
strategic pivot in GBM treatment paradigms, targeting both the cancer cells and the 
supportive TME. The findings of this study illuminate the complex interplay between cell 
type-specific responses to therapeutic agents within the TME and advance the 
understanding of how modulation of biochemical pathways can potentially enhance GBM 
treatment efficacy.  
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RÉSUMÉ 

Le glioblastome multiforme (GBM) est un cancer du cerveau très agressif, caractérisé par 
une progression rapide et une résistance aux traitements conventionnels qui contribuent 
à un taux de survie médiane faible d’environ 15 mois. Le GBM reprogramme son 
microenvironnement tumoral pour faciliter la prolifération rapide et la résistance au 
traitement par la production d’espèces d’oxygène réactives (ERO) élevées et la  
dérégulation  des facteurs de transcription réactifs aux réactions rédox, y compris 
le  « high-mobility group box protein 1 » (HMGB1) et le facteur de transcription EB 
(TFEB). Les HMGB1 modifiées post-translationnellement (par exemple, le HMGB 
acétylé; AcHMGB1) peuvent activer des cellules immunitaires, telles que la microglie, 
dans le microenvironnement tumoral (TME). Les microglies s’accumulent près du noyau 
hypoxique de la tumeur et libèrent des niveaux élevés de cytokines pro-inflammatoires, 
contribuant à la neuroinflammation et au déséquilibre redox.  

Cette étude explore le potentiel thérapeutique des molécules polyphénoliques et 
polydendritiques aux propriétés antioxydantes et anti-inflammatoires. Les flavonoïdes 
tels que la fisétine et la quercétine peuvent notamment protéger les cellules non-
cancéreuses tout en éliminant les cellules cancéreuses dans les cultures 2D et les 
tumeurs 3D. En utilisant une série d’essais in vitro, y compris des essais de libération de 
MTT et de LDH, nous montrons les effets cytotoxiques dose-dépendants de ces 
composés sur les cellules humaines U251N glioblastoma et microglia HMC3. La fisétine 
et la quercétine réduisent significativement la viabilité des cellules GBM et l’activité 
métabolique avec des concentrations croissantes, tandis que les cellules microgliales 
présentent des réponses cytotoxiques minimales. Cela suggère une cytotoxicité 
différentielle qui cible sélectivement les cellules cancéreuses, en épargnant les cellules 
non-cancéreuses dans la TME. Ensuite, nous avons évalué le potentiel synergique de la 
fisétine avec le témozolomide (TMZ), un chimiothérapeute standard pour le GBM. La 
thérapie combinée a significativement amélioré la réduction de la viabilité cellulaire du 
GBM par rapport aux traitements individuels. De plus, notre étude s’est étendue aux 
effets de la fisétine sur les paramètres du stress oxydatif et les facteurs de transcription 
redox-sensibles. Le traitement par la fisétine a considérablement atténué le stress 
oxydatif induit par les péplomère dans les cellules GBM et les microglies, normalisant les 
niveaux intracellulaires de ERO et réduisant sélectivement l’abondance d’AcHMGB1 
dans les microglies, un indicateur de réduction de la réponse inflammatoire. De plus, la 
fisétine a amélioré la translocation nucléaire du TFEB dans les microglies, favorisant la 
biogenèse et la fonction lysosomales — un mécanisme cellulaire essentiel pour maintenir 
le nettoyage cellulaire et l’homéostasie. 

En explorant au-delà des composés naturels, nous avons évalué les effets des 
polyglycérols dendritiques synthétiques (dPGs). Ces nanostructures dendritiques 
possèdent non seulement des propriétés anti-inflammatoires, mais servent également 
comme nano-transporteurs efficaces pour la livraison  du médicament. Plus précisément, 
nous avons testé des amines de polyglycérol dendritique (dPGA), structurellement 
similaires mais chargées à l’opposé d’analogues sulfatés (dPGS) précédemment étudiés, 
sur des cellules microgliales et GBM. Nous avons émis l’hypothèse que le dPGA est plus 
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cytotoxique pour les cellules GBM que pour la microglie. Nous avons évalué le MTT, le 
LDH et la perte cellulaire dans les deux types de cellules et avons analysé l’abondance 
et l’activité lysosomale (cathepsine B), en raison de son rôle crucial dans la survie 
cellulaire. De façon inattendue, dPGA a significativement augmenté l’activité lysosomale, 
attribuée à ses groupes d’acides aminés alcalins, contribuant ainsi à ses effets 
cytotoxiques sur les cellules GBM. La forte activité lysosomale est corrélée à une faible 
abondance de TFEB et à une faible abondance de gouttelettes lipidiques. 

L’approche consistant à utiliser des composés naturels et synthétiques souligne un pivot 
stratégique dans les paradigmes de traitement du GBM, ciblant à la fois les cellules 
cancéreuses et le TME de soutien. Les résultats de cette étude mettent en lumière 
l’interaction complexe entre les réponses spécifiques au type cellulaire aux agents 
thérapeutiques dans le TME et permettent de mieux comprendre comment la modulation 
des voies biochimiques peut potentiellement améliorer l’efficacité du traitement par GBM.  
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Chapter 1 – LITERATURE REVIEW 

1.1 – Glioblastoma Multiforme Overview  

Glioblastoma multiforme (GBM) is the most prevalent and aggressive primary brain 

tumor, classified as a grade IV glioma. It has one of the lowest five-year survival rates 

among all cancers, with a median survival of only 15 months (Tamimi & Juweid, 2017). 

GBM incidence increases with age and is greater in men than women. Moreover, GBM 

is more prevalent in Caucasians than other ethnicities (Davis, 2016). Although the exact 

pathogenesis of GBM remains largely unknown, lower-grade gliomas, such as 

astrocytomas, can recur, mutate, or transform into GBM (Yalamarty et al., 2023). 

GBM tumors are aggressive, growing rapidly and typically occurring in the 

temporal and frontal lobes. This growth exerts pressure on the brain, causing symptoms 

such as progressive focal neurological deficits, vomiting, drowsiness, headaches, nausea 

and, in severe cases, seizures and hemiparesis (Kanderi & Gupta, 2024). Tumor 

spreading beyond the CNS is rare. The most common sites of extra-cranial metastasis 

are the lungs and pleura (Kurdi et al., 2023).  

The primary causes of glioblastomas are not well understood. These tumors 

appear sporadically without any genetic predisposition, but in most cases, involve gene 

mutations, insertions, and deletions that affect cellular growth signaling pathways 

(Bleeker et al., 2012). GBM lethality arises from uncontrolled cellular proliferation, 

angiogenesis, genetic instability, intratumoral heterogeneity, and resistance to apoptosis 

(Balça-Silva et al., 2019). Although various treatment strategies are available, GBM 

remains highly aggressive, with most recurrences (75-90%) occurring within 2-3 cm of 

the initial tumor site (Davis, 2016).  

1.2 – Current Treatment Options   

The treatment of brain tumors encounters unique challenges, primarily due to the 

presence of the blood-brain barrier (BBB), a highly selective semipermeable membrane 

that separates the bloodstream from the brain (Mo et al., 2021). The BBB is composed of 

capillary endothelial cells, astrocytes surrounding the capillaries, and pericytes 
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embedded in the capillary basal lamina. Factors including molecular weight, lipophilicity, 

and charge determine a molecule's ability to cross the BBB (Thomsen et al., 2017). The 

BBB prevents nearly all large molecules (greater than 400 Da) and about 98% of small 

molecules from entering the central nervous system (CNS) (Pardridge, 2005). 

Conventional treatments for GBM include surgical resection, radiotherapy, and 

chemotherapy, with surgery being the primary intervention for initial tumors (Fernandes 

et al., 2017). Surgery aims to remove most of the tumor while preserving surrounding 

healthy tissue, minimizing recurrence, and maintaining neurological function. However, 

due to the invasive nature of GBM, complete tumor removal is rarely possible, requiring 

additional treatments such as radiotherapy and chemotherapy (Hatoum et al., 2019). 

Currently approved chemotherapeutic agents for GBM include temozolomide 

(TMZ) and bevacizumab (Avastin®) (Hatoum et al., 2019). TMZ, a DNA alkylating agent, 

is administered at 150–200 mg/m²/day for 5 days in a 28-day cycle (Stupp et al., 2009). 

Once administered, it is transformed into its active form, monomethyl triazene 5-(3-

methyl-1-triazeno) imidazole-4-carboxamide (Tanaka et al., 2023). The primary 

mechanism of TMZ involves methylation at the O6 position of guanine, causing mutations 

that bypass the mismatch repair system (MMR) (C.-H. Fan et al., 2013). This process 

activates a series of signals that trigger cell cycle checkpoints, ultimately causing the cell 

to arrest in the G2-M phase and undergo apoptosis due to damage in both single and 

double strands of DNA. A subset of patients respond better to TMZ due to the presence 

of methylated promoters in the O-6-methylguanine-DNA methyltransferase (MGMT) 

gene, which is associated with higher survival rates. MGMT repairs DNA damage caused 

by TMZ, and its methylation status is a crucial biomarker for GBM prognosis (Kitange et 

al., 2009; I. Zhang et al., 2018). 

TMZ monotherapy is effective in only 5.4% of patients. However, TMZ combined 

with radiotherapy showed an increase in survival rate from 1.9% (radiotherapy alone) to 

9.8% (McDuff et al., 2019). Another approved treatment for GBM is bevacizumab. 

Bevacizumab is an anti-angiogenic humanized monoclonal antibody that targets vascular 

endothelial growth factor alpha (VEGF-α) (Hatoum et al., 2019). Despite these 
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treatments, tumor progression and recurrence are common due to the development of 

TMZ resistance (Yalamarty et al., 2023).  

Although TMZ is a standard treatment, it has significant toxicity and does not cure 

the disease. Consequently, targeted therapies are being explored to reduce toxicity and 

more effectively inhibit tumor growth. Tumor complexity and problematic treatment 

outcome are being recognized and tackled with new approaches. Figure 1.1 highlights 

conventional and non-conventional treatments of GBM, including surgery, radiotherapy, 

cytotoxic chemotherapy, gene therapy, immunotherapy, and nanotherapy. 

 

Figure 1.1 – Conventional and Non-Conventional Glioblastoma Treatments.  
Overview of the diverse treatment strategies for glioblastoma, emphasizing the 
combination of conventional methods—such as surgery, radiation, and chemotherapy—
with innovative non-conventional approaches, including nanotherapy, targeted therapy, 
immunotherapy, and gene therapy. The integration of these therapies aims to improve 
therapeutic outcomes by addressing the complexity and resilience of glioblastoma, 
highlighting the need for multi-modal treatment strategies in combating this aggressive 
brain tumor. Created with ©BioRender (biorender.com). 
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1.2.1 – Recurrent GBM   

Once GBM recurs, treatment options become limited and depend on factors such 

as patient age, disease stage, and overall health. In such cases, patients may be enrolled 

in clinical trials for new therapies. Treatment options include a second surgical resection 

to remove most of the tumor, reirradiation to target any remaining cancer cells, and re-

treatment with chemotherapeutic agents such as nitrosoureas and TMZ. Bevacizumab is 

also commonly used, and tyrosine kinase inhibitors, which target specific enzymes 

involved in cancer cell growth pathways, are considered part of the treatment strategy 

(Tosoni et al., 2016). 

Despite these available treatments, the prognosis for patients with recurrent GBM 

remains poor, with a median overall survival of just 6.2 months following recurrence 

(Gorlia et al., 2013). Researchers have investigated several combination therapies to 

improve outcomes. For instance, a Phase II study showed that the combination of 

bevacizumab and irinotecan provided the longest median progression-free survival at 5.6 

months (Friedman et al., 2009). Another study reported that the longest overall survival 

of 12 months was achieved with a combination of lomustine and bevacizumab (Taal et 

al., 2014). 

1.2.2 – Emerging Therapies for GBM   

Ongoing research is crucial for finding more successful treatments for GBM, as 

current options offer limited hope for long-term survival. Current clinical trials are 

investigating small molecules and other innovative approaches to improve GBM 

prognosis (Ghosh et al., 2024; Shikalov et al., 2024; Valerius et al., 2024). These trials 

aim to identify treatments that can effectively target tumor cells while minimizing toxicity 

and adverse effects.  

Clinical trials have shown improvements in overall long-term survival for patients 

with primary or recurrent GBM (Mittal et al., 2018; Stupp et al., 2015). Emerging therapies 

include targeted therapies that focus on specific biomarkers within tumors, and 

immunotherapies such as CAR-T cells and immune checkpoint inhibitors. Personalized 
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medicine and genomics tailor treatments to individual patients. Moreover, novel drug 

delivery methods, such as convection-enhanced delivery, aim to improve drug 

pharmacokinetics (Rodríguez-Camacho et al., 2022). These diverse approaches indicate 

a shift toward more precise, personalized, and potentially less toxic treatments, although 

further research and clinical trials are required to establish their efficacy and safety. 

Recent reviews discuss current and emerging approaches to treating GBM (Nelson & 

Dietrich, 2023; Rodríguez-Camacho et al., 2022; Smolarska et al., 2023).  

1.3 – Tumor Microenvironment (TME) 

A tumor is not merely a collection of cancer cells but a heterogeneous assembly of 

infiltrating resident host cells, secreted factors, and extracellular matrix components 

(Anderson & Simon, 2020). Tumor cells undergo significant molecular, cellular, and 

physical alterations within their host tissues to facilitate tumor growth and progression. 

The TME is a complex and continuously evolving entity. Due to its diverse components 

and dynamic nature, the TME is crucial in supporting cancer cell survival and influencing 

their response to therapy.  

Recent studies have highlighted the critical roles of different cell types within the 

GBM microenvironment, including tumor-associated macrophages (TAMs), microglia, 

astrocytes, endothelial cells, and immune cells (Figure 1.2) (Anderson & Simon, 2020; 

Geribaldi-Doldán et al., 2021; Klemm et al., 2020; Le et al., 2003; Matias et al., 2018; G. 

Wang et al., 2022). Understanding the interactions between these cell types and GBM 

cells is essential for developing effective treatments. Communication between tumor and 

surrounding cells is facilitated by soluble factors such as cytokines, chemokines, matrix 

remodeling enzymes, and growth factors. Additionally, tumor cells use exosomes, gap 

junctions, cell-free DNA, and horizontal DNA transfer to interact with each other and/or 

non-cancerous cells. Recognizing the complex communication network between tumors 

and normal cells for GBM development and progression has led to a renewed focus on 

therapeutic targeting of GBM (P. Sharma et al., 2023).  
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Figure 1.2 – Tumor Microenvironment. The TME is a complex network of cellular and 
non-cellular components. These include endothelial cells, neurons, astrocytes, 
oligodendrocytes, and resident immune cells such as microglia. It also contains tumor-
infiltrating circulating immune cells, including tumor-associated macrophages (TAMs) and 
tumor-infiltrating lymphocytes (TILs). Non-cellular components include apocrine and 
paracrine signaling molecules, exosomes, extracellular matrix (ECM) components, and 
ECM-remodeling enzymes. The diversity and dynamic interplay within the TME are 
essential for cancer cell survival and greatly influence their response to therapeutic 
interventions. Created with ©BioRender (biorender.com). 

1.3.1 – Microglia and Tumor-Associated Macrophages (TAMs) 

The cells central to this thesis are microglia, as they constitute 30-40% of the tumor mass 

(G. Wang et al., 2022). Microglia and tumor-associated macrophages (TAMs) are the 

most abundant immune cells in the microenvironment of most primary gliomas (Deng et 

al., 2019). These myeloid cell lineages exhibit remarkable diversity in their origin, 

phenotype, and function. Microglia and some macrophages originate from embryonic 

progenitors in the yolk sac, while others arise from bone marrow-derived macrophages. 
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The glioma microenvironment significantly impacts microglia and TAMs, which are 

highly dynamic cell populations (Klemm et al., 2020). Macrophages can undergo either 

M1 or M2 polarization in response to various cytokines and chemokines. M1 

macrophages are immune-supportive and inhibit cancer functions, whereas M2 

macrophages generally support tumor growth. Although conventional phenotyping may 

not fully capture the functional complexity of TAMs, these cells are generally 

immunosuppressive in the glioma microenvironment (Lin et al., 2024). Despite the 

underlying mechanisms not being fully understood, TAMs produce anti-inflammatory 

cytokines (IL-4, IL-10, and TGF-β) and tumor-promoting factors (IGF-1, EGF, and PDGF), 

promote angiogenesis (via VEGF and IL-8), disrupt metabolism, and activate immune 

checkpoints by expressing PD-L1 and CD39 (Lin et al., 2024). 

TAMs play an important role in cellular homeostasis via phagocytosis and antigen 

presentation. Developing therapies that harness these cells is promising. Glioma cells 

produce cytokines such as CSF1 and IL34, which stimulate TAMs via colony-stimulating 

factor 1 receptor (CSF1R). One effective approach is to target CSF1R. Several CSF1R 

inhibitors, notably effective in reprogramming TAMs toward an anti-tumor phenotype, 

have shown reduced M2 polarization, hindered tumor growth, and increased survival in 

murine GBM models across various preclinical models (Akkari et al., 2020; Pyonteck et 

al., 2013). However, a Phase II study of a CSF1R inhibitor (PLX3397), did not meet 

therapeutic efficacy expectations despite good tolerance and target engagement in 

recurrent GBM patients (Butowski et al., 2016). Additional studies have explored other 

CSF1R inhibitors, such as BLZ945, pexidartinib, and various blocking antibodies, both as 

monotherapies and in combination with radiotherapy or immune checkpoint inhibitors 

(Falchook et al., 2021; Przystal et al., 2021; Rao et al., 2022; Weiss et al., 2021). Notably, 

in brain cancer models, tumors often recur despite initial benefits from CSF1R inhibition, 

possibly due to increased levels of macrophage-derived insulin-like growth factor 1 (IGF-

1) and other mechanisms (Quail & Joyce, 2017; Yan et al., 2017).  

Gliomas are also associated with reactive astrocytes  (Le et al., 2003), which 

enhance glioma invasiveness through releasing neurotrophic factors and upregulating 
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matrix metalloproteases production (Charles et al., 2012). Furthermore, astrocytes may 

connect with glioma cells via gap junctions facilitating the transfer of molecules across a 

broad network, promoting cell health and homeostasis (Y. Yang et al., 2022).   

1.3.2 – Tumor Acidosis 

GBM is also influenced by its chemical environment. More specifically, the emergence of 

tumor acidosis, which progressively affects intrinsic cellular processes (P. Sharma et al., 

2023). This acidic TME can lead to an immunosuppressive environment and confer 

treatment resistance (Corbet & Feron, 2017). Key factors leading to acidosis include 

metabolic shifts in GBM cells toward aerobic glycolysis, known as the Warburg effect. 

This metabolic adaptation allows cancer cells to consume large amounts of metabolic 

intermediates, reducing extracellular glucose in the TME, and increasing lactic acid and 

hydrogen ion (H+) production and secretion. These changes also affect the tumor's 

energy metabolism. Cancer cells have enhanced secretion mechanisms, including 

upregulated monocarboxylate transporter-4 (MCT-4) and Na+-H+ transporters. This 

adaptation allows them to avoid programmed cell death associated with reduced 

intracellular pH by increasing their capacity to export metabolites into the extracellular 

space (Abdel-Hakeem et al., 2021; Estrella et al., 2013; Pavlova & Thompson, 2016; 

Riemann et al., 2016; Webb et al., 2021), effectively lowering the TME's pH (Vaupel & 

Mayer, 2014; Wiedmann et al., 2012).  

Malignant cells trigger protective mechanisms to enhance their survival under 

acidic conditions. For instance, they upregulate proteins like LAMP2, which safeguards 

lysosomal and plasma membrane integrity against acid proteolysis. Additionally, they 

boost the expression of autophagy-related proteins such as ATG5 and anti-apoptotic 

proteins like BCL-2 when chronically exposed to low pH conditions. These adaptive 

defense mechanisms associated with tumor-related acidosis further enhance the cells' 

ability to withstand extreme environmental stress (Hulikova & Swietach, 2014; Vaupel & 

Mayer, 2014). Targeting acidosis with inhibitors that regulate pH balance in the TME, in 

conjunction with standard-of-care therapy (Duraj et al., 2021), is becoming a promising 
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therapeutic strategy against GBMs. This approach is currently being evaluated in ongoing 

clinical trials (NCT03011671). 

1.4 – Redox Imbalance in GBM  

One of the key factors contributing to the malignancy and treatment resistance of GBM 

is dysregulated redox homeostasis within the tumor cells. The redox environment plays 

a critical role in regulating cellular functions. Various factors are central to maintaining 

this balance, including glutathione, NF-κB, Nrf2, HMGB1, and TFEB. This thesis will 

primarily focus on HMGB1 and TFEB. 

Cancer cells show high basal levels of reactive oxygen species (ROS), necessary 

for their increased proliferative rate (Szatrowski & Nathan, 1991). Oxidative stress 

enhances cancer cell invasiveness but also supports glioblastoma stem cell (GSC) 

maintenance, ultimately contributing to treatment resistance and tumor recurrence. 

Moreover, ROS in the TME can influence the quantity and quality of surrounding non-

cancer cells by releasing pro-tumorigenic and pro-inflammatory signals. Oxidative stress 

can be triggered by environmental stressors, such as chemicals, pollutants, and radiation. 

Microglia can be activated by lipopolysaccharide (LPS), a component of gram-negative 

bacterial cell walls. In this study, we used viral stressor (SARS-CoV-2 Spike protein) to 

induce oxidative stress in non-neoplastic (microglia) and neoplastic (GBM) cells. 

1.4.1 – High Mobility Group Box 1 (HMGB1)  

Oxidative stress triggers the release of damage-associated molecular patterns (DAMPs), 

such as high-mobility group box protein 1 (HMGB1), which plays a critical role in both 

inflammation and tumor cell proliferation (Kang et al., 2013). HMGB1, a nuclear and 

secreted protein, is overexpressed in various solid tumors and drives tumor progression  

(S. Wang & Zhang, 2020). 

HMGB1 is a highly conserved nucleoprotein and a member of the non-histone 

chromatin-associated proteins. HMGB1 can translocate from the nucleus to the 

cytoplasm after undergoing post-translational modifications like acetylation, 
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phosphorylation, and methylation. Following chemoradiotherapy or hypoxia, HMGB1 can 

translocate to the extracellular space either through active secretion from immune cells 

or passive release from cells undergoing apoptosis or necrosis. Once outside, HMGB1 

acts as an alarmin binding to receptors like the receptor for advanced glycation end 

products (RAGE) and Toll-like receptors 2/4/9 (TLR-2/4/9) (Paudel et al., 2019).  

Nuclear HMGB1 is important for DNA replication, transcription, and chromatin 

remodeling, aiding in DNA damage repair and genomic stability. Cytoplasmic HMGB1 

supports immune responses by promoting autophagy, inhibiting apoptosis, and regulating 

mitochondrial function (Huebener et al., 2014). As a DAMP, extracellular HMGB1 

enhances immune responses, aiding in immune cell maturation, activation, and cytokine 

production (Rivera Vargas & Apetoh, 2017). It can also interact with chemokines like 

CXCL11 to amplify immune responses (Q. Gao et al., 2019). Due to its multifunctionality, 

HMGB1’s dysregulation is linked to various diseases, particularly inflammatory disorders 

and cancers. 

1.4.1.1 – HMGB1 in Cancer  

HMGB1 has been linked to tumor progression, invasion, and metastasis, with 

abundant expression in various tumors and undifferentiated cells (Fukami et al., 2009). 

HMGB1, a classic DAMP, is released by necrotic cells and secreted by monocytes, 

macrophages, and dendritic cells (DCs) (Andersson & Tracey, 2011; H. Wang et al., 

1999). It serves as a sensor of intracellular oxidative status, released following the 

oxidation of cysteine residues, and it promotes genomic instability in neoplastic cells 

through ROS-induced DNA damage (Kang et al., 2013; Stros, 2010; Y. Tang et al., 2016). 

TLR2, TLR4, TLR9, and RAGE receptors, expressed in macrophages, interact with 

HMGB1, triggering NF-κB signaling and the release of pro-inflammatory molecules 

(Galdiero et al., 2013). These tumor-resident macrophages sustain the inflammatory 

tumor environment, alongside neutrophils, enhancing the oxidative state through high 

ROS amounts and NOX2 activation in response to various DAMPs (Galdiero et al., 2013). 

Tumor cells exploit this inflammatory milieu to proliferate, produce new tumor endothelial 

cells to support angiogenesis, and release cytokines, growth factors, extracellular matrix-
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degrading enzymes, and angiogenic factors such as vascular endothelial growth factor 

(VEGF), Bv8, and MMP9 (Christiansen & Detmar, 2011).  

Accumulating evidence has demonstrated that hypoxia causes tumor cells to 

actively secrete HMGB1 into the extracellular matrix. Extracellular HMGB1 subsequently 

functions as a paracrine/autocrine factor, activating signaling cascades through binding 

to its receptors. Importantly, HMGB1 is highly expressed in GBM tissue and is associated 

with poor prognosis (Ye et al., 2022). 

The interaction between HMGB1 and RAGE contributes to the accelerated growth 

of gliomas in diabetic mice (I. Y. Zhang et al., 2020). HMGB1 promotes the phenotype of 

cancer stem-like cells in several types of cancer, including lung, colon, and pancreatic 

cancer (Qian et al., 2019; L. Zhang et al., 2019; X.-L. Zhao et al., 2017). Temozolomide 

treatment induces the upregulation of HMGB1 in biopsy-derived GBM cells, promoting 

the formation of glioma stem cells (GSCs) via TLR2 (X.-Y. Gao et al., 2021). Additionally, 

hypoxia upregulates the expression of DAMP receptors (Rider et al., 2012; Russo et al., 

2015). It has been reported that RAGE expression increases with the upregulation of HIF-

1α expression in both GBM tumor tissues and cell lines. Hence, it is speculated that 

HMGB1 might be linked with GBM progression by promoting GSC growth under hypoxic 

conditions (Tafani et al., 2011). 

1.4.2 – Transcription Factor EB (TFEB)  

Transcription factor EB (TFEB), a member of the MiT/TFE family of transcription factors, 

is the master regulator of lysosomal biogenesis and autophagy. It exerts its effects by 

directly binding to the promoter of lysosomal and autophagic genes (Martina & 

Puertollano, 2016a). By binding to the Coordinated Lysosomal Expression and 

Regulation (CLEAR) motif, TFEB enhances the expression of associated genes, 

activating lysosomal protein production and influencing multiple steps in autophagy. 

Given the critical role of autophagy in tumor progression and its increased activity in 

various cancers, TFEB's function as a regulatory factor has received significant attention 

(Napolitano & Ballabio, 2016; Sardiello et al., 2009). Additionally, TFEB contributes to 
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cancer onset and progression by regulating the autophagolysosomal system and is 

involved in acquiring pro-tumor phenotypes (He et al., 2019; J. H. Kim et al., 2021).  

TFEB is primarily regulated post-translationally, predominantly through 

phosphorylation at Ser142 and Ser211, which determines its activity (Napolitano & 

Ballabio, 2016). In nutrient-rich conditions, Ser142 and Ser211 are both phosphorylated, 

keeping TFEB in the cytosol in an inactive state. Conversely, nutrient scarcity or 

lysosomal dysfunction prompts TFEB's translocation to the nucleus, where it is activated 

(Figure 1.3) (M. Chen et al., 2021; Napolitano & Ballabio, 2016; Perera & Zoncu, 2016). 

The heightened demand for energy and synthetic components in rapidly proliferating 

cancer cells underlines the autophagolysosomal system's increased activity, making 

TFEB a notable research target in oncology. TFEB overexpression has been observed in 

various cancers, including melanoma, renal cell carcinoma, pancreatic adenocarcinoma, 

non-small cell lung cancer, and colorectal cancer. Conversely, TFEB knockdown inhibits 

tumor growth and reduces malignant phenotypes, highlighting its oncogenic role in a 

broad spectrum of cancers (Y. Fan et al., 2018; Kuiper et al., 2003; Y. Li et al., 2020; 

Perera et al., 2015; Zhou et al., 2021). 
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Figure 1.3. TFEB Signaling Cascade. In the inactive state, TFEB  is phosphorylated and 
sequestered in the cytoplasm. Under these conditions, lysosomal biogenesis is minimal. 
Upon cellular stress or nutrient deprivation, TFEB is dephosphorylated by the 
phosphatase calcineurin. Dephosphorylation triggers the translocation of TFEB from the 
cytoplasm to the nucleus. Once in the nucleus, TFEB binds to the CLEAR elements in 
the promoters of target genes, leading to the transcriptional activation of a network of 
genes involved in lysosomal biogenesis and function. Created with ©BioRender 
(biorender.com). 
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1.5 – Modulation of Redox Imbalance in TME 

1.5.1 – Fisetin  

The flavonol fisetin (7,3′,4′-flavon-3-ol) is a yellow coloring agent found in various plants 

including onions, strawberries, apples, and persimmons, first isolated from Venetian 

sumac (Grynkiewicz & Demchuk, 2019). Fisetin plays a role in various biological 

processes that may contribute to its therapeutic effects. Its hydrophobic properties allow 

it to permeate and accumulate in the cell membrane, leading to antioxidant and anti-

inflammatory effects. The therapeutic effects of fisetin are believed to arise from the 

modulation of NF-κB and Nrf2 redox-responsive transcription factors (Sandireddy et al., 

2016). Multiple ongoing clinical trials are studying the effects of fisetin in various age-

related diseases, including osteoarthritis, frail elderly syndrome, and femoroacetabular 

impingement, suggesting the potential clinical benefits of fisetin in terms of practicality, 

safety, and tolerability. 

Flavonoids are natural polyphenolic compounds commonly found in many fruits 

and vegetables. Their structure is characterized by a 2-phenyl-benzo-pyrane backbone, 

consisting of two benzene rings attached to a 3-carbon unit heterocyclic pyran ring (C6–

C3–C6), which is crucial for their classification (Mbara et al., 2022). Flavonoids are known 

for their therapeutic activity against a range of diseases, including cancer, cardiovascular 

disease, and neurodegenerative disorders (Batra & Sharma, 2013). They exhibit varying 

effects on cells and organs, which can be partly attributed to the complexity of human 

tissues and the diversity of cellular responses, particularly in the brain (Atanasov et al., 

2015; Forman & Zhang, 2021; Harvey et al., 2015). These differences are especially 

noticeable when comparing cancer cells with non-transformed cells (Newman & Cragg, 

2020).  

Due to the limitations of TMZ as monotherapy for GBM, we explored combination 

therapy with TMZ, fisetin, and other compounds. The rationale for combination therapy is 

that GBM is a heterogeneous disease, with genetic and epigenetic differences not only 

between single cancer cells but also between different niches of the tumor tissue (e.g., 

hypoxic, necrotic, semi-vascularized). Thus, drug combinations and drugs with multiple 

mechanisms of action are proposed to have lower risks of encountering significant drug 
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resistance in GBM compared to drugs with a single mode of action (e.g., TMZ). Several 

natural compounds have multiple anti-cancer mechanisms of action. Phenolic 

compounds isolated from natural sources, such as quercetin and fisetin, are particularly 

interesting due to their tumor-killing properties and low toxicity to normal cells (Figure 
1.4).  

 

Figure 1.4. Modulation of Redox-Responsive Transcription Factors by Fisetin and 
Quercetin in GBM and TME. Fisetin and quercetin, natural polyphenols, play a crucial 
role in the elimination of ROS within GBM and the TME. These compounds effectively 
modulate redox-responsive transcription factors, specifically HMGB1 and TFEB, which 
are key players in cellular redox balance and inflammatory responses. By influencing 
these factors, fisetin and quercetin contribute to the reduction of oxidative stress and 
promote anti-inflammatory mechanisms, potentially impairing tumor progression and 
improving therapeutic outcomes in GBM. Created with ©BioRender (biorender.com). 
Figure adapted from (Joma et al., 2023). 
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1.5.2 – Dendrimers  
1.5.2.1 – Dendrimers as anti-inflammatory agents  

Nanostructures have been introduced in oncology primarily as drug nanocarriers. 

Numerous candidate nanostructures are currently at various stages of clinical trials. In 

tumors exhibiting the enhanced permeability and retention (EPR) effect, nanostructures 

can preferentially accumulate at the tumor site. A significant advantage of nanostructures 

is their ability to be tailored for specific tasks by modifying their size, shape, or functional 

groups. Additionally, many nanostructures not only serve as drug carriers but also 

possess inherent therapeutic effects. 

Dendritic polyglycerol sulfate (dPGS) is a hyperbranched polyglycerol scaffold 

functionalized with peripheral sulfate groups, renowned for its intrinsic anti-inflammatory 

activity. The structure of dPGS can be found in Figure 1.5. Dernedde et al. showed the 

inhibition of cell adhesion molecules, specifically leukocytic L-selectin and endothelial P-

selectin by dPGS. Results from that study highlight the decrease in leukocyte 

extravasation and alleviation of chronic inflammation in a contact dermatitis mouse model 

(Dernedde et al., 2010). Furthermore, dPGS interacts with complement factors C3 and 

C5, reducing the anaphylatoxin C5a levels in vivo. The anionic sulfate groups of dPGS 

target and bind selectins at positively charged protein motifs. The binding affinity is 

influenced by the size and degree of sulfation of dPGS. 

Our group has studied the role of dPGS in modulating neuroinflammation, 

particularly focusing on its effects on glial cells. dPGS has significantly reduced 

proinflammatory cytokines and nitrites from lipopolysaccharide (LPS)-activated microglia, 

preventing the hyperactivation of microglia in response to inflammatory stimuli (Maysinger 

et al., 2015). Additionally, dPGS normalized the LPS-induced morphological changes of 

hippocampal dendritic spines and restored the functionality of CA1 pyramidal neurons. In 

established Alzheimer’s disease models exposed to the neurotoxic 42 amino acid 

amyloid-beta (Aβ42) peptide, dPGS was found to prevent Aβ fibril formation through 

direct binding after being internalized by glial cells and hippocampal slice cultures 

(Maysinger et al., 2018). Moreover, dPGS attenuated Aβ42-induced glial hyperactivation 
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by reducing lipocalin-2 (LCN-2) production primarily in astrocytes. These results highlight 

the potential of dPGS in treating inflammation-associated neurological disorders.  

Extending our in silico investigations, we hypothesized that structurally similar 

dendritic polyglycerol (dPG) but oppositely charged dendritic polyglycerol amine (dPGA) 

could act as a cytotoxic agent for GBM. Considering the challenges posed by pH and 

acidity in TME, we proposed that the positively charged dPGA might increase the pH, 

thereby assisting in the eradication of cancer cells, especially when used in conjunction 

with other therapeutic drugs. dPGA have emerged as a promising class of nanostructures 

for cancer therapy, noted for their highly branched architecture and positively charged 

surface. These properties enhance their interaction with cellular membranes and their 

ability to penetrate tumor tissues. The structure of dPGA can be found in Figure 1.5.  

 

Figure 1.5. Structures of Dendritic Polyglycerol Sulfate (dPGS) and Dendritic 
Polyglycerol Amine (dPGA). Structures of two dendritic polyglycerol derivatives: dPGS 
and dPGA. dPGS is characterized by its highly branched polyglycerol scaffold with 
peripheral sulfate groups, imparting a negative charge. Conversely, dPGA features a 
similar branched structure but is functionalized with amine groups, resulting in a positively 
charged surface.  

 
 

dPGS dPGA
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1.6 – Objectives 

In our study, we investigated the effects of pharmacological intervention using fisetin, both 

alone and in combination with TMZ, a standard chemotherapy for GBM. Additionally, we 

explored the application of nanostructures, specifically dendrimers, on the TME, with a 

particular focus on the responsiveness of microglia. Fisetin, a small natural compound, 

was selected for its polyphenolic properties, which are known to exhibit anti-inflammatory 

effects. In contrast, dendrimers are completely synthetic entities characterized by their 

larger molecular mass and high biocompatibility. These dendritic nanostructures not only 

possess inherent anti-inflammatory properties but also serve as efficient nanocarriers for 

drug delivery. By leveraging the distinct advantages of fisetin and dendrimers, our 

research aims to enhance therapeutic outcomes in GBM by modulating the TME and 

improving microglial response. 
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CHAPTER 2 – MATERIALS AND METHODS 

2.1 – Cell Culture   

Human microglia clone 3 (HMC3) cells and human U251N glioblastoma cells were 

sourced from the American Tissue Culture Collection (ATCC). Cells were routinely 

cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, #11995-065) 

supplemented with 5% fetal bovine serum (FBS; Wisent #080-450) and 1% Penicillin-

Streptomycin (P-S; Invitrogen, #15140-122). Both cell types were maintained at 37°C in 

a humidified atmosphere containing 5% CO2. Cells were used for experiments within 35 

passages. The use of human cell lines was authorized by the McGill University 

Institutional Review Board under IRB Study Number A05-M37-20A (20-05-013). 

2.2 – Cell Treatment     

Cells grown to 70-80% confluency were detached using 0.05% trypsin-EDTA (Invitrogen, 

#25300062) and seeded on 12 mm glass coverslips (Karl Hecht™; #41001112) or 96-

well cell culture plates (Sarstedt; #83.3924) at a density of 7,000 cells per well. After 24 

hours, cells were treated as specified for each experiment, in serum-free media for either 

24 or 72 hours. 

2.3 – Cell Counting      

Confluent monolayer cell cultures of 70–80% were detached using 0.05% trypsin–EDTA 

(Invitrogen, #25300062), seeded in 96-well cell culture plates (Sarstedt; #83.3924) at 

2,500 cells per well, and cultured for 24 hours. Cells were then treated with increasing 

concentrations of temozolomide (TMZ; Sigma-Aldrich; #85622-93-1) and/or fisetin 

(Cayman Chemical; #528-48-3) for 72 hours. Nuclei were stained with 10 μM Hoechst 

33342 (Molecular Probes, #H-1399) for 30 minutes, and cells were counted using the Cell 

Counter plugin in FIJI (ImageJ). Following this, the combination index (CI) was calculated 

using the formula (L. Zhao et al., 2010): 

CI =  IC	!"	(#	$	%)
IC	!"	(#)

 + IC	!"	(#	$	%)
IC	!"	(%)
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Where IC	'(	(A) and IC	'(	(B) represent the IC	'(	values of each individual drug, while 

IC	'(	(A+B) represents the IC	'(	value of both drugs in combination.  

2.4 – Lipid Droplet Labeling       

Cells seeded on glass coverslips at a density of 7,000 cells per coverslip were cultured 

for 24 hours. Following treatment in serum-containing media, cells were washed with PBS 

and fixed in 4% paraformaldehyde (BDH; #29447) for 10 minutes. After washing, cells 

were incubated with 10 μM BODIPY 493/503 (Invitrogen; #D3922) and Hoechst 33342 

(Molecular Probes; #H-1399) for 20 minutes. The cells were then washed four times with 

PBS and mounted on microscope slides using EverBrite (Biotium; #23001). Samples 

were imaged using a fluorescence microscope (Leica DMI4000 B) with the UV and GFP 

filters at 63x magnification.  

2.5 – Mitochondrial Metabolic Activity (MTT)  

HMC3 or U251N cells were seeded in 96-well plates (Sarstedt; #83.3924) at 7,000 

cells/well for 24h treatment and 2,500 cells/well for 72h treatment, and cultured for 24h 

before treatment. Cells were washed twice with phosphate-buffered saline (PBS) before 

treatment with increasing concentrations of fisetin (5, 15, 25, 50, 100 μM; Cayman 

Chemical; #528-48-3), quercetin (5, 15, 25, 50, 100 μM; Cayman Chemical; #849061-97-

8), or dPGS/dPGA (0, 1, 10, 100, 500, and 1000 nM) in serum-deprived DMEM for 24 h 

or 72 h. dPGS and dPGA were provided by Dr. Ehsan Mohammadifar from the Institute 

of Chemistry and Biochemistry (Freie Universität Berlin). Following treatment, cells were 

incubated with 0.5 mg/ml MTT (Millipore-Sigma; #12352207) at 37°C for 30 minutes. The 

medium was removed, and cells were lysed with dimethyl sulfoxide (DMSO; Millipore-

Sigma; #83730-53-4). Colorimetric measurements were taken at 595 nm (Spark 10M, 

Tecan, Männedorf, Switzerland). 

2.6 – Lactose Dehydrogenase (LDH) Release Assay  

HMC3 and U251N cells used for the MTT assay were also utilized for the LDH assay. 

After treatment, the medium was collected in a separate 96-well plate (Sarstedt; 
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#83.3924) and incubated with the reagent from the Cytotoxicity Detection Kit (Roche; 

#11644793001) for 30 minutes, protected from light, at room temperature. Colorimetric 

measurements were taken at 492 nm (Spark 10M, Tecan, Männedorf, Switzerland). 

2.7 – Resazurin Assay  

U251N cells were seeded and treated as described for the MTT assay. After treatment, 

the medium was removed and replaced with phenol-free DMEM (Nutrient Mixture F-12, 

Gibco, #21041-025). Alamar Blue (10%, v/v, Invitrogen, Lot #2142779) was added before 

incubating at 37°C until the medium became pink (4h). Colorimetric measurements were 

then taken at 570 nm (Spark 10M, Tecan, Männedorf, Switzerland). 

2.8 – CellROX Assay  

Cells were seeded at 7,000 cells per glass coverslip and cultured for 24 h. Cells were 

washed twice with PBS before treatment with fisetin (25 μM; Cayman Chemical; #528-

48-3) or quercetin (25 μM; Cayman Chemical; #849061-97-8) with or without SARS-CoV-

2 spike protein (SMT1-1, 5 μM, National Research Council Canada, Ottawa, ON, 

Canada). After treatment, cells were incubated for 30 min at 37°C with CellROX Deep 

Red (5 μM; Thermo Fisher Scientific; #C10422) to detect intracellular oxidative stress. 

Cell nuclei were labeled with Hoechst 33342 (10 μM; Molecular Probes; #H-1399). Cells 

were rinsed in phenol-free DMEM once and imaged using a fluorescence microscope 

with the CY5 filter at 20x magnification (Leica DMI 4000B). 

2.9 – Immunocytochemistry (ICC) 

Cells were seeded at 7,000 cells/coverslip on 12 mm circular glass coverslips (Karl 

Hecht™, #41001112) and cultured for 24 h before treatment. Following treatment, cells 

were fixed in 4% PFA (10 min; BDH; #29447), permeabilized with 0.1% Triton X-100 (v/v, 

10 min, Sigma-Aldrich, #9036-19-5), and blocked in 10% goat serum (v/v, 1 h, Thermo 

Fisher Scientific; #50197Z) in PBS. Cells were incubated with primary antibodies 

overnight at 4°C, namely rabbit anti-TFEB (1:500, Sigma-Aldrich, SAB4503154-100UG), 

rabbit anti-HMGB1 acetyl-Lys12 (1:500, MyBioSource, MBS9404216), rabbit anti-
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HMGB1 (1:500, Abcam, #ab18256), or rat anti-LAMP2 (1:500, Abcam, ABFG0786233). 

Cells were washed in PBS three times and incubated with secondary antibodies for 1 h 

at room temperature: goat anti-rabbit Alexa Fluor 647 (1:500, Invitrogen, A-21245) or goat 

anti-rat Alexa Fluor 647 (1:500, Life Technologies, A21247). Cells were washed with PBS; 

nuclei and F-actin were labeled with Hoechst 33342 (10 μM; Molecular Probes, #H-1399) 

and F-actin with 1:400 Alexa Fluor® 488 Phalloidin (1:400, Invitrogen, A-12379) for 20 

min, respectively. After three more washings with PBS, coverslips were mounted on 

Fisherbrand microscope slides (Fisher Scientific, #12-550-143) using Aqua-Poly/Mount 

(Polysciences, #18606-20). Samples were imaged using a fluorescence microscope 

(Leica DMI4000B, Leica), and intracellular fluorescence was analyzed in ImageJ at 63x 

magnification using the CY5, UV, and GFP filters. The nuclear and/or cytoplasmic 

fluorescence of TFEB, LAMP2, HMGB1, or acetylated HMGB1 for each cell was 

measured and normalized to the nuclear or cytoplasmic area. The background 

fluorescence was subtracted from the mean background fluorescence value. Schematic 

found in Figure 2.1.  

 

 

Figure 2.1. Overview of Immunocytochemistry Protocol. Human microglia and GBM 
cells were seeded at 7,000 cells/coverslip and cultured for 24 h. After treatment, cells 
were fixed and permeabilized. Cells were incubated with primary antibody overnight, 
followed by a one-hour incubation with the secondary antibody at room temperature. 
Nuclei and F- actin were labeled with Hoechst 33342 (10 μM) and Phalloidin (1:400), 
respectively. Samples were then imaged using a fluorescence microscope. Created with 
©BioRender (biorender.com).  
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2.10 – Measurement of Cathepsin B Activity (Magic Red)  

U251N and HMC3 cells were seeded and treated as previously described in section 2.2. 

Cells were seeded at 7,000 cells/coverslip on glass coverslips and cultured for 24 h before 

treatment. 30 min prior to the end of treatment, the fluorogenic substrate Magic Red 

(1:260, ImmunoChemistry Technologies; #937) and Hoechst 33342 (10 μM; Molecular 

Probes, #H-1399) in phenol-free media were directly added to cells. Cells were then 

incubated for 30 min at 37°C, protected from light. Cells were washed twice with PBS and 

rinsed twice in phenol-free DMEM. Cells were then imaged using a fluorescent 

microscope (Leica DMI 4000B) at 20x magnification using the CY3 and UV filters. 

Fluorescence intensity was analyzed using ImageJ. 

2.11 – LysoTracker   

Cells were seeded and treated as previously described in section 2.2. Cells were seeded 

at 7,000 cells/coverslip on glass coverslips and cultured for 24h before treatment. 30 min 

prior to the end of treatment, LysoTracker Red DND-99 (50 nM; Molecular Probes; 

#L7528) and Hoechst 33342 (10 μM; Molecular Probes, #H-1399) in phenol-free media 

were directly added to cells. Cells were then incubated for 30 min at 37°C, protected from 

light. Cells were washed twice with PBS and rinsed twice in phenol-free DMEM. They 

were then imaged using a fluorescent microscope (Leica DMI 4000B) at 63x magnification 

using the CY3 and UV filters. Fluorescence intensity was analyzed using ImageJ. 

2.12 – GBM Tumoroid Preparation   

U251N tumoroids were prepared using the hanging drop method (Del Duca et al., 2004). 

Drops of 5000 cells in 20 μL medium were pipetted onto the inner side of the lid of a 100 

mm Petri dish (Thermo Fisher Scientific; #263991). The lid was quickly flipped 180° to 

cover the Petri dish filled with 20 mL PBS. Hanging drops were cultured at 37°C for 48 h 

to allow tumoroids to form. Tumoroids were then gently scooped into a medium-filled Petri 

dish coated with 2% agarose and cultured for 48 h. Tumoroids were implanted in agarose 

gel. The gels were covered with 100 μL DMEM with or without treatment. Tumoroids were 
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imaged using light microscopy immediately after implantation on day 0 and day 12. Tumor 

size (area) was measured using ImageJ. Schematic found in Figure 2.2.  

 

 

 

 

 

 

Figure 2.2. Overview of GBM Tumoroid Preparation. GBM tumoroids were prepared 
using the hanging drop method. 20 μL drops of GBM cell suspension (5,000 cells/ drop) 
were pipetted onto the lid of a 10 cm Petri dish, which was then flipped 180 °. The hanging 
drops were cultured at 37 °C for 48 h to allow tumoroids to form. Created with ©BioRender 
(biorender.com). 

2.13 – Molecular Docking    

Modeling was done by Dr. Germanna L. Righetto from the Structural Genomics 

Consortium at the University of Toronto. The crystal structures of HMGB1 (PDB: 1AAB) 

and HSP72 bound to ADP (PDB ID: 5BN9) were selected for docking analysis because 

of their high resolution and overall high-quality scores among the proteins deposited in 

the Protein Data Bank for each target. Prior to the docking, PyMOL (The PyMOL 

Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC) was used to edit the 

protein structures and delete any undesired ligands or binding partners. The SwissDock 

web server was used for molecular docking, and well-characterized binding pockets were 

defined as regions of interest. In the case of HSP72, the docking was restricted to the 

binding region of the compound co-crystallized with the protein. For the apo HMGB1 

structure, previous docking and NMR information of protein binding to glycyrrhizin and 

salicylic acid was used to define the likely binding region for the natural compounds. The 

software UCSF Chimera (version 1.14.0) was used to analyze the docking results and 

curate the most promising binding modes for each molecule. Binding modes with the most 



 36 

favorable energy (low DG) and making more contact with the protein binding region were 

chosen for further analysis. The software LigPlot+ (version 2.2.8) was used to investigate 

the characteristics of protein-ligand binding, such as contacting amino acids and 

interaction strengths. PyMOL software (version 2.4.0) was used to create 3D 

representations of the results observed on LigPlot+ for the binding modes with a higher 

number of contacting amino acids and a higher number of hydrogen bonds and 

hydrophobic contacts for each natural compound analyzed. 

2.14 – Proximity Ligation Assay  

Experiments were done in collaboration with Dr. Issan Zhang. Cells were seeded at 7,000 

cells per glass coverslip and cultured for 24 h before treatment. At the end of treatment, 

cells were washed twice with PBS, fixed with 4% paraformaldehyde (10 min, Millipore-

Sigma, Oakville, ON, Canada), and then permeabilized with 0.1% Triton X-100 (v/v), 10 

min (Millipore-Sigma, Oakville, ON, Canada). Blocking was performed for 1 h following 

instructions from the Duolink kit (Thermo Fisher Scientific, Oakville, ON, Canada). 

Samples were incubated with primary antibodies (rabbit anti-HMGB1, Abcam, Toronto, 

ON, Canada, 1/500; mouse anti-HSP70, Abcam, Toronto, ON, Canada, 1/500) overnight 

at 4°C in a humidified chamber. Samples were then washed and processed for proximity 

ligation following the manufacturer’s recommendations. Nuclei were labeled for 10 min 

with Hoechst 33342 (10 μM), and actin was labeled for 20 min with Phalloidin Alexa Fluor 

488 (1/400, Thermo Fisher Scientific, Oakville, ON, Canada). Samples were imaged 

using a fluorescence microscope (Leica DMI 4000B). Schematic found in Figure 2.3.  
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Figure 2.3. Overview of Proximity Ligation Assay. Cells were first seeded on glass 
coverslips within a 6-well plate. After treatment, the cells are fixed and permeabilized. 
Two primary antibodies, each from different species, are applied to target specific 
proteins. Corresponding PLA probes that recognize the species of the primary antibodies 
then bind to them. Following this, a PLA ligase generates a circular DNA template, which 
is amplified by a DNA polymerase. Fluorescently labeled oligonucleotide Duolink probes 
attach to the amplified DNA, emitting fluorescence that is detectable and quantifiable 
using a fluorescence microscope. Created with ©BioRender (biorender.com). 

2.15 – Preparation of Fisetin Nanoparticles  

Fisetin nanoparticles were prepared and characterized by Laura McKay from the 

Department of Chemistry at McGill University using the co-solvent evaporation method, 

as described previously (Soliman et al., 2010). A fisetin feed ratio of 10% was optimized 

to maximize encapsulation efficiency. The solutions were protected from light and stirred 

for 18 hours to completely remove the organic solvent and promote micelle formation. 

The aqueous solutions were then passed twice through 0.22 µm polyvinylidene fluoride 

(PVDF) syringe filters to eliminate any residual free fisetin. Aliquots were analyzed for 

hydrodynamic diameters and polydispersity index using dynamic light scattering (DLS), 

and micelle structure was assessed through transmission electron microscopy (TEM). In 

a typical TEM procedure, 15 μL of the micellar solution was placed on a carbon-coated 

copper grid, excess solution was removed after five minutes with Whatman filter paper, 
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and the sample was stained with 2% uranyl acetate for one minute. The grid was then 

dried for 30 minutes before imaging. For micelle drug content analysis by UV-Vis 

spectroscopy, 20 μL aliquots were dissolved in 480 µL of methanol. Encapsulation 

efficiency (EE) and loading capacity (LC) were calculated using the following formulas: 

Fisetin encapsulation efficiency (EE) % = 100 · ( Loaded fisetin
Total added fisetin 

) 

Fisetin loading capacity (LC) % = 100 · ( Loaded fisetin
Loaded fisetin + Polymer 

) 

2.16 – Drug Release  

Fisetin release from fisetin-loaded micelles was evaluated using the dynamic dialysis 

method (Lotocki et al., 2021). For this, 2.0 mL of sample was placed into dialysis 

membranes (3.5 kDa MWCO) and dialyzed against 140 mL of phosphate buffered saline 

(PBS) containing 1% Tween® 80 by volume. The system was stirred at 400 rpm and 

protected from light. At specific intervals, the samples were homogenized by several 

inversions, and 20 μL aliquots were diluted in 480 μL of methanol for immediate UV-Vis 

spectroscopy measurement. Free drug release was conducted similarly using 0.50 mg of 

fisetin solubilized in a 2 mL solution of MQ water/dimethylacetamide/PEG750 in a 

45/40/15 ratio for comparison. 

2.17 – Statistical Analysis  

Data are presented as mean and standard deviation (SD) (mean ± SD). Statistical 

significance was determined using a two-way analysis of variance (ANOVA), followed by 

Tukey’s multiple comparison test. A Bonferroni correction was applied for multiple 

comparisons. p-values less than 0.05 were considered significant. Experiments were 

repeated independently at least three times. Statistical analysis and graph 

representations were performed using GraphPad Prism (version 10.0.0). 
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Table 2.1. List of Materials. This table provides a comprehensive list of all antibodies, 
chemicals, and materials utilized in this thesis, organized by reagent type, source, and 
identifier number. 

REAGENT SOURCE IDENTIFIER 
                       ANTIBODIES 

Rabbit anti-TFEB Sigma-Aldrich SAB4503154-100UG 

Rabbit anti-acetylated-HMGB1 MyBioSource MBS9404216 
Goat anti-rabbit Alexa Fluor 647 Invitrogen A-21245 
Goat anti-rat Alexa Fluor 647 Life Technologies A21247 
Mouse anti-KEAP1 Proteintech 10503-2-AP 
Rabbit anti-HMGB1 Abcam ab18256 
Mouse anti- HSP70 Abcam ab2787 
Rat anti-LAMP2 Abcam  ABFG0786233 

                      CELLS 
HMC3 human microglia ATCC CRL-3304 
U251N human glioblastoma ATCC - 

                      CHEMICALS 
Dulbecco’s modified eagle medium 
(DMEM) 

Gibco 11995-065 

Fetal bovine serum (FBS) Wisent 080-450 
Penicillin–streptomycin Invitrogen 15140-122 
Trypsin-EDTA Invitrogen 25300062 
SARS-CoV-2 spike protein (SMT1-1) National Research Council Canada - 
Fisetin Cayman Chemical 528-48-3 
Temozolomide  Sigma-Aldrich 85622-93-1 
Hoechst 33342 Molecular Probes H-1399 
Alexa Fluor® 488 phalloidin Invitrogen A-12379 
Quercetin  Cayman Chemical 849061-97-8 
Dendritic polyglycerol sulfate 
(dPGS)  

Institute of Chemistry and Biochemistry 
(Freie Universität Berlin) 

Dr. Ehsan 
Mohammadifar 

Dendritic polyglycerol amine 
(dPGA) 

Institute of Chemistry and Biochemistry 
(Freie Universität Berlin) 

Dr. Ehsan 
Mohammadifar 

4% Paraformaldehyde BDH 29447 
BODIPY 493/503 Invitrogen D3922 
EverBrite Biotium 23001 
Aqua-poly/mount Polysciences 18606-20 
Mitochondrial metabolic activity kit 
(MTT)  

Millipore-Sigma 12352207 

Dimethylsulfoxide (DMSO) Millipore-Sigma 67-68-5 
CellROX deep red Thermo Fisher Scientific C10422 
Triton X-100 Sigma-Aldrich 9036-19-5 
10% goat serum Thermo Fisher Scientific 50197Z 
Magic red ® fluorescent cathepsin 
b assay kit 

ImmunoChemistry Technologies 937 

                      MATERIALS 
12 mm circular glass coverslips  Karl Hecht	!" 41001112 
96-well cell plates Sarstedt 83.3924 
24-well plates Sarstedt 83.3922 
Cytotoxicity detection kit (LDH)  Roche 11644793001 
Fisherbrand	𝐓𝐌 microscope slides Fisher Scientific 12-550-143 
Duolink PLA control kit Thermo Fisher Scientific DUO92202 
100 mm petri dish  Thermo Fisher Scientific 263991 
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CHAPTER 3 – EXPERIMENTAL RESULTS 

3.1 – Flavonoids Exhibit Differential Cytotoxicity in GBM Cells and Microglia 

The first aim of this study was to evaluate the cytotoxic effects of the flavonoids fisetin 

and quercetin (positive control) in human U251N glioblastoma (GBM) cells and human 

HMC3 microglia, as a component of the tumor microenvironment. Both compounds have 

previously been tested in various cell types both in vitro and in vivo models. We assessed 

the cytotoxicity of these flavonoids on mitochondrial metabolic activity using the MTT 

assay and lactate dehydrogenase (LDH) release in microglia and GBM cells. 

Concentration-dependent and time-dependent effects were evaluated. Cell viability and 

cytotoxicity were tested across a range of flavonoid concentrations from 0 to 100 μM. 

Assessments were done both by cell counting and fluorescent microscopy to visualize 

changes in cell morphology.  

The results show a minimal impact of fisetin and quercetin on microglia viability 

(Figure 3.1A), while both compounds significantly reduced GBM cell viability in a dose-

dependent manner (Figure 3.1B). This indicates differential cytotoxicity between these 

cell types. Despite the relative simplicity of these experiments, they provide an important 

initial insight into the potential detrimental effects of flavonoids on two key cellular 

components in GBM and the tumor microenvironment. 
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Figure 3.1. Dose-dependent lactate dehydrogenase (LDH) release and mitochondrial 
metabolic activity (MTT) in response to fisetin and quercetin. (A) Human microglia and 
(B) GBM cells were treated with increasing concentrations of selected compounds (0, 5, 
15, 25, 50, 100 μM for fisetin and quercetin) for 24 h in serum-deprived conditions. Culture 
medium was used to assess LDH release, and cellular mitochondrial metabolic activity 
was measured using the MTT assay. Shown are the average fold change in LDH or MTT 
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compared to the mean of the untreated control (set to 1) ±SD from at least 3 independent 
experiments. (*** p < 0.001). Figure adapted from (Joma et al., 2023).  

 

3.2 – Combination of Fisetin and Temozolomide Synergistically Inhibit GBM 
Survival  

Natural compounds may not directly induce cancer cell death but can enhance the 

efficacy of anti-cancer drugs such as TMZ. We evaluated the impact of combining fisetin 

and TMZ on GBM cells using cell counting and MTT assays, followed by calculating the 

combination index (CI). The combination of fisetin and TMZ at their respective IC50 

concentrations was more effective than either compound alone. When 10 μM fisetin was 

combined with 30 μM TMZ, a 70% reduction in GBM cell viability was observed after 72 

hours (Figure 3.2A). The CI value for the fisetin-TMZ combination was 0.00013 (CI < 1), 

indicating a synergistic effect. 

Further testing was conducted on GBM tumoroids, which serve as a more relevant 

in vivo model. Since tumoroids are more drug-resistant than monolayer cultures, a higher 

concentration of fisetin (25 μM) was used. Consistent with results from monolayer 

cultures, the combination of fisetin and TMZ resulted in a reduction in tumoroid size, 

whereas individual treatments did not significantly impact tumor size (Figure 3.2B). 
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Figure 3.2. Dose-dependent effect in response to fisetin and TMZ. (A) Dose-dependent 
decrease in cell viability (72 h) with the combination of a fixed concentration of fisetin (10 
μM) and increasing concentration of TMZ (0.001, 0.5, 1, 10, 50, and 100 μM). Each point 
represents the mean from three independent experiments normalized to the untreated 
control. Cell viability was measured by counting Hoechst 33342-labeled nuclei imaged 
using a fluorescence microscope. (B) Representative micrographs of GBM tumoroids 
treated with TMZ (30 μM) +/− fisetin (25 μM) on day 0 and day 12. Tumor size (area) was 
calculated using ImageJ. Figure adapted from (Joma et al., 2023). 
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3.3 – Fisetin Reduces Oxidative Stress in GBM and Microglia 

Many natural compounds have been shown to modulate oxidative stress, which is 

sustained differently in normal and transformed cells. Oxidative stress enhances cancer 

cell invasiveness and supports glioblastoma stem cell maintenance, contributing to 

treatment resistance and tumor recurrence. Environmental stressors such as chemicals, 

pollutants, and radiation are known triggers for oxidative stress. Previously, we 

established that microglia could be activated by lipopolysaccharide (LPS), a component 

of Gram-negative bacterial cell walls (Maysinger et al., 2023). We investigated the 

antioxidant effects of fisetin on both microglia and GBM cells when subjected to an 

exogenous stressor (SARS-CoV-2 spike protein), which has been shown to induce 

oxidative stress (Figure 3.3). 

To confirm the effects on ROS status, we detected changes in intracellular ROS 

using the fluorescent probe CellROX. We found that spike protein increased ROS 

production in both microglia (Figure 3.3A, B) and GBM cells (Figure 3.3C). However, 

spike-mediated oxidative stress was significantly attenuated after treating microglia and 

GBM cells with fisetin. These results show that fisetin treatment normalized ROS levels 

back to control and suppressed spike-induced oxidative stress in both cell types, 

indicating a lack of cell type-specific effects of fisetin on ROS modulation. 
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Figure 3.3. Oxidative stress in human microglia and GBM cells treated with fisetin +/− 
spike. Microglia and GBM cells were treated with spike (5 μM), fisetin (25 μM), or a 
combination of spike and fisetin for 24 h in serum-free media. (A) Representative 
fluorescence micrographs of microglia loaded with CellROX Deep Red (red) and imaged 
using a fluorescence microscope. Nuclei (blue) were labeled with Hoechst 33342. The 
arrowheads represent intracellular ROS. Scale bar = 100 μm. Shown are the normalized 
intracellular fluorescence values to the mean of the untreated control (set to 1) for (B) 
microglia and (C) GBM cells. Dotted lines represent the mean of the control group 
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normalized to 1. Statistical analysis was assessed using two-way ANOVA, followed by 
Tukey’s multiple comparison test. At least 90 cells from three independent experiments 
were analyzed. Mean ± SD. (** p ≤ 0.01, *** p ≤ 0.001). Figure adapted from (Joma et al., 
2023). 

3.4 – Fisetin Decreases Cytosolic AcHMGB1 Abundance in Microglia, but Not in 
GBM 

An important redox-sensitive transcription factor affected by oxidative stress is high 

mobility group box 1 (HMGB1). HMGB1 typically localizes to the nucleus, where it can 

undergo post-translational modifications, including acetylation (Figure 3.4A). In response 

to oxidative stress, HMGB1 translocates to the cytoplasm and is released into the 

extracellular space as an alarmin. We used immunocytochemistry (ICC) to assess the 

levels of nuclear and cytosolic acetylated HMGB1 (AcHMGB1) in microglia and GBM cells 

treated with fisetin, spike, or their combination. Fisetin, with or without spike, significantly 

reduced cytosolic AcHMGB1 in microglia (Figure 3.4B, C). Interestingly, fisetin did not 

affect the abundance of cytosolic AcHMGB1 in GBM cells (Figure 3.4D). 
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Figure 3.4. AcHMGB1 in human GBM cells and microglia treated with fisetin +/− spike. 
GBM cells and microglia were treated with spike (5 μM), fisetin (25 μM), or a combination 
of spike and fisetin for 24 h in serum-free media. (A) Under stress, AcHMGB1 translocates 
to the cytoplasm and can be released into the extracellular space as an alarmin. (B) 
Microglia were labeled for AcHMGB1 (red) and imaged using a fluorescence microscope. 
Scale bar = 20 μm. The arrowheads represent cytosolic AcHMGB1. Shown are the 
normalized intracellular fluorescence values to the mean of the untreated control (set to 
1) in (C) human microglia and (D) GBM cells. Dotted lines represent the mean of the 
control group normalized to 1. Statistical analysis was assessed using two-way ANOVA, 
followed by Tukey’s multiple comparison test. At least 40 cells from three independent 
experiments were analyzed. Mean ± SD. (ns—nonsignificant, * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001). Figure adapted from (Joma et al., 2023). 

 

3.5 – Fisetin Increases TFEB Abundance in Stressed Microglia 

Another key redox-responsive transcription factor is transcription factor EB (TFEB). TFEB 

regulates the expression of genes essential for lysosomal biogenesis and enzymatic 

activities, including the protease cathepsin B. Typically, TFEB is primarily located in the 

cytosol; however, under stress conditions, TFEB translocates to the nucleus, promoting 

the expression of multiple target genes involved in autophagy (Figure 3.5A). We used 

ICC to evaluate the abundance of nuclear and cytosolic TFEB in microglia and GBM cells 

treated with fisetin, spike, or their combination. Fisetin increased the abundance of TFEB 

in both the nucleus and cytosol of stressed microglia (Figure 3.5B, C). Notably, the 

increase in TFEB levels was less pronounced in GBM cells (Figure 3.5D). 
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Figure 3.5. TFEB in human GBM cells and microglia treated with fisetin +/− spike. GBM 
cells and microglia were treated with spike (5 μM), fisetin (25 μM), or a combination of 
spike and fisetin for 24 h in serum-free media. (A) TFEB undergoes dephosphorylation 
under conditions of stress, where it is free to translocate to the nucleus and upregulate 
transcription of lysosomal biogenesis and function. (B) Microglia were labeled for TFEB 
(red) using rabbit anti-TFEB (1:500) and imaged using a fluorescence microscope. Nuclei 
were labeled with Hoechst 33342 (blue). Scale bar = 20 μm. Shown are the normalized 
intracellular fluorescence values to the mean of the untreated control (set to 1) in (C) 
human microglia and (D) GBM cells. Dotted lines represent the mean of the control group 
normalized to 1. Statistical analysis was assessed using two-way ANOVA, followed by 
Tukey’s multiple comparison test. At least 40 cells from three independent experiments 
were analyzed. Mean ± SD. (ns—nonsignificant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). 
Figure adapted from (Joma et al., 2023). 
 

3.6 – Fisetin Increases Lysosomal Abundance and Activity in Microglia 

The transient nuclear accumulation of TFEB could lead to enhanced lysosomal 

biogenesis and lysosomal enzyme activities. To test this, we monitored the abundance of 

lysosomes using the membrane protein LAMP-2, a marker for lysosomes and late 

endosomes (Figure 3.6A). While LAMP-2 serves as an indicator of lysosome abundance, 

it does not reflect their functional capacity. Therefore, we measured the activity of 

cathepsin B, a lysosomal protease, to evaluate lysosomal function (Figure 3.6B). Our 

findings indicate that fisetin treatment resulted in increased LAMP-2 levels in microglia, 

which correlated with an increase in cathepsin B activity (Figure 3.6C). This aligns with 

the observed nuclear accumulation of TFEB, suggesting an overall enhancement in 

lysosomal function and possibly an increase in their number or size. In contrast, while 

fisetin also increased LAMP-2 levels in GBM cells, cathepsin B activity remained 

unchanged (Figure 3.6D).  
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Figure 3.6. Lysosome abundance and activity in human glioblastoma and microglia. Cells 
were treated with Fisetin (25 μM) for 24 h in the presence and absence of Spike (5 μM). 
(A) LAMP-2 was detected in microglia with fluorescent microscope (red); nuclei were 
labelled with Hoechst 33342 (10 μM) (blue). (B) Magic red was detected in live microglia 
with fluorescent microscope (red); nuclei were labelled with Hoechst 33342 (10 μM) 
(blue). (C) (D) Shown are the normalized intracellular fluorescence values to the 
untreated control (set to 1) from three independent experiments. Mean ±	SD. * P ≤ 0.05, 
** P ≤ 0.01, *** P ≤ 0.001.  
 

3.7 – Fisetin Increases Lipid Droplet Abundance in Microglia, but not in GBM 

An increase in lysosomal abundance and catalytic activity is often accompanied by a 

decrease of lipid droplets (LDs). Serving as organelles that store energy and defend 

against oxidative stress, LDs play crucial roles in cellular dynamics. To investigate LD 

dynamics during oxidative stress, we examined changes in LD numbers in microglia and 

GBM cells treated with spike, with and without fisetin. Using fluorescence imaging, we 

monitored the abundance of LDs, visualized with the neutral lipid-selective fluorescent 

dye BODIPY 493/503. Fisetin treatment led to a significant increase in LD abundance in 

microglia after 24 hours, compared to untreated cells (Figure 3.7A). In contrast, fisetin 

did not affect LD abundance in GBM cells (Figure 3.7B). It is important to highlight that 

under baseline conditions, GBM cells already have a high count of LDs. This suggests 

that LDs may offer a protective advantage in microglia. Additionally, we observed that the 

lipid composition of LDs did not include a significant concentration of oxidized lipids, as 

the levels of lipotoxins did not increase. We are currently conducting a more detailed 

analysis of the lipid species within LDs using mass spectrometry (MS) and high-

performance liquid chromatography (HPLC). 
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Figure 3.7. Lipid droplets in human microglia and GBM cells. Cells were treated with 
fisetin (25	µM) for 24 h. BODIPY was detected in live cells with fluorescent microscope 
(green); nuclei were labelled with Hoechst 33342 (10µM) (blue). Shown are the 
normalized intracellular fluorescence values to the untreated control (set to 1) from three 
independent experiments in (A) microglia and (B) GBM cells. A total of 23 cells were 
analyzed for each condition. * P ≤ 0.05.  
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3.8 – Cytotoxicity of dendrimers in microglia 

In addition to natural polyphenols, we tested synthetic dendritic polyglycerols (dPG) in 

microglia and GBM. These structures, featuring a multi-branched polyglycerol core, 

combine a biocompatible polyether scaffold with a high potential for functionalization 

(Frey & Haag, 2002). One of the most promising modifications of dPGs is the addition of 

anionic sulfate groups (dPGS). Originally developed as a heparin analog, dPGS has 

demonstrated significant anticoagulant and anti-inflammatory properties (Dernedde et al., 

2010; Silberreis et al., 2019; Türk et al., 2004). Conversely, large dPG functionalized with 

cationic amine groups (dPGA) has been found beneficial in supporting long-term neural 

cell cultures (Clément et al., 2022). We assessed the effects of dPGS and dPGA on the 

cell viability of microglia using MTT and LDH assays (Figure 3.8). Our findings indicate 

that dPGS neither reduced mitochondrial activity nor induced LDH release in microglia 

after 24 or 72 hours (Figure 3.8A). On the other hand, dPGA prompted LDH release in 

microglia at both time points (Figure 3.8B).  
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Figure 3.8. Cell viability of microglia in response to treatment with increasing 
concentrations of dPGS or dPGA (0, 1, 10, 100, 500, 1,000 nM) after A) 24h and B) 72h. 
Experiments were repeated three times, in triplicate. Mean ± SEM. (*p < 0.05; ** p < 0.01; 
*** p < 0.001)  
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3.9 – Cytotoxicity of dendrimers in GBM 

GBM cell viability was evaluated using the resazurin assay to measure metabolic activity 

as an indicator of cell health. Results revealed significant cell death in GBM cultures 

treated with 1 μM of dPGA (Figure 3.8A), while dPGS did not affect cell viability. The 

toxicity of dPGA was further confirmed with continued observations over 72 hours, where 

even lower concentrations (100 nM) proved lethal to GBM cells (Figure 3.9B). Expanding 

on these findings, further tests were conducted on GBM tumoroids, a model that closely 

resembles in vivo conditions due to its three-dimensional structure and enhanced drug 

resistance compared to traditional monolayer cultures. dPGA treatment over a 10-day 

period resulted in a noticeable reduction in tumoroid size, consistent with the effects 

observed in monolayer cultures (Figure 3.9C). Moreover, significant sloughing from the 

peripheral and proliferative layers of the tumoroids indicated a profound impact on tumor 

integrity and cell viability in this complex model. However, the effect of dPGA on size 

reduction appears less dramatic compared to its early cytotoxicity, likely because the 

residual viable cells post-treatment may recover partially over time. This partial recovery 

could indicate a rebound phenomenon or an adaptive response of surviving cells to the 

treatment, which warrants further investigation. Interestingly, although dPGS was non-

toxic in monolayer cultures after 72 hours, a decrease in GBM tumor size was observed 

after 10 days, suggesting some delayed effects on tumor dynamics. dPGS appears to 

impair pathways related to extracellular matrix interactions and cell motility, which could 

explain its delayed effect over the 10-day period. This behavior contrasts with dPGA’s 

immediate cytotoxicity and suggests distinct mechanisms of action between the two 

dendrimers. 
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Figure 3.9. Cell viability of GBM cells in response to treatment with increasing 
concentrations of dPGS or dPGA (0, 1, 10, 100, 500, 1,000 nM). GBM cell viability 
measured with the resazurin assay after A) 24h and B) 72h. Experiments were repeated 
three times, in triplicate. Mean ± SEM. (*p < 0.05; ** p < 0.01; *** p < 0.001). C) 
Representative micrographs of GBM tumoroids treated with dPGA or dPGS (1 μM) on 
day 0 and day 10. Tumor size (area) was calculated using ImageJ.   
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3.10 – dPGA increases LAMP-2 abundance and lysosomal activity in GBM cells 

Following the observed cytotoxic effects of dPGA on GBM cells, we sought to explore the 

underlying mechanisms of cell death, with a particular focus on the role of lysosomes. We 

used ICC to examine lysosomal abundance in GBM cells, using LAMP-2 as a marker 

after 24 hours of treatment with either dPGS or dPGA (1 μM) (Figure 3.10). The cells 

treated with dPGA displayed pyknotic nuclei and signs of apoptosis, as evidenced by the 

morphological changes (Figure 3.10B,C). Moreover, many cells exhibited atypical 

morphologies, suggesting the activation of various cell death pathways. In depth cell 

death mechanisms are a part of ongoing studies. A marked increase in LAMP-2 

fluorescence, alongside these distorted cellular forms, indicated that lysosomal 

dysfunction might be involved in the cytotoxic effects observed. To further evaluate 

lysosomal function, we analyzed cathepsin B activity, a key lysosomal protease. After 24 

hours of treatment with either dPGS or dPGA, there were distinctive effects on cathepsin 

B activity. dPGS treatment resulted in decreased cathepsin B activity, whereas dPGA 

treatment significantly increased this activity by 85% compared to untreated control 

(Figure 3.10D,E).  These results suggest that GBM cells attempt to rescue themselves 

from dPGA treatment by degrading proteins and lipids to provide energy for survival.  
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Figure 3.10. LAMP-2 abundance and cathepsin B activity in GBM cells after 24h. 
Lysosomal abundance in GBM cells after 24h treatment with A) 1 μM dPGS or B) 1 μM 
dPGA. Cells were labeled for LAMP-2 (red) with rat anti-LAMP2 (1/200) and imaged via 
fluorescence microscopy. Nuclei were labeled with Hoechst 33342 (blue). Scale bar: 10 
μm. C) Shown are the normalized fluorescence intensity values to the mean of the 
untreated control ± SEM. At least 30 cells from three different experiments were analyzed. 
(*** p < 0.001). D) GBM cells were treated with 1 μM dPGS or dPGA for 24 hours, followed 
by measuring cathepsin B (red) with Magic Red™ and imaged via fluorescence 
microscopy. Nuclei were labeled with Hoechst 33342 (blue). Scale bar: 100 μm. E) Shown 
are the normalized fluorescence intensity values to the mean of the untreated control ± 
SEM. At least 77 cells from three different experiments were analyzed. (***p < 0.001).  
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3.11 – dPGA decreases lipid droplet abundance in GBM cells 

Given that lysosomal abundance and activity were affected by dPGA, we examined the 

effect of dPGS and dPGA (1 μM) on LD abundance in GBM cells using BODIPY 493/503 

staining. Our findings showed that dPGA decreased LD abundance by 38% compared to 

the control, whereas dPGS showed no significant difference (Figure 3.11). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. dPGA decreases LD abundance in GBM cells after 24h. Lipid droplet 
abundance in GBM cells after 24h treatment with 1 μM dPGA or dPGA. A) Cells were 
stained with BODIPY 493/503 (green) and imaged via fluorescence microscopy. Nuclei 
were labeled with Hoechst 33342 (blue). Scale bar: 20 μm. B) Shown are the normalized 
fluorescence intensity values to the mean of the untreated control ± SEM. At least 21 cells 
from three individual experiments were analyzed. (*p < 0.05). 
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3.12 – dPGA increases lysosomal pH in GBM cells 

Given the differing charges of dPGS and dPGA, with dPGS being negatively charged and 

dPGA being positively charged, potentially impacting lysosomal pH, we utilized a pH-

sensitive probe called SNAFL to investigate these effects. The probe, which increases in 

green fluorescence as pH rises, allowed us to monitor pH changes within the cellular 

environment. Our results revealed an increase in green fluorescence in GBM treated with 

dPGA compared to both dPGS and the control, suggesting that dPGA causes an increase 

in lysosomal pH (Figure 3.12). Furthermore, colocalization studies verified that the pH-

sensitive probe was localized within the lysosomes, confirming that the observed pH 

changes were specific to these organelles. While these findings appear contradictory to 

the lysosomal activity data—where an increase in cathepsin B activity was noted following 

dPGA treatment—it is crucial to recognize that we only tested one cathepsin. Other 

enzymes might be more responsive to the alkaline shift induced by dPGA. 
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Figure 3.12. Detection of SNAFL in GBM cells treated with dPGA or dPGS (100 nM). 
SNAFL was prepared by Laura McKay from the Chemistry department at McGill 
University. SNAFL (1.5 μM) and Lysotracker Red (50 nM) were added 30 minutes prior 
to imaging and was detected using fluorescent live imaging (GFP green and CY5 red); 
nuclei were labelled with Hoechst 33342 (blue). White arrows indicate co-localization of 
encapsulated SNAFL and lysosomes.  
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3.13 – dPGA decreases lysosomal biomarker (LysoTracker) in microglia, but does 
not affect lysosomal activity  

Following our observations on lysosomal dynamics in GBM cells, we extended our 

investigation to microglia, which are the predominant macrophages of the CNS and 

constitute 30-40% of the cellular makeup in the TME. Utilizing LysoTracker dyes, which 

are specific for labeling acidic organelles in live cells, we assessed the impact of both 

dPGS and dPGA on lysosomal abundance in microglia (Figure 3.13). Our results 

indicated a noticeable decrease in LysoTracker staining, suggesting either a reduction in 

lysosomal activity or a decrease in the number of lysosomes (Figure 3.13A,B). This 

reduction in fluorescence could also imply changes in lysosomal pH or a compromise in 

lysosomal integrity, reflecting altered functional states of these critical organelles in the 

microglia. Interestingly, while LAMP-2 levels decreased, dPGS led to an increase in 

cathepsin B activity, unlike dPGA, which had no significant effect (Figure 3.13C,D). This 

response contrasts with what was observed in GBM cells, underscoring a possible cell 

type-specific reaction to these nanostructures. 
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Figure 3.13. LysoTracker and cathepsin B activity in microglia treated with dPGS or 
dPGA. Microglia were treated with dPGS or dPGA (0.1 μM) for 24h. Torin-1 (250 nM) 
served as positive control. Lysotracker Red (50 nM) was added 30 minutes prior to 
imaging and was detected using fluorescent live imaging (CY3 red); nuclei were labelled 
with Hoechst 33342 (blue). A) Shown are representative fluorescence micrographs of 
cells labelled for lysotracker (red) and nuclei (blue). B) Shown are dot plots of nuclear to 
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cytosolic TFEB ratio per cell, as fold change of the control (set to 1) from at least 50 cells. 
**p<0.01. C) Cathepsin B (red) with Magic Red™ was measured in microglia via 
fluorescence microscopy. Nuclei were labeled with Hoechst 33342 (blue). Scale bar: 20 
μm. D) Shown are the normalized fluorescence intensity values to the mean of the 
untreated control ± SEM. At least 77 cells from three different experiments were analyzed. 
(***p < 0.001).  

 
 

3.14 – dPGS, but not dPGA, increases TFEB abundance in human microglia  

Given that dPGS affects lysosomal activity, we next looked at TFEB, a critical 

transcription factor involved in regulating lysosomal biogenesis and autophagy. Our 

results demonstrated that dPGS, but not dPGA, significantly increases TFEB abundance 

in microglia (Figure 3.14). This observation correlates with the increase in cathepsin B 

activity in microglia following dPGS treatment. Moreover, dPGS may promote the 

shuttling of TFEB between the nucleus to the cytosol. Such translocation can indicate a 

shift in TFEB's activity, where it regulates lysosomal biogenesis and autophagy-related 

genes. This could imply a modulation of TFEB's transcriptional activity, potentially 

affecting the microglial response to stressful stimuli or inflammation.  
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Figure 3.14. dPGS, but not dPGA, increases TFEB abundance in human microglia. 
Microglia treated with dPGS or dPGA (0.1 μM) for 24h were assessed by 
immunocytochemistry. Torin-1 (250 nM) served as positive control. A) Shown are 
representative fluorescence micrographs of cells labelled for TFEB (red) and nuclei 
(blue). B) Shown are dot plots of nuclear to cytosolic TFEB ratio per cell, as fold change 
of the control (set to 1) from at least 50 cells. **p<0.01 
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CHAPTER 4 – DISCUSSION 

The goals of this thesis are as follows: 

1. To present and interpret novel data on glioblastoma (GBM) treatment using 

polyphenols, starting from monolayer cultures, and progressing to 3D models 

(tumoroids). These models were employed to evaluate both single and combination 

therapies, highlighting the role of various signal transduction pathways. The study 

specifically focused on redox-sensitive transcription factors, including HMGB1, 

HSP72, and TFEB. 

2. To demonstrate how cells within the GBM microenvironment, particularly microglia, 

can be modulated to reduce the harmful effects of neuroinflammation, emphasizing 

the roles of lysosomes and lipid droplets. 

3. To investigate the use of nanostructures, especially dendrimers with sulfate and 

amino groups, within the tumor microenvironment (TME), focusing on the 

responsiveness of microglia. 

4.1 – Polyphenols cytotoxicity and redox-imbalance in TME 

The first step in evaluating the effectiveness of polyphenols as modulators of the TME 

was to establish the concentration and time-dependent effects on GBM cells and 

microglia.  

GBM is a lethal brain tumor characterized by its aggressive growth and resistance 

to conventional treatments. A critical aspect of its malignancy is the redox imbalance 

within the TME (Olivier et al., 2021). This redox imbalance not only promotes tumor 

growth by causing DNA damage and genetic instability but also enhances the tumor's 

ability to invade surrounding tissues (Agrawal et al., 2023). The oxidative stress created 

by this imbalance contributes to the tumor's resilience against therapies, highlighting the 

need for innovative approaches to restore redox equilibrium as part of comprehensive 

cancer therapy.  

Microglia, the resident immune cells of the central nervous system (CNS), play a 

complex and often paradoxical role in the TME (Muzio et al., 2021). Microglia can be 

activated by various cytokines and chemokines released by GBM cells, adopting a pro-
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tumoral phenotype characterized by the release of growth factors, cytokines, and 

enzymes that facilitate tumor invasion and angiogenesis (Nusraty et al., 2024). For 

instance, microglia secrete matrix metalloproteinases (MMPs) that degrade the 

extracellular matrix, aiding tumor cell migration. Additionally, they produce pro-

inflammatory cytokines like IL-6 and TNF-α, which can create a supportive niche for tumor 

growth and protect tumor cells from immune surveillance (Pallarés-Moratalla & Bergers, 

2024).  

To establish the concentration-dependent effect of fisetin, we used a human HMC3 

microglia cell line and a human U251N GBM cell line. Cells were treated with increasing 

concentrations of fisetin or quercetin (as a positive control) (0-100 μM for 24 h). Lactate 

dehydrogenase release (LDH) and mitochondrial metabolic activity were measured. 

Results suggested that neither fisetin nor quercetin displayed cytotoxic effects in 

microglia; however, GBM cells showed greater sensitivity to fisetin and quercetin, 

exhibiting pronounced concentration-dependent decreases in mitochondrial metabolic 

activity and significantly higher LDH release (Figure 3.1).  

While temozolomide (TMZ) is commonly used to treat GBM and astrocytoma, 

patients often develop resistance to it. Combining TMZ with other therapeutic agents may 

help overcome this resistance. Therefore, we explored the potential synergistic effects of 

fisetin when combined with TMZ. Due to the lack of robust and representative in vivo 

models that accurately mimic the complexity and heterogeneity of GBM, we prepared 

tumoroids using the hanging drop method (Del Duca et al., 2004). These three-

dimensional cultures offer a more physiologically relevant environment compared to 

traditional two-dimensional cell cultures, better replicating the cellular interactions and 

microenvironments of actual tumors. Numerous studies have employed various types of 

3D cultures to model GBM. Notably, Tatla et al., 2021  reported a disease-relevant, 

vascularized tumoroid in vitro model with stem-like features and stromal surrounds. This 

model aims to recapitulate GBM’s complex microenvironment, including elements such 

as hypoxia, vasculature-related stromal cells, and growth factors that support 

angiogenesis. An overview of 3D human GBM models has been summarized by Wang 

et al., 2023. Our results showed that the combination of fisetin and TMZ reduced tumoroid 
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area more effectively than either treatment alone (Figure 3.2), demonstrating a 

synergistic effect with a combination index (CI) of less than 1. TMZ is one of the few 

clinically approved drugs for GBM treatment, yet a substantial portion of both newly 

diagnosed and recurrent tumors are resistant to it (Singh et al., 2021; Teraiya et al., 2023). 

Given the limited effectiveness of monotherapies in GBM, we previously tested 

sahaquine, an HDAC inhibitor, in combination with TMZ in 3D tumoroids, which resulted 

in reduced cell migration and invasion compared to either treatment alone (I. Zhang et 

al., 2018).   

4.2 – Polyphenols as modulators of oxidative stress 

Polyphenols, known for their antioxidant properties, are particularly intriguing in the 

context of GBM treatment. Polyphenols can modulate redox imbalance by directly 

scavenging free radicals and enhancing the body's own antioxidant defense mechanisms 

(Rudrapal et al., 2022). Their ability to influence key molecules involved in the oxidative 

stress response, such as Nrf2, makes them potent agents in restoring redox homeostasis 

(Sharifi-Rad et al., 2023). Fisetin, a dietary flavonoid commonly found in various fruits and 

vegetables, has gained attention for its antioxidant properties and its potential to mitigate 

a wide range of serious diseases, including cancer, neurodegeneration, and age-related 

disease (Y. Chen et al., 2015; Grynkiewicz & Demchuk, 2019; Jia et al., 2019; Kumar et 

al., 2023; Mahoney et al., 2023; Nabizadeh et al., 2023; Sandireddy et al., 2016).  

The anticancer properties of fisetin are mediated by its ability to affect different 

signaling pathways in various cellular types, as summarized in Figure 4.1. For example, 

Murtaza et al. showed that fisetin inhibits the growth of pancreatic cancer AsPC-1 cells 

by downregulating NF-κB signaling (Murtaza et al., 2009). In prostate and colon cancer, 

fisetin activates distinct pathways to promote apoptosis (Khan et al., 2008; J. A. Kim et 

al., 2015). A recent study by Wang et al. developed a microenvironment-responsive nano-

drug delivery system that sensitizes glioma to doxorubicin with fisetin (W. Wang et al., 2024). 

Our study showed that fisetin reduced oxidative stress in both non-cancerous (microglia) 

and cancerous (GBM) cells (Figure 3.3). Due to its hydrophobic nature, fisetin can 

penetrate and accumulate within cell membranes, where it exhibits antioxidant and anti-
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inflammatory properties (W. Wang et al., 2024). Currently, fisetin is being investigated in 

multiple clinical trials for various cancers and age-related conditions, including 

osteoarthritis, coronavirus infections, frail elderly syndrome, and chronic kidney diseases 

(Chaib et al., 2022).  

Figure 4.1. A simplified presentation of the mechanisms of action of fisetin. Created with 
©BioRender (biorender.com).Figure adapted from (Joma et al., 2024).  
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4.3 – Modulation of AcHMGB1 and its interactions with binding partner HSP72 

Central to the disruption of antioxidant mechanisms in GBM are key redox-responsive 

transcription factors, including TFEB, HSP72, and HMGB1 (F. Chen et al., 2024). 

HMGB1, a redox-sensitive protein, is released by GBM cells in response to cellular stress 

and damage. HMGB1 can be secreted to the extracellular space via active secretion or 

passive release by necrotic cells (Lv et al., 2024). Once outside, it can act as a paracrine 

factor and interact with receptors, particularly RAGE, thereby activating signaling 

pathways that regulate cell growth, differentiation, motility, and death (R. Chen et al., 

2022). The interaction between HMGB1 and RAGE has been suggested to promote the 

proliferation and invasion of various tumor cells (A. Fan et al., 2024; Lai et al., 2021).  

Post-translational modifications (PTMs), including acetylation, oxidation, and 

methylation, significantly influence HMGB1 function. Acetylation of HMGB1 (AcHMGB1), 

restricts its nuclear re-entry, facilitating its accumulation in the cytosol and eventual 

secretion (Andersson et al., 2021; Kwak et al., 2020). Interestingly, we found that fisetin 

did not affect AcHMGB1 abundance and translocation in GBM. However, fisetin reduced 

cytosolic AcHMGB1 levels in microglia (Figure 3.4). This suggests that fisetin modulates 

the release of AcHMGB1 in immune cells and, in turn, reduces the exacerbated 

inflammation in the TME. Bassi et al. showed that glioma cells contain HMGB1 

predominantly in the nucleus and cannot secrete it constitutively or upon stimulation. 

However, necrotic glioma cells can release HMGB1 after it has translocated from the 

nucleus to the cytosol (Bassi et al., 2008). These findings suggest that HMGB1 is acting 

as an autocrine factor that promotes the growth and migration of tumor cells.  

Several studies have suggested a potential interaction between HMGB1 and heat 

shock protein 72 (HSP72), a chaperone crucial for mitigating effects of oxidation, 

inflammation, and other stressors (Bassi et al., 2008; Bielawski et al., 2024; Campisi et 

al., 2003; Fujii et al., 2021). Using proximity ligation assays (PLA), we examined the 

interactions between HMGB1 and HSP72 in microglia and GBM cells. Fisetin significantly 

enhanced the interaction between HMGB1-HSP72 in GBM, but not in microglia (Figure 
4.2). Enhanced HMGB1-HSP72 interactions by fisetin could increase HSP72's protective 

role and reduce HMGB1 release in GBM. Nevertheless, confirming these effects would 

require further experimental validation.  
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Figure 4.2. Interactions between HMGB1/HSP72 in microglia and glioblastoma treated 
with fisetin (25 μM) or quercetin (25 μM) for 24 h in serum-deprived media. Shown are 
representative fluorescence micrographs with protein interactions (red dots) in cells 
labeled for actin (green) and nuclei (blue). The arrowheads indicate protein–protein 
interactions. Shown are the distribution of the number of interactions per cell as fold 
change in the untreated control (set to 1), with the minimum value, 25th to 75th 
percentiles, and maximum values indicated. Box blots show the median, 25–75% 
quartiles, minimum and maximum values. Dotted line represents the mean of the control 
normalized to 1. At least 60 cells from three independent experiments were analyzed. (** 
p < 0.01; *** p < 0.001). Experiments conducted by Dr. Issan Zhang and figure was 
adapted from (Joma et al., 2023).  
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Many natural compounds, such as fisetin, can target multiple molecular pathways, making 

them valuable candidates for cancer therapy. However, the specific molecular 

interactions between cellular proteins and neuroprotective polyphenols are not well 

understood. Previous in silico analysis indicated that fisetin binds to biologically relevant 

sites on key proteins such as KEAP1, HSP72, and HMGB1 (Joma et al., 2023).  

Molecular modeling revealed that fisetin has the greatest number of contacting 

residues with HSP72, deeply embedding into its binding pocket and engaging at least 

three key residues essential for ATP binding and other molecular interactions (Figure 
4.3). Given that the HSP72 family responds to cellular stress in both normal and 

cancerous cells and can interact with other stress-responsive proteins like HMGB1, 

modulation of the HMGB1-HSP72 pathway by fisetin is clinically significant (D. Tang et 

al., 2007; K. Zhao et al., 2023). These interactions are particularly relevant for therapeutic 

strategies, as the HSP70 family has been linked to drug resistance in various cancers 

(Hermisson et al., 2000; Iglesia et al., 2019; Sha et al., 2023). 
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Figure 4.3. Docking analyses of fisetin binding to target proteins. (A-B) 3D representation 
of fisetin binding to the protein structures of HSP72 (PDB ID: 5BN9) and HMGB1 (PDB 
ID: 1AAB). Proteins surfaces are colored based on atoms electrostatic potential, shown 
in a scale of of −10 (red) kT/e to 10 (blue) kT/e. Fisetin is represented as stick and colored 
in cyan. A cartoon representation of each protein, overlayed with their surface 
representation, is shown in dark grey. (C-D) 2D representation of the contacting residues 
and interaction strength of fisetin (purple) interaction with HSP72 and HMGB1. Hydrogen 
bonds are represented as green dashed lines and connect the ligand to the respective 
contacting protein residue (orange). Protein residues performing hydrophobic contacts 
are displayed as red arcs. The crystal structures of HSP72 (PDB ID: 5BN9) and HMGB1 
(PDB ID: 1AAB) were used for the binding analysis using LigPlot+. Modeling done by 
Germanna L. Righetto and figure adapted from (Joma et al., 2023). 

 

 

 

A B

C DHSP72 HMGB1



 77 

4.5 – TFEB: A key regulator in lysosomal function and lipid droplet metabolism  

Transcription factor EB (TFEB) serves as a central regulator of autophagy and lysosomal 

function (Martina & Puertollano, 2016b). Normally, TFEB resides in the cytosol in its 

phosphorylated form; however, under stress, it undergoes dephosphorylation and 

translocates to the nucleus. There, it activates gene expression that drives lysosomal 

biogenesis (Napolitano & Ballabio, 2016). Beyond its role in cellular homeostasis, TFEB 

is implicated in various pathological conditions, including cancer and inflammatory 

diseases (Brady et al., 2018; Tan et al., 2022). In lung cancers, TFEB overexpression 

correlates with increased cell migration and poor prognosis, promoting tumorigenesis, 

angiogenesis, and metastasis by enhancing lysosomal enzyme activity and the secretion 

of hydrolases into the extracellular space. Conversely, TFEB depletion hampers cancer 

cell migration (Magini et al., 2017). 

In GBM, TFEB is notably overexpressed in both cell lines and patient samples, 

where it binds to gene promoters and regulates the expression of lysosomal genes as 

well as target genes involved in apoptosis and tumorigenesis. Co-treatment with 

vorinostat and melatonin has been shown to reduce both nuclear localization and 

oligomerization of TFEB, thereby inhibiting GBM tumorigenesis and tumor-sphere 

formation by glioma stem cells (GSCs) (Sung et al., 2019). 

4.5.1 – Lysosomes 

Fisetin induced a transient increase in the nuclear accumulation of TFEB in microglia, 

though this increase was less pronounced in GBM cells (Figure 3.5). This effect could 

potentially lead to enhanced lysosomal biogenesis and enzyme activity in microglia. To 

test this model, we measured the abundance of lysosomes by labeling LAMP-2, a marker 

of lysosomes and late endosomes. Incubation of HMC3 and U251N cells with 25 μM 

fisetin resulted in a significant increase in LAMP-2 abundance in both microglia and GBM. 

However, LAMP-2 immunostaining alone does not reflect the functional state of 

lysosomes. We further assessed this by measuring the activity of cathepsin B, a 

lysosomal protease. The fisetin-induced changes in LAMP-2 (Figure 3.6) correlated with 

increased cathepsin B activity in microglia but not in GBM. 
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Our experiments focused on lysosomes due to their crucial role in cellular 

homeostasis. Lysosomes are particularly relevant in tumor biology for their ability to 

degrade damaged proteins and organelles (e.g. lipid droplets) via autophagy (S. Zhang 

et al., 2022). In the context of GBM and other tumor cells, autophagy can promote tumor 

growth while its inhibition may induce cancer cell death (Debnath et al., 2023; Kenific & 

Debnath, 2015; Meena & Jha, 2024; Mulcahy Levy & Thorburn, 2020; T. Tang et al., 

2023). The role of autophagy in cancer is still not quite understood as it depends on the 

type of cancer. For example, fisetin has been shown to trigger autophagy in prostate 

cancer and melanoma cells (Suh et al., 2010; Syed et al., 2014). Jia et al. showed that a 

high concentration of fisetin (200 µM) reduces viability of PANC-1 cells through apoptosis 

and autophagy, via activating the AMPK/mTOR pathway (Jia et al., 2019). 

4.5.2 – Lipid droplets 

Lipid droplets (LDs) are versatile organelles that, depending on the cell type, context, and 

location, can either protect or harm cells, particularly in neurodegenerative diseases 

(Olzmann & Carvalho, 2019). Peroxidized lipids released from LDs can be especially 

damaging. In aggressive tumors, such as GBM and breast cancer, LDs not only supply 

energy to support cancer cell survival but also sequester lipophilic anticancer drugs, 

thereby enhancing treatment resistance (Xiao et al., 2024; Yee et al., 2020). As previously 

explored by our group, LDs in GBM sequester lipophilic agents like curcumin, thereby 

altering their pharmacokinetic and pharmacodynamic profiles (I. Zhang et al., 2016).  

Findings from that study show that inhibiting LDs enhances the cytotoxic effects of 

curcumin in GBM. Pyrrolidine-2, an inhibitor of cytoplasmic phospholipase A2 (cPLA2), 

has been particularly effective as a pharmacological agent, highlighting the essential role 

of LDs in supporting GBM cell function.  

Although GBM cells inherently contain a high number of LDs, fisetin treatment has 

been observed to unexpectedly increase their quantity (Figure 3.7). However, the impact 

largely depends on the specific types of LDs that are accumulating, which underscores 

the need for lipidomic analyses to further characterize these lipids. Additionally, lipidomic 

profiling will be employed to characterize the composition of LDs and determine whether 
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they contain lipotoxic species that promote ferroptosis or signaling lipids that support 

tumor survival. 

Considering that in the acidic tumor environment, peroxidation of polyunsaturated 

fatty acids can induce ferroptosis, a form of cell death (Dierge et al., 2021). Neutrophils 

associated with GBM can contribute to necrosis by inducing tumor cell ferroptosis through 

the transfer of myeloperoxidase-containing granules (Lu et al., 2024). 

Ferroptosis, first described by Stockwell and colleagues (Dixon et al., 2012), is an 

iron-dependent cell death driven by the accumulation of lipid peroxides (LPOs), making it 

distinct from apoptosis and other forms of cell death (Stockwell, 2022). Recently, 

ferroptosis has become increasingly recognized as an important mechanism in the 

progression of multiple cancers, including GBM (K. Li et al., 2022; X. Li et al., 2024; Sun 

et al., 2022; Y. Zhang et al., 2021). Understanding how ferroptosis is triggered in GBM 

cells could provide critical insights for developing effective treatments that target GBM 

while sparing normal brain cells. 

4.6 – Limitations of the study  

4.6.1 – Polyphenols have poor aqueous solubility  

Flavonoids have shown promising effects against various cancers, but their clinical 

application is limited by their low solubility, poor absorption, and rapid metabolism. To 

address these challenges, a wide range of nanocarriers have been designed to improve 

flavonoids' bioavailability (Figure 4.4). Both in vitro and in vivo studies have demonstrated 

that flavonoid nanoparticles can effectively target cancer cells such as A549 lung cancer 

cells, B16F10 melanoma cells, MCF-7 breast cancer cells, HepG2 liver cancer cells, and 

CT26 colorectal cancer cells (Dobrzynska et al., 2020). Various types of flavonoid 

nanocarriers are currently employed in cancer therapy, including polymeric nanoparticles 

(Prabhu et al., 2015), nanocapsules (Kothamasu et al., 2012), metallic nanoparticles such 

as gold (Jain et al., 2012), and solid lipid nanocarriers (Mu & Holm, 2018).  
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Figure 4.4. Nanocarriers developed for the delivery of flavonoids. Several nanocarriers 
have been developed for the delivery of natural polyphenols such as resveratrol, fisetin, 
and quercetin. Created with ©BioRender (biorender.com). Figure made by Patrick-Brian 
Bielawski and adapted from (Joma et al., 2024).    

We proposed incorporating fisetin into polymeric soft nanoparticles with a 

hydrophobic core and a hydrophilic shell, enhancing the solubility and bioactivity of fisetin. 

This approach not only extends fisetin's half-life but also ensures a sustained release 

(Figure 4.5), while maintaining its biological activity. This nanodelivery system based on 

polyethylene glycol (PEG) and polycaprolactone (PCL) micelles is very suitable for 

incorporation of fisetin since its loading capacity is high, which is not commonly found in 

such a drug/polymer combination.  
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Figure 4.5. Fisetin-loaded nanoparticles. (A) Fisetin loading in nanoformulation based on 
a miktoarm star polymer with AB	) composition (A = polycaprolactone and B = 
polyethylene glycol). (B) Characterization of fisetin-loaded micelles. EE= encapsulation 
efficiency; LC = loading capacity. Adapted from (Joma et al., 2023).  

4.6.2 – Limitations of GBM and TME models 

The U251N cell line, utilized in this thesis, originates from a 75-year-old Caucasian male. 

This cell line has played a pivotal role in brain tumor research, particularly in elucidating 

the molecular and cellular mechanisms of malignant gliomas. The HMC3 cell line was 

established through SV40 immortalization of primary microglia cultures derived from the 

brains of human male fetuses (Germelli et al., 2021). Patient variables such as sex and 

age significantly influence treatment responses. Studies indicate that women generally 

exhibit better responses than men, and younger patients respond better than older ones 

(Ostrom et al., 2018; Trifiletti et al., 2017; W. Yang et al., 2019). Future glioblastoma 

research, ranging from in vitro studies to clinical trials, should consider sex and age 

differences in the selection of cell lines and animal models. 

Several in vitro and in vivo preclinical models have been developed to study GBM 

and the TME. Among these, 2D models are commonly used due to their ease of use and 

 

 
 

PEG

PCL Fisetin

Polymer Blank Micelles

Miktoarm 4 Mn 
a Ð b Hydrophilic 

fraction c CMC Diameter d Ð e Zeta 
Potential

PCL2500 (PEG2000)2 6800 g/mol 1.17 0.59 μM 21.9 ± 0.6 nm 0.177± 0.003 -7.4 mV

Table S1. Physical properties of Miktoarm star polymer 4 and its self assemblies

a. Molar mass calculated by summing masses of building blocks, determined by MALDI-TOF 
mass spectrometry and 1H NMR (Supporting Information).

b. Polydispersity was obtained by gel permeation chromatography (Figure S.2).
c. The hydrophilic fraction is defined as the mass of constituent hydrophilic arms divided by the 

total mass of the polymer.
d. The hydrodynamic diameter was determined by dynamic light scattering, with three individually 

prepared samples measured in triplicate for a total of nine measurements. 
e. Micelle polydispersity was obtained for each of the nine measurements by dynamic light 

scattering and averaged. 

Fisetin Loaded Micelles
Drug: Polymer   

Feed Ratio Diameter c Ð d Zeta 
Potential EE  LC 

1:10 29.2 ± 1.6 nm 0.174 ± 0.015 -6.3 mV 85 % 7.8 %

Table S2. Properties of fisetin loaded self assemblies of self star polymer 4 

A 

B 
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maintenance. However, these models fall short of representing the three-dimensional 

complexity of the TME, including cellular components, and they lack a blood-brain barrier 

(BBB) (Trifiletti et al., 2017). An ideal TME model should not only accurately represent 

the diverse constituents of the human glioma microenvironment but also exhibit the 

plasticity and intratumoral heterogeneity of human gliomas. Furthermore, it should 

replicate the BBB function and facilitate cell-to-cell interactions, both tumor-tumor and 

tumor-nontumor cells (Osswald et al., 2015).  

The complexity of GBM and its microenvironment cannot be studied in the 

monolayer culture but requires more sophisticated models, such as tumoroids (3D). Even 

a simple 3D models such as cellular aggregates or neurospheres offer a better 

representation of glioma and the TME, enabling studies on basic cell-cell interactions. 

Particularly, patient-derived glioma stem-like cell spheres genetically resemble human 

tumors more closely than attached cells do. These models allow preliminary studies of 

tumor cell secretions, responses to changes in nutrients, pH, and oxygen levels, and 

interactions between tumor and normal cells. However, they still do not fully represent the 

native TME because they lack a BBB (Chaicharoenaudomrung et al., 2020; Russell et 

al., 2017), as most organoids do not have a vasculature. 

4.7 – Dendrimers as modulators of inflammation 

Given the challenges posed by natural polyphenols, such as poor water solubility, the 

second part of this thesis explores the use of dendrimeric nanostructures. These 

structures are synthetic with high biocompatibility, potentially overcoming the limitations 

observed with natural polyphenols. 

Dendritic polyglycerol sulfates (dPGS) were synthesized by sulfating dendritic 

polyglycerols (dPG), initially developed as synthetic alternatives to heparin. While heparin 

remains widely used as an anticoagulant, its derivation from animal sources raises 

concerns about pathogen contamination. Despite structural similarities to heparin, dPGS 

demonstrated significantly reduced anticoagulant effects, and its hydroxylated 

counterpart, dPG, exhibited none (Türk et al., 2004). dPGS effectively binds to P-selectin 
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on leukocytes, and studies have highlighted its potential as an anti-inflammatory 

nanostructure (Dernedde et al., 2010; Rades et al., 2018; Türk et al., 2004). 

Our group has confirmed the anti-inflammatory properties of dPGS in various 

models, including mice and organotypic slice cultures. Notably, dPGS mitigated the 

increase of cytokines and alarmins such as IL-6, TNF-α, and lipocalin-2 triggered by LPS 

and amyloid-β. This resulted in diminished impairments in morphological plasticity of 

hippocampal excitatory neurons and a reduction in the loss of dendritic spines in the 

hippocampus (Maysinger et al., 2015, 2018, 2019).  

4.8 – Dendrimers as drug delivery systems 

In addition to its anti-inflammatory and anticoagulant properties, dPGS has been explored 

as a carrier for anticancer drugs. Studies indicate that dPGS is rapidly taken up by various 

cell lines, unlike its non-sulfated counterpart, dPG, which exhibits no uptake (Biffi et al., 

2013; Gröger et al., 2013; Licha et al., 2011; Paulus et al., 2014). This has positioned 

dPGS as a promising platform for delivering anticancer drugs. Sousa-Herves et al. 

conjugated paclitaxel (PTX), a tubulin-binding anticancer drug, to dPGS and assessed 

the uptake and cytotoxicity in lung and epidermoid cancers (Sousa-Herves et al., 2015). 

They demonstrated that the dPGS-PTX combination was effectively absorbed by both 

cell types, resulting in cytotoxic effects from the released PTX. However, the conjugate 

displayed poor stability in plasma and at physiological pH, leading to premature drug 

release. This issue was addressed by Ferber et al., who replaced the previous acid-labile 

ester linkage with a pH-cleavable, more stable hydrazone bond (Ferber et al., 2017). They 

further evaluated this new conjugate's cell uptake and cytotoxicity in GBM cells, showing 

that the conjugate could bind to P-selectin, which is highly expressed on tumor cell 

membranes, facilitating uptake. The hydrazone linkage then allowed for effective PTX 

release within the GBM environment, significantly inhibiting tumor growth.  

Dendrimers, highly branched, monodisperse macromolecules, offer a promising 

platform for targeted drug delivery in GBM treatment (Gaitsch et al., 2023). The unique 

architecture of dendrimers allows for the precise functionalization of their surface, 
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facilitating the controlled delivery of therapeutic agents directly to tumor cells while 

minimizing off-target effects. For instance, the glycosylation of polyamidoamine (PAMAM) 

dendrimers has been shown to improve their specificity for tumor-associated 

macrophages in the GBM microenvironment, thereby increasing therapeutic efficacy 

while reducing toxicity (R. Sharma et al., 2021). Moreover, dendrimers are carriers for 

various agents (e.g., chemotherapy, RNA molecules, imaging agents), positioning them 

as versatile tools in GBM treatment strategies (Knauer et al., 2023; Liu et al., 2022; Sahoo 

et al., 2022).   

One of the critical challenges in treating GBM is the penetration of therapeutic 

agents through the BBB. Dendrimers, particularly those engineered for nano-scale 

interactions, have shown potential in crossing this barrier, thereby increasing the 

concentration of drugs available at the tumor site (Wadhwa et al., 2024). By modifying 

surface properties or employing multifunctional envelopes, dendrimers can navigate 

through the BBB more effectively, delivering drugs directly to brain tumors and reducing 

systemic side effects (Liaw et al., 2021). 

4.9 – Dendrimers as therapeutic modulators    

In addition to the negatively charged dPGS, we also explored dPG highly functionalized 

with cationic amine groups (dPGA), with net positively charged surface. Recent findings 

highlighted dPGA's beneficial role as a substrate in supporting long-term neural cell 

cultures (I. Zhang et al., 2016). We investigated the effects of both dPGS and dPGA on 

viability of microglia and GBM cells. Our results showed that dPGS did not impact 

microglia and GBM viability, while dPGA significantly reduced viability in both cell types 

(Figures 3.8 and 3.9). Notably, GBM cell death was observed at concentrations as low 

as 1 μM dPGA, with similar trends noted in microglia. After 72 hours, dPGA was found to 

be toxic to GBM cells at even lower concentrations, starting from 100 nM. Given the non-

specific toxic effects of dPGA on both cancerous and non-cancerous cells, we did not 

employ concentrations greater than 100 nM. 
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The differences in lysosomal changes, cathepsin B activity, and nuclear TFEB 

localization between GBM and microglia underscore the distinct cellular responses to 

dPGA treatment. Yet, dPGA reduces the viability of both cell lines (microglia, Figure 3.8; 
GBM, Figure 3.9) in a dose-dependent manner. The postulated mechanisms for this 

toxicity are multifactorial and cell-type dependent (Mukherjee et al., 2010): 

1. Cell Membrane Integrity and Charge-Dependent Cytotoxicity: 

A significant drawback of highly positively charged dendrimers, such as dPGA, is their 

inherent cytotoxicity due to disruption of cell membrane integrity. Cationic dendrimers 

can destabilize lipid bilayers, leading to cell lysis and eventual death. Many 

transfection agents are highly positively charged, and it has been shown it can also 

cause cell death (Fox et al., 2018).   

2. Selective Cytotoxicity in GBM Cells: 

Glioblastoma cells replicate more rapidly than microglia, potentially making them more 

susceptible to the cytotoxic effects of dPGA. The observed preferential killing of GBM 

cells at 30% amination levels may be attributed to the higher metabolic and lysosomal 

activity in these cells. Under these conditions, lysosomal alkalinization and cathepsin 

B dysregulation likely disrupt essential metabolic pathways, leading to cell death. 

Additionally, Hellmund et al. (2015) reported that a specific ratio of polyamine to 

sulfate groups (e.g., 30%) favored GBM cell cytotoxicity. This finding highlights the 

importance of optimizing dendrimer surface chemistry to achieve targeted therapeutic 

effects in GBM while minimizing off-target toxicity. This suggests that the ratio of 

amine to sulfate groups in dPG formulations is a critical determinant of their 

cytotoxicity profile and selective effects on GBM cells versus microglia. 

4.9.1 – Dendrimers modulate lysosomal abundance and activity   

Both dPGS and dPGA increased LAMP-2 abundance in GBM, suggesting an 

enhancement in lysosomal number (Figure 3.10). Interestingly, while dPGA increased 

the activity of cathepsin B, a lysosomal enzyme involved in protein degradation, dPGS 

reduced its activity (Figure 3.10). This contrasting behavior could potentially be linked to 

their structural differences and charge. 
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A decrease in a lysosomal biomarker (LysoTracker) was noted in microglia (Figure 
3.13). However, despite this decrease, we observed an increase in lysosomal activity 

mediated by dPGS but not by dPGA (Figure 3.13). This paradoxical finding suggests that 

while the overall number of lysosomes may decrease, those that remain become more 

active, possibly due to enhanced enzyme activities (cathepsins including cathepsin B) or 

altered trafficking. The observed changes can be partly explained by the increase in TFEB 

abundance in microglia (Figure 3.14). The distinct effects of dPGA and dPGS are 

summarized in Figure 4.6. 

Figure 4.6. Overview of dPGS and dPGA treatments on cell viability, lysosomal activity, 
and lipid droplet abundance in GBM cells and microglia. Lysosomes are depicted as red 
circles, and lipid droplets are depicted as green circles. Created with ©BioRender 
(biorender.com). 
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4.9.2 – dPGA-induced alkalization of lysosomal pH in GBM 

Lysosomal pH, normally maintained at around 5.0 in healthy cells, is often dysregulated 

in various diseases, including neurodegenerative disorders and cancer (Nixon, 2013). In 

cancer cells, decreased lysosomal pH can enhance autophagosome activity (Kenific & 

Debnath, 2015) and contribute to multidrug resistance (Daniel et al., 2013), as well as 

support the metabolic changes necessary for rapid cell proliferation. Understanding and 

monitoring lysosomal pH is thus crucial for elucidating their role in disease mechanisms 

and for the development of precise therapies. 

We investigated how dPGA, a nanostructure known to accumulate in lysosomes, 

can affect pH. Preliminary experiments indicated that dPGA can increase lysosomal pH 

in GBM, making the internal environment of this organelle more alkaline (Figure 3.12). 
To verify this, we utilized a pH-sensitive fluorescent probe called SNAFL, developed by 

Laura McKay from the Chemistry department at McGill University, which emits green 

fluorescence under alkaline conditions. Our observations confirmed an increase in green 

fluorescence intensity following dPGA treatment, suggesting a rise in lysosomal pH. To 

ensure that these observations were specific to lysosomes, we co-stained the cells with 

LysoTracker Red. Significant colocalization of SNAFL with this lysosomal marker was 

noted post-dPGA treatment. This phenomenon is not limited to GBM cells but is also 

observed in microglia when using chloroquine, a pharmacological agent known to 

alkalinize intracellular media. Under such alkalinization conditions, there is a redshift in 

the emission maxima of SNAFL from 553 nm to 632 nm, which serves as a reliable 

indicator of increased lysosomal pH (Mordon et al., 1995) 

In the context of GBM, this increase in lysosomal pH could have significant 

implications. It might disrupt the usual acid-dependent processes within cancer cells, 

potentially affecting their ability to process and recycle materials efficiently. This alteration 

could lead to a decrease in cellular recycling capabilities, impacting tumor survival and 

providing a new therapeutic target for disrupting cancer cell homeostasis. In summary, 

we showed that the charge of dendrimers (−,+) play a critical role in modulating organellar 

state.  
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4.10 – Future directions  

Traditional GBM therapies predominantly target tumor cells and often overlook the TME. 

Adjusting this approach to modify the TME components, such as microglia, macrophages, 

astrocytes, and vasculature, could inhibit tumor growth and resistance, improving the 

efficacy of existing treatments. Moreover, tumor microtubes contribute significantly to 

GBM cell proliferation and treatment resistance (Kudruk et al., 2024; X. Wang et al., 

2022). Targeting these structures could disrupt the communication and support networks 

between tumor cells, potentially limiting their ability to resist therapies. Investigating 

agents or methods that can specifically disrupt or degrade these microtubes could open 

new therapeutic avenues. 

Lipid droplets (LDs) are known to play dual roles in cancer. On the one hand, they 

act as reservoirs for fatty acids, protecting cells from lipotoxicity and oxidative stress. On 

the other hand, they can fuel tumor growth by providing energy-rich substrates. In the 

context of my findings, the accumulation of LDs might reflect a metabolic adaptation to 

therapy-induced stress. However, the exact role of LDs in this context remains 

ambiguous, raising important questions about whether they act as protective organelles 

or contribute to tumor progression (Cruz et al., 2020).  

In future work, I plan to conduct the following experiments to address these questions: 

1. Functional Assays: Use pharmacological inhibitors of lipid droplet formation, 

such as A922500 (a DGAT inhibitor), to evaluate whether inhibiting LD biogenesis 

impacts therapy response. 

2. Lipidomic Analysis: Perform lipidomic profiling to characterize the composition 

of LDs, identifying whether they contain toxic lipid species or signaling lipids that 

promote survival or induce cell death. 

3. Time-Resolved Studies: Conduct time-lapse microscopy to monitor the dynamics 

of LDs during treatment, assessing whether their accumulation is an early 

protective mechanism or a response to cellular damage. 
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Lastly, developing human organoid models that replicate the TME will enhance the 

testing of new therapies (Jacob et al., 2020; C. Wang et al., 2024; Xu et al., 2023). 

Techniques such as single-cell and single-nucleus transcriptomics, along with other -

OMICS methodologies, provide comprehensive insights into cellular responses and the 

inherent heterogeneity of GBM. Focusing on these areas could bridge gaps in current 

therapies and lead to significantly improved patient outcomes. 
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CHAPTER 5 – CONCLUSION 

5.1 – Flavonoids 

We found that polyphenols exert distinct effects on GBM and microglia cells, impacting 

GBM cell viability without affecting microglia viability. On a molecular level, flavonoids 

decrease AcHMGB1 (alarmin) abundance in microglia but not in GBM cells, potentially 

safeguarding microglia by mitigating excessive inflammation. Due to their role in 

modulating oxidative stress, using flavonoids alone, without an anticancer drug, is not 

advisable. Our most effective treatment was the combination between fisetin and TMZ, a 

standard chemotherapy agent, enhancing its anticancer effects. 

5.2 – Dendrimers 

Our research extended to synthetic nanostructures, specifically dendrimers with varying 

charges, and their effects on GBM cells and microglia. Given the ongoing search for 

effective GBM treatments, positively charged nanostructures like dPGA present a 

promising approach for targeting GBM cells. This nanostructure demonstrates a higher 

cytotoxic effect on GBM cells compared to microglial cells at nanomolar concentrations, 

as low as 100 nM. dPGA notably increases lysosomal abundance and cathepsin B activity 

in GBM cells while simultaneously reducing LD abundance. In contrast, dPGS is non-

toxic to both microglial and GBM cells. Its effects are primarily observed at the organellar 

level, enhancing lysosomal activity in microglial cells but reducing it in GBM cells. 

Given the contrasting effects of dPGS and dPGA on GBM and microglial cells, we 

propose the development of a hybrid nanostructure that incorporates both sulfate and 

amino groups. By optimizing the ratio of sulfation to amination, we hypothesize that this 

structure will protect microglial cells with the sulfate groups while eliminating GBM cells 

with the amino groups. 

A significant drawback of highly positively charged dendrimers, such as dPGA, is 

their inherent cytotoxicity due to disruption of cell membrane integrity. Fischer et al. (2003) 

reported that cationic dendrimers can destabilize lipid bilayers, leading to cell lysis and 
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eventual death. To mitigate this, the charge and size of cationic dendrimers can be 

adjusted to achieve a balance between effective gene delivery and reduced cytotoxicity.  
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