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“Everyone who is born holds dual citizenship, in the kingdom of the well 
and in the kingdom of the sick. Although we all prefer to use the good 
passport, sooner or later each of us is obliged, at least for a spell, to 

identify ourselves as citizens of that other place”                                                              
– Susan Sontag, Illness as Metaphor 
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Abstract 
Glioblastoma represents the most aggressive primary brain tumor in adults. Despite 
intense treatment with surgery and chemoradiotherapy, treatment resistant tumors 
inevitably recur in close proximity to the primary lesion. Thus, underscoring the 
need for new therapeutic approaches. Glioblastomas are highly heterogenous 
tumors, displaying various of molecular and phenotypic properties apart from 
consisting of a wide range of other cells, such as stromal and immune cells. 

The aim of this thesis was to investigate how the non-malignant components of the 
tumor microenvironment contribute to tumor regrowth. The impact of radiation and 
hypoxia on non-tumoral cells remain poorly understood, even though these cells 
reside with tumor cells in the same areas and are exposed to the same treatment. 
Here, we used a murine GBM model to perform single cell RNA-sequencing and 
spatial transcriptomics, together with publicly available human data to get further 
insight to the changes in the tumor microenvironment. We performed in vitro 
functional studies using primary stromal and tumor cells to evaluate possible tumor-
driving mechanisms, and finally, confirmed some of these findings in pre-clinical 
settings. In paper I, we showed that radiotherapy caused both tumor and stromal 
cells to converge toward mesenchymal and reactive-astrocyte-like phenotypes. This 
AC/MES shift was tightly linked to high injury-response programs, fitting well with 
several conceptual frameworks that OPC/NPC drive towards AC/MES-states and a 
developmental-injury continuum. This transition appeared to be driven in part by 
highly reactive astrocytes with strong ECM-remodeling interactions with tumor 
cells. In paper II, we explored whether radiotherapy-induced stromal reactivity 
could be pharmacologically reversed using a drug-repurposing approach. We 
identified a compound that modulated the reactive extracellular matrix after 
radiotherapy resulting in reduced glial-scar formation. In paper III we focused on 
hypoxic niches and innate immune reactions. We showed that hypoxia and 
complement activation converge to promote tumor progression by 
immunosuppression. Paper IV showed that hypoxia induces a pronounced reactive 
shift of astrocytes, and that their altered ECM expression promotes GBM survival, 
aggressiveness and stemness.  

Overall, this thesis provided further insights into the complex glioblastoma 
microenvironment, where both radiotherapy and hypoxia increase stromal-cell 
mediated tumor progression and radioresistance, which provide insights to possible 
feature target treatments.  
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Popular Scientific Summary 
Glioblastoma is the most common and deadliest brain cancer. Despite intense 
treatment with surgery, radiotherapy and chemotherapy, tumors almost always 
come back, often in close relation to the site of the primary tumor. For decades, 
researchers have focused on understanding the properties of tumor cells, and how 
they survive and resist therapies. However, there is growing evidence that other 
components other than tumor cells themselves can play crucial roles in tumor cell 
progression and survival. Tumors are composed of several cell types apart from the 
cancer cells. They include stromal cells, such as fibroblast, endothelial cells and 
pericytes that build the structural framework and provide oxygenation of tumors. 
They also contain a repertoire of immune cells, including tumor-associated 
macrophages, B cells, T cells, NK cells and neutrophils. Additionally, the whole 
environment is filled with non-cellular components, such as extracellular matrix, 
signaling molecules and physiological factors, for instance areas of low oxygen and 
borders exposed to remaining tissue. All these components and compartments 
together create an interactive ecosystem within tumors, called the tumor 
microenvironment (TME). Brain tumors differ from other solid tumors by the 
additional layer of the blood brain barrier (BBB), that restricts immune cell 
infiltration, and adds to the complexity of cancer treatment, as many drugs cannot 
pass this physical barrier. The brain TME also includes specialized brain-resident 
cells, such as microglia, astrocytes, oligodendrocytes and neurons, making this 
ecosystem particularly context-dependent. Research has shown that many of these 
non-tumor cells get directed to fuel tumor grow and spread, not only through stomal-
tumor interaction, but also through interactions with each other.  

Glioblastomas are characterized by certain physical compartments. They are fast 
growing tumors, and rich in areas with low oxygen, called hypoxic regions. It is 
known that tumor cells in these areas respond worse to treatment, both due to the 
lack of oxygen, but also the inaccessibility of drug delivery. The different 
compositions of the microenvironment in tumors have been linked to variations in 
immune cell, stromal, and matrix composition. 

These diverse physical compartments all represent a complex environment that is 
contributing to tumor progression in their own separate ways. Apart from this, the 
tumor cells themselves exhibit a broad diversity within the same tumor. They are 
derived from glial cells and can exhibit a spectrum of characteristics from these cell 
types, such as oligodendrocyte progenitor-like, proneural-like, astrocyte-like or 
mesenchymal-like signatures. Tumor cell can therefore display large plasticity and 
come in several flavors, and they are also able to convert between these states 
depending on the environmental pressure. There is limited knowledge on how tumor 
cells convert between states, and how the microenvironment influences this 
behavior. But also, there is a general lack of understanding of how the non-tumor 
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cells behave in response to treatment. Increased understanding of the above could 
potentially open up for future treatments that do not only target tumor cells 
themselves, but also the remaining tissue that supports the tumor in growing back.  

This thesis investigates how radiotherapy and hypoxia reshapes the glioblastoma 
microenvironment with a particular focus on astrocytes, which are a star-shaped 
support cell in the brain that normally protects and provide nutrients to neurons. 
Here, across four separate interconnected studies, we have characterized how 
astrocytes respond to stress, such as radiation or lack of oxygen, by inducing a 
reactive state with altered behavior that helps the tumor become more aggressive. 
We found that both tumor cells and stressed astrocytes begin to behave in 
surprisingly similar ways during disease progression, by activating gene programs 
that are normally seen in injury and inflammation. This blurs the line between what 
is considered tumor and non-tumor compartments and highlights that astrocyte 
features can actively drive cancer progression, particularly after radiotherapy. In 
response to damage, reactive astrocytes typically start producing proteins that 
rebuild the matrix to isolate the area of brain injury from remaining healthy tissue, 
called glial scar. Using a drug-screening approach, we found that an already 
approved anti-migraine medicine could block harmful astrocyte activation, and limit 
the scar formation after radiation, which leads to slower tumor growth and increased 
survival. Similarly to radiation, low oxygen also modulated the functions of 
astrocytes to support tumor stemness and resistance to treatment. Surprisingly, we 
found that areas in the tumors with lower oxygen had local expression of part of the 
innate immune system, called the complement system. Here, it was not just 
astrocytes, but many stromal cell types, including tumor cells themselves that 
increased expression of the central component of the cascade, called C3. 
Therapeutic blockage of C3a/C3aR-signaling lead to a changed immune 
microenvironment and improved the survival of mice. Interestingly, this links back 
to the injury-response profile seen with tumor progression, as parts of the 
complement system and inflammatory signaling promote both astrocyte reactivity, 
and injury-response programs of glioblastoma cells. Overall, the work of this thesis 
shows that glioblastoma is not just a disease of cancer cells but is a dynamic 
ecosystem where non-cancerous cells can be reprogrammed and fuel malignancy, 
partially through injury and inflammatory pathways.  

Populärvetenskaplig sammanfattning  
Glioblastom är den mest vanliga och dödligaste formen av hjärntumör. Även om 
den behandlas intensivt med kirurgi, strålning och cellgifter återkommer tumören, 
ofta i samma område som primärtumören. Forskning har länge fokuserat på hur 
egenskaper av tumörcellerna bidrar till att de kan överleva och bli resistenta mot 
behandling. Det finns dock växande bevis för att andra komponenter än 
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tumörcellerna själva kan spela avgörande roller i tumörcellernas progression och 
överlevnad. Tumörer består av flera celltyper förutom cancercellerna själva. De 
inkluderar bland annat stromala celler, så som fibroblaster, endotelceller och 
pericyter som bygger upp de strukturella ramarna och förser tumören med syre och 
näring. De innehåller också en bred repetoar av immunceller, så som 
tumörassocierade makrofager, B-celler, T-celler, NK-celler och neutrofiler. 
Dessutom är hela miljön fylld med icke-cellulära komponenter, så som 
extracellulärt matrix, signalmolekyler och fysiologiska särskilda områden med låg 
syrehalt eller där tumören avgränsar till frisk vävnad. Alla dessa komponenter och 
områden skapar tillsammans ett interaktivt ekosystem inom tumörer, kallat 
tumörmikromiljön. Hjärntumörer skiljer sig från andra solida tumörer genom det 
extra lagret av blod-hjärnbarriären, som begränsar immuncellsinfiltration och ökar 
komplexiteten för cancerbehandling eftersom många läkemedel inte kan passera 
denna fysiska barriär. Hjärntumörens mikromiljö inkluderar även specialiserade 
hjärnceller, såsom mikroglia, astrocyter, oligodendrocyter och neuroner, vilket gör 
detta ekosystem särskilt kontextberoende. Forskning har visat att många av dessa 
icke-tumörceller styrs att driva tumörtillväxt och spridning, inte bara genom att 
interaktionen mellan tumör och stroma, utan även också genom interaktioner med 
varandra.  

Glioblastom kännetecknas av vissa karaktärsdrag. De är snabbväxande tumörer och 
rika på områden med låg syrehalt, kallade hypoxiska regioner. Det är känt att 
tumörceller i dessa områden svarar sämre på behandling, både på grund av syrebrist 
men också på grund av otillgängligheten av läkemedelsleverans. Dessutom skapar 
tumörgränsen, som är det område som avskiljer frisk från sjuk vävnad, en annan 
miljö från resterande av tumören. Dessa olika sammansättningar av mikromiljön i 
tumören har kopplats till variationer i immuncells- stromal- och 
matrixsammansättning, men också egenskaper hos tumörcellerna. Dessa olika 
fysiska avdelningar representerar komplexa miljöer som bidrar till 
tumörprogression på sina egna sätt. Bortsett från detta, uppvisar tumörcellerna 
själva en bred mångfald. De härstammar från gliaceller, och kan uppvisa ett 
spektrum av egenskaper från dessa, med signaturer som överlappar med 
oligodendrocyter, neurala, astrocyt eller mesenkymala program. Cancerceller 
uppvisar därför stor diversitet inom tumörer, och kommer i många olika varianter. 
De har även visats att de besitter en stor plasticitet, och kan konvertera mellan dessa 
tillstånd beroende på omständigheter. Det finns dock begränsad kunskap om hur 
tumörceller konverterar mellan tillstånd, och hur mikromiljön samt behandlingar 
påverkar dessa beteenden. Men det finns också en allmän brist på förståelse för hur 
icke-tumörceller beter sig i relation till cancerbehandling. En ökad förståelse inom 
ovanstående, skulle potentiellt kunna öppna framtida behandlingar som inte bara 
riktar sig mot tumörceller själva, utan även mot den återstående vävnaden som 
hjälper till att driva tumörens återtillväxt.  
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Denna avhandling undersöker hur strålbehandling och hypoxiska områden 
omformar glioblastoms mikromiljö, med särskilt fokus på astrocyter. Astrocyter är 
en vanligt förekommande stjärnliknande stromacell, som normalt sett skyddar och 
förser neuroner med närning. I våra studier, har vi karakteriserat hur astrocyter 
skiljer sig från frisk hjärna och närvaro av tumör, samt hur de reagerar på stress 
såsom strålning eller syrebrist och inducerar ett reaktivt tillstånd med förändrat 
beteende som hjälper tumören att bli mer aggressiv. Vi fann att både tumörceller 
och stressade astrocyter börjar bete sig på ett förvånansvärt liknande sätt under 
sjukdomsprogression, genom att aktivera genprogram som normalt ses vid skada 
och inflammation. Detta suddar ut gränserna mellan vad som anses vara tumör- och 
icke-tumörkomponenter och belyser att astrocytfunktioner aktivt kan driva 
cancerprogression, särskilt efter strålbehandling. När det sker en hjärnskada, börjar 
astrocyter förändra sina egenskaper, bli reaktiva, och producera proteiner som 
återuppbygger extracellulär matrix i en ärrliknande procedur för att isolera området 
i hjärnan där skadan har skett från resterande frisk vävnad. En process som kallas 
glios. Med hjälp av en ny metod som vi använde, kunde vi screena flera tusen 
läkemedel, och fann att ett redan godkänt läkemedel mot migrän kunde blockera 
skadlig astrocytaktivering och begränsa ärrbildning efter strålning, vilket 
resulterade i långsammare tumörtillväxt och ökad överlevnad. I likhet med 
strålning, modulerar låg syrehalt också astrocyternas funktioner för att stödja 
tumörfrämjande egenskaper. Intressant nog, hittade vi en stark koppling mellan 
hypoxiska zoner i tumören och lokalt uttryck av en del av det medfödda 
immunsystemet, kallat komplementsystemet. Det var inte bara astrocyter, utan även 
många andra stromala celltyper, samt tumörcellerna själva som ökade uttrycket av 
den centrala komponenten i kaskaden, kallad C3. När vi blockerade delar av denna 
signalering, genom C3a/C3aR-blockering, förändrades mikromiljön i tumörerna 
och vi såg förbättrad överlevnad i djurstudier. Detta återkopplar till 
skaderesponsprofilen som ses vid tumörprogression, eftersom delar av 
komplementsystemet och inflammatorisk signalering främjar både 
astrocytreaktivitet och ett skaderesponsprogram hos glioblastom celler själva. 
Sammantaget, bygger denna avhandling vidare på konceptet att glioblastom inte 
bara är en sjukdom av cancerceller, utan ett dynamisk ekosystem där icke-cancerösa 
celler kan omprogrammeras och ge näring åt tumören, delvis genom skade- och 
inflammatoriska gensvar.  
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Introduction 

The next few minutes were the longest of my life. A bit like that last minute 
when you’re standing and waiting for the washing machine to finish. I paced 
back and forth in the lab, trying to continue my experiment, but I couldn’t 
focus. A quiet panic built up inside me – a certainty that something was very 
wrong. Just a few minutes later, my phone rang. 

“We received an alarm regarding your blood tests from this morning, and we 
need you to go to the nearest emergency department immediately”, the nurse 
said. I decided to ask directly what this meant and why they wanted me to go. 
“We want to rule out malignancy”. 

The room was dark and empty when I arrived. In the middle stood a narrow 
bed with an office chair beside it. The walls were bare expect for a small round 
window looking out into the corridor. The yellow light from the headlights in 
the corridor displayed the silhouettes of bodies in motion. But in the room, 
everything stood still. The staff wore isolation masks every time they entered. 
She sat down on the edge of the bed and placed her hand on my thigh just 
above my knee. She looked at me with a meaningful, slightly sad expression, 
apologizing that I had ended up there. She promised that I would walk out of 
the hospital again. I didn’t really understand what she meant – of course I 
would leave this hospital! But little did I know that a small paper cut could 
have devastating consequences. The large bag of yellow fluid began to flow 
into my arm, while the life I had known slowly flowed out that round window 
in the corridor door. 

 

 
Every day around 55 000 people get a cancer diagnosis, leading up to approximately 
20 million new cases globally per year1. Cancer is only one word, but changes 
everything of an individual’s life from the moment it is spoken out loud. It is 
common for patients to experience helplessness and loss of control and identity2. 
Due to advances in cancer research and treatment, today 70% of patients survive 5-
years after their diagnosis3. However, the yearly cancer incidences are rising, with 
an estimation to 35 million cases globally in 20501. Concerningly, there is a rapid 
increase in early onset cancers, affecting young adults under the age of 404. This 
means that a growing number of individuals, especially those diagnosed at younger 
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ages, are surviving longer after cancer. This underscores the increasing need to 
develop more targeted therapies, and understanding long-term side effects and 
consequences, such as elevated risks of secondary malignancies, cognitive deficits, 
chronic fatigue, cardiovascular complications, psychological distress, and hormonal 
dysfunction or infertility5.   

Cancer is a disease that has long confused scientists. Today we know that some 
cancer risks are hereditary, for example, inherited mutations in the BRCA1 and 
BRCA2 genes are major drivers in breast and ovarian cancer, whereas most cancers 
arise through acquired mutations during the lifetime6. Our cells can accumulate 
genetic damage from various sources, including chemicals, smoking, UV, and 
ionizing radiation. Meanwhile, certain cancers such as cervical, and head and neck 
cancers, can be caused by viruses such as Human Papilloma Virus (HPV)7. We 
know today that there are more than 200 different types of cancer.   

The treatments available for combating cancer primarily aim to target malignant 
cells while minimizing damage to healthy tissue. Since cancer cells are transformed 
from our own cells, it is inherently challenging to target cancerous cells specifically. 
Traditional therapies rely on cytotoxic agents and radiotherapy that kill or target 
rapidly dividing cells. While these agents effectively impair cancer cells, they also 
harm normal tissues with high turnover rates. Treatment therefore requires 
balancing of the dose needed to eradicate tumor cells, with the lowest possible 
toxicity on healthy tissue. More sophisticated therapeutic strategies have been 
developed to better discriminate between malignant and non-malignant cells. For 
example, immunotherapies, such as Programmed Cell Death Protein 1 and 
Programmed Cell Death-Ligand 1 (PD-1/PD-L1) checkpoint inhibitors were 
awarded the Nobel Prize in 2018, and have shown remarkable effects in melanoma, 
and are currently being evaluated in several other cancer types8. Another strategy is 
the use of differentiation therapy, which aims to force malignant cells to mature into 
less aggressive cells which can be killed more easily9. As cancer cells often exist in 
immature, developmentally arrested states, with high plasticity and uncontrolled 
growth, agents (such as retinoic acid) force them to cellular differentiation and can 
drive them to maturation and ultimately cell death.   

Despite our increased knowledge and advances in therapies, the prognosis for 
certain cancers remains poor, among them is the most common type of brain tumor, 
called glioblastoma, that this thesis work is focused on.        

Cancer 
Cancer is a complex disease characterized by uncontrolled cell growth of abnormal 
cells. Douglas Hanahan and Robert A. Weinberg elegantly summarized the 
hallmark traits of cancers when publishing “The hallmarks of Cancer”10-13. Overall, 
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based on the last decades of research, there are currently 14 known traits to describe 
common characteristics of cancer cells. 

Hallmarks of Cancer 

Self-renewal and endless divisions  
Tumor cells have a unique capability of self-renewal. While normal cells are 
dependent on external signals to initiate growth, tumor cells sustain proliferative 
signaling by intrinsically upregulating autocrine production of growth factors, or 
increasing the cell surface receptors responsible for proliferative signaling. Many 
tumors harbor mutations in genes monitoring cellular growth. These allow for 
excessive downstream proliferative signaling even in the absence of external 
stimuli10. However, tumors also often modulate neighboring cells within the TME 
to produce growth factors, which in turn, support tumor cell growth through 
paracrine signaling. Opposite to proliferation, tumor cells also possess traits to 
evade growth suppressors that regulate cell division in healthy cells, called tumor 
suppressor genes. One of the most frequently mutated and studied tumor suppressor 
gene is tumor protein p53 (TP53)14. It acts as a transcription factor, that becomes 
activated in response to cellular stress and governs genomic aberrations. In case of 
deoxyribonucleic acid (DNA) damage, it either assists to repair the injury, or if 
beyond rescue, it induces cellular apoptosis. In this way, TP53 helps maintain tissue 
homeostasis by eliminating damaged cells in a controlled manner. Loss of TP53 
function is often seen in cancers, resulting in disrupted apoptotic pathways leading 
to cancer cell survival and their ability to resist cell death. Other common ways for 
tumors to achieve this, is to modulate cell death signaling by upregulating anti-
apoptotic factors, such as Bcl-2 and Mcl-1 or downregulating pro-apoptotic 
factors15. Apart from this, tumor cells can divide infinitely, through replicative 
immortality. This is achieved through bypassing the normal cellular aging. Healthy 
cells normally have a limited number of cell cycles through their life span, which is 
why we age. Each time a cell divides, its genome becomes slightly shorter, this is 
why, chromosomal ends are covered with protective segments of repeated DNA in 
the chromosomal ends, called telomeres. Tumor cells upregulate the enzyme 
responsible for maintaining telomeres, thereby ensuring their immortality16. Other 
intrinsic factors that characterize tumors cells are their genomic instability and 
mutations, and nonmutational epigenetic reprogramming. The first of these is based 
on alterations of the cancer cells DNA sequence, including DNA breaks, copy-
number changes, point mutations and chromosomal rearrangements17. Alterations 
of the cancer cell genome can appear early in the tumorigenesis, or cell of origin, 
and is then called clonal, whereas if mutations appear later in the process, they are 
considered subclones, usually a result of genomic instability or adaption to stress 
with survival advantages. Non-mutational epigenetic programming refers to 
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changes in gene expression without alterations to the underlying DNA sequence, 
that are regulated by DNA methylation, histone modifications and chromatin 
remodeling18. Epigenetic shifts of tumor cells enable them to rapidly adjust 
transcriptional programs, promoting plasticity, differentiation and de-differentiation 
when needed.  

Together, these characteristics define the characteristics hallmarks of sustained 
proliferative signaling, evading growth suppressors, enabling replicative 
immortality, resisting cell death, nonmutational epigenetic reprogramming and 
genome instability and mutation of cancer cells. 

Cellular plasticity and adaptation 
Tumor development and progression rely on a complex interplay of several 
biological processes that enables malignant cells to survive, expand and 
disseminate. This includes accessing vasculature, from which cancer cells secure a 
continuous supply of oxygen and nutrients, maintaining sustained growth. As 
tumors evolve, they activate programs of invasion and metastasis, reforming the 
cell-cell and cell-matrix interactions to allow migration into the circulation and over 
tissue boundaries, a process called endothelial to mesenchymal transition (EMT). 
Phenotypic plasticity enables cancer cells to transition between distinct functional 
states, contributing to a diverse tumor heterogeneity, therapeutic resistance, 
metastasis and survival in nutrient-limited niches, such as hypoxia. Integral to this 
phenotypic adaptability, is deregulation of cellular metabolism, in which malignant 
cells shift their metabolic pathways to meet their surroundings. In response to 
damage, or cellular stress, some tumor cells adapt a senescent state, recognized by 
their arrest in cell cycle, but remaining metabolically active with a senescence-
associated secretory phenotype (SASP), which can protect neighboring tumor cells 
from treatment-induced stress19. All of the above are examples of cancer hallmarks 
including of inducing or accessing vasculature, unlocking phenotypic plasticity, 
activating invasion and metastatic programs, deregulating cellular metabolism and 
becoming senescent. 

Inflammation and immune regulation        
Tumor-promoting inflammation describes the importance of how secreted 
cytokines, growth factors and reactive molecules from stromal and immune cells of 
the TME contribute to tumor progression by creating conditions that support tumor 
growth and tissue remodeling. Simultaneously, many tumor cells must avoid 
immune destruction by expressing markers that dampens the response of immune 
cells, or downregulating markers that call immune attention. The immune system 
can therefore play dual roles in tumor growth. Finally, the latest addition, 
controversially discuss the presence of polymorphic microbes, such as resident 
tumor bacteria or tissue microbes to be considered a hallmark of cancer. These are 
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the hallmarks of tumor-promoting inflammation, avoiding immune destruction and 
tumor promotion by interacting with polymorphic microbes.     

Together, the fourteen hallmarks of cancer describe how malignant cells acquire 
capacities of endless self-renewal, adapt to their surroundings under pressure, and 
escape intrinsic and extrinsic-mediated cell death. Collectively, these drive tumor 
initiation, progression and therapeutic resistance. 
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Brain Tumors 

Brain tumors are classified based on their cellular origin and tumor characterization, 
including immunohistochemistry and histology. Gliomas are derived from glial 
origin, and are the most common type of primary brain tumors, representing 80% 
of malignant cases. Adult diffuse gliomas are divided into astrocytoma isocitrate 
dehydrogenase (IDH)-mutant, oligodendroglioma IDH-mutant and 1p/19q-
codeletion, and glioblastoma IDH-wildtype according to the latest update from 
World Healthy Organization (WHO)20,21. Previously, in the 2016 WHO 
classification, IDH-mutant diffuse astrocytic gliomas were categorized into diffuse 
astrocytoma, anaplastic astrocytoma and glioblastoma22. Glioblastomas (GBMs) 
were then classified based on their IDH status, with absence or presence of 
mutations in either IDH1 or IDH2. In contrast, the current classification considers 
only IDH-wildtype to be GBM. Apart from being IDH-wildtype, GBMs are also 
characterized of having pseudopalisading necrosis, high mitotic activity and 
microvascular proliferation with either one or more of the following three genetic 
parameters; epidermal growth factor receptor (EGFR) gene amplification, 
Telomerase Reverse Transcriptase (TERT) promoter mutation, chromosome 7 gain 
and loss of chromosome 10.   

Glioblastoma  

Clinical Manifestation and Prognosis 
GBM is most commonly diagnosed in adults of 40-70 years, with a median age at 
diagnosis of 6423. The incidence is higher in men compared to females. Few risk 
factors are known about the development of GBM24. Prior exposure to radiotherapy 
has been shown to increase the risk. Beyond this, there is no evidence that lifestyle 
factors such as alcohol consumption or cigarette smoking, both known factors 
contributing to many cancers, are associated with GBM risk. Clinical manifestations 
typically include headaches, cognitive impairments, nausea, seizures, motor deficit 
and visual changes25. The prognosis of GBM remains poor, and fewer than 5% of 
patients survive five years after diagnosis, with a median survival of approximately 
15 months26,27. 
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Treatment 
Despite advances in GBM research, the treatment options for patients remains 
limited. Standard of care therapy includes maximal safe surgical resection, followed 
by temozolomide (TMZ) chemotherapy and fractionated radiotherapy with a total 
of 60 Gy over 30 days distribution28,29. Due to the infiltrative growth patterns of 
GBM, complete removal of all malignancy is difficult to achieve, and residual 
cancer cells often remain. The extent of tumor removal is one of the few treatment-
related prognostic factors of GBM, where patients that receive complete surgical 
removal survive longer compared to patients who do not achieve this30. 
Additionally, patient survival was improved by the introduction of TMZ and 
radiotherapy31-33. Nevertheless, O6-methylguanine-DNA methyltransferase 
(MGMT) promoter methylation is a critical prognostic marker for the efficiency of 
TMZ treatment, as the MGMT protein repairs DNA damage caused by alkylating 
therapies, such as TMZ34,35. The clinical usefulness of MGMT status remains 
limited, primarily due to the absence of effective therapies for patients with GBM 
harboring an unmethylated MGMT promoter36. In addition, patients can be treated 
using tumor treating fields (TTFields), which is a localized, anti-cancer technique 
using a non-invasive, wearable device that generates alternating electric fields 
across the tumor site. The proposed mechanism of action includes impaired cellular 
proliferation, by disrupting mitosis, DNA replication and cell repair37,38. Despite 
these intense treatment efforts, tumors inevitably recur in close proximity, usually 
within 2 cm to the primary tumor site39,40. Currently, there is no universal standard 
of care recommendations for recurrent GBM treatment41, and treatment option 
remains limited as recurrent tumors often exhibit resistance to primary treatments. 
In less than 50% of cases, patients are suitable for re-operation, which has been 
linked to longer survival42-44. Apart from this, patients therefore rely on ongoing 
clinical trials or development of new therapies. Currently, ongoing clinical trials 
include anti-vascular endothelial growth factor (VEGF) treatments, MET-
inhibitors, additional alkylating agents, and immunotherapy45-47. Unfortunately, 
these have yielded moderate or no promising results.   

Glioblastoma heterogeneity 

Molecular Pathways in GBM 
Molecular signatures in GBM were first introduced in studies from Phillips, 
Verhaak, and Wang et al. based on gene-expression profiles48-50. Using bulk RNA 
sequencing from The Cancer Genome Atlas (TCGA), Verhaak et al. showed in 2010 
that GBM could be divided into four different subgroups; proneural, neural, 
classical and mesenchymal based on their transcriptional profile, although the neural 
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subtype later was shown to be a contamination of normal cells50. The proneural 
GBM subtype was characterized by PDGFRA amplification and loss-of-function of 
TP5351. Historically, this subtype was divided into two subgroups, gliomas with 
CpG island methylator phenotype (G-CIMP), marked with hypermethylated DNA 
and typically associated with IDH-mutations, and a non-G-CIMP proneural 
subgroup52. IDH-mutations were considered a favorable prognostic outcome for 
patients, with longer survival53. However, according to the current classifications, 
G-CIMP and IDH-mutant proneural gliomas are no longer classified as GBMs but 
are instead designated as IDH-mutant astrocytoma, grade IV21. In contrast, the 
classical GBM subtype was mostly associated with EGFR activation and 
Phosphatase and Tensin homolog (PTEN) loss, driven by chromosome 7 
amplification and chromosome 10 loss, genetic alterations present in nearly all 
classical GBMs51. The mesenchymal subtype was defined by frequent loss of PTEN 
and NF1. Individuals harboring NF1 mutations generally have an increased 
predisposition to tumor formation due to overactive RAS/MAPK pathway 
signaling, and NF1 loss is one of the few inherited genetic risk factors for gliomas 
aside from TP53 and PTEN mutations49. Mesenchymal GBMs exhibited elevated 
expression of mesenchymal and astrocytic markers such as Vimentin (VIM), CD44 
and EMT-associated transcriptional factors including TWIST1, Snai1 and Snai2. 
Compared with the other subtypes, mesenchymal tumors show greater immune cell 
infiltration and a higher degree of tumor necrosis. Overall, most GBMs harbors 
abnormalities in all the above-mentioned pathways (PTEN, TP53 and receptor 
tyrosine kinase pathways), suggesting their core involvement in GBM pathogenesis. 
However, despite their transcriptional differences, there was no clinically significant 
outcome between the subgroups of GBMs. Which could be explained by the fact 
that GBM tumors display a remarkable cellular heterogeneity and extensive 
transcriptional diversity, inherently making molecular classification difficult. While 
the bulk signature reflected a predominant molecular pathway, multiple subtypes 
clearly coexist within individual tumors51,54-60. The introduction of single-cell RNA 
sequencing (scRNA-seq) has significantly deepened our understanding of the tumor 
complexity and offers a more effective approach for dissecting tumor 
heterogeneity61. Unlike bulk sequencing, scRNA-seq makes it possible to 
investigate the transcriptional states of individual tumor and stomal cells rather than 
only their shared transcriptomic profiles. 

Plasticity 
One of the earliest studies using scRNA-seq, published by Patel et al. profiled 430 
cells derived from primary GBM tumors. This study revealed profound 
transcriptional heterogeneity among malignant cells, despite their shared common 
chromosomal abnormalities. The transcriptional variation was linked to hypoxia-
related pathways, immune-response programs, proliferation-associated genes and 
oncogenic signaling62. The overall transcriptional signature could be traced back to 
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the original TCGA subtypes, including proneural, classical and mesenchymal 
signatures. However, on single-cellular level, they showed that all subtype-
associated programs co-existed within individual tumors.  

Furthermore, as the sequencing technique evolved, larger and more comprehensive 
datasets could be generated. Neftel et al introduced four cellular states of GBM 
cells: neural-progenitor-like (NPC-like), oligodendrocyte-progenitor-like (OPC-
like), astrocyte-like (AC-like) and mesenchymal-like (MES-like)63. All four states 
are found in GBM tumors, but their relative abundance varies and are linked to their 
genetic alteration, such as amplification of Cyclin-Dependent Kinase 4 (CDK4), 
PDGFRA, EGFR and NF1 loss, which preferentially drive the proneural, classical 
and mesenchymal subtypes, respectively. Using barcoding strategies, Neftel et al. 
also demonstrated that GBM cells exhibit substantial plasticity between these states 
and that individual clones from each state were able to recapitulate the full spectrum 
of cellular states, indicating that these programs are dynamic rather than terminally 
fixed. Such plasticity and heterogeneity may explain the treatment resistance and 
tumor recurrence in GBM, as limited differences between the composition of 
primary and recurrent brain tumors have been observed64,65.   

Spatial and temporal sampling has further highlighted that GBM cell states, as well 
as the TME, are strongly influenced by location and disease progression. For 
instance, studies analyzing region-specific biopsies have shown clear distinctions 
between tumor-core and tumor-border cells66,67. Although our understanding of 
GBM phenotypes and cellular states has advanced, the dynamics of their relative 
abundance in association with tumor recurrence are less defined. Although, several 
separate studies have reported a PMT transition in response to radiotherapy or GBM 
recurrence48,68-72, results are conflicting since some studies report no difference65,69. 
In the reported cases, PMT is associated with tumor progression and therapy 
resistance via upregulation of mesenchymal markers (CD44, STAT3, CEBP, and 
Vimentin)48,72-75. Additionally, recent studies from Garcia-Diaz et al. demonstrate 
that tumor cells exposed to the microenvironment in tumor margins reacquire 
properties of AC-like cells, and exhibit more resistance to TMZ67. A recent 
publication from Zheng et al. using multiregional GBM samples revealed that 
transcriptional programs associated with tumor hypoxia, as well as tumor cells with 
AC-like signatures, correlate with poorer prognosis76. Interestingly, AC-like tumor 
cells were linked to worse outcomes only when they exhibited increased spatial 
connectivity with one another, and not when interacting with other subtypes such as 
MES-, NPC-, or OPC-like cells. Moreover, the overall proportion of AC-like cells 
alone did not predict patient outcome. These findings suggest that the spatial 
organization of for instance, AC-like tumor cells, may play a more critical role in 
prognosis rather than their abundance. Another publication by Sojka et al. compared 
GBM cells with the developing trajectory of astrocytes, showing that AC-like tumor 
cells deviate from normal maturation and remain in an early developmental stage, a 
feature present in GBM but not IDH-mutant gliomas77.  
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Hybrid and emerging cellular states 
Apart from the glial and neuronal like comparisons, glioma cells also adopt a wide 
range of cellular programs. Early studies from Neftel et al. showed presence of 
intermediate hybrid cellular states existing between NPC-, OPC, MES- and AC-like 
tumor cells. Since then, the plasticity of tumor cells has also been demonstrated by 
Richards et al. over a transcriptional continuum spanning from developmental, 
neuronal-like programs to injury-response signatures, that may be a driver of tumor 
recurrence78. Interestingly, another study found that early tumorigenesis switches 
on injury-programs, that drive tumor progression mediated through the 
environment79. Additionally, a reactive-hypoxia program, was shown to overlap 
with the injury response programs from Richards et al, and mesenchymal subtypes 
from Verhaak and Neftel et al. where areas of reactive-hypoxia were associated with 
accumulation of copy number alterations73. Introduction of these injury response 
profiles may be a direct effect of how GBM injures the brain as it expands. A 
growing evidence shows that these injury-associated genes show a significant 
overlap with reactive astrocyte signatures78,80, and the existence of a “MES-AC-
hybrid” state81. These reactive AC-like states show overlap with MES signatures 
widely described in the literature, and could suggest that MES-like states comprise 
of cells that contain dormant reactivity triggered by microenvironmental stressors. 
While previous work has demonstrated that injury-response programs are engaged 
at the onset of tumorigenesis, it is still relatively unexplored how the injury-
associated MES and reactive astrocyte (ACR) axes evolve during therapeutic stress. 
Exploring whether therapy further drives these programs, and whether this promotes 
resistance could reveal important therapeutic vulnerabilities if these programs could 
be neutralized or switched off.    

Glioma Cells with Stemness Properties  
The modern cancer stem cell (CSC) model in GBM originates from leukemia studies 
showing that only a rare subset of malignant cells sustain disease. In the 1990s, a 
small subset of acute myeloid leukemia (AML) cells capable of regenerating 
leukemia in immunodeficient mice was identified, demonstrating capacities of self-
renewal and long-term repopulation82,83. This work established the leukemia stem 
cell model and explained why therapies targeting rapidly diving cells often fail, 
leading to relapse.   

Building on leukemia studies, the CSC model was extended to solid tumors like 
GBM. Early work focused on identifying GBM cells with stem-like traits, such as 
tumor-initiation, self-renewal and therapy resistant clones. Identification of glioma 
stem cells (GSCs) was broadly based on expression markers such as CD133, CD44, 
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Octamer-binding transcription factor 4 (OCT4), SRY-box transcription factor 2 
(SOX2) and Nestin, exhibiting a general stem-like signature found in many 
cancers84-89. However, studies showed that CSCs in GBM rather seem to display a 
dynamic spectrum of stem-like states, rather than a fixed cell type and therefore 
problematize the usage of single markers to study stem cells90. For instance, the 
early scRNA-seq studies by Patel et al. provided the first strong evidence for multi-
lineage cancer stem cells as they observed a continuum of stemness related states, 
indicating widespread partial stemness62. Furthermore, work from Dirkse et al. 
suggested that stem-like properties may extend across multiple cellular states in 
GBM, rather than being confined to any single subpopulation. This was based on 
their functional studies showing that isolated cells from all different malignant 
subpopulations possess properties of self-renewal and multipotency, and were able 
to reconstruct the original intra-tumoral heterogeneity when re-implanted in vivo91. 
Combinational targeting of heterogenous glioma cells with stemness features may 
therefore be a promising avenue92. Together, the above reinforces the concept of 
GBM showing cellular plasticity as described in the previous chapter, and that 
stemness properties are dynamic and reversible across all tumor cell populations, 
which are highly influenced by certain microenvironmental niche factors.  

Extrinsic cues in the GBM microenvironment play a key role in driving and 
maintaining stemness. Glioma cells with increased stemness are generally 
associated with distinct GBM tumor niches, including perivascular, invasive and 
perinecrotic regions93. For instance, cells with stem-like features, such as proneural-
like GSCs, are enriched in perivascular regions, and mesenchymal-like cells in 
perinecrotic areas94,95. Extrinsic niche factors within hypoxic and perivascular 
regions play important role in maintaining and promoting stemness in GBM. For 
example, previous studies from Grassi et al. showed that Delta-like non-canonical 
Notch Ligand 1 (DLK1), expressed by tumor-associated astrocytes in these regions, 
acts as key regulator of stem-like properites96. CD44 is a central mediator in these 
niches, as CD44-osteopontin signaling promotes stemness, and Johansson et al. 
further demonstrated that CD44 in the same regions is cleaved and interacts with 
Hypoxia-inducible factor (HIF)-2a, thereby regulating hypoxia-induced stemness 
in both true hypoxic, but also in pseudo-hypoxic environments97,98.    

The continuing work to unravel stemness properties is clinically important, as GSCs 
or cells with stemness properties display intrinsic resistance to chemotherapy and 
radiotherapy. Mechanisms underlying this resistance include reduced proliferation 
rates, increased expression of drug-efflux transporters and increased reactive 
oxygen species (ROS) detoxification99-101.  

In Vitro Methods for Stemness Properties  
In vitro approaches to investigate GSC properties include several experimental 
models. Cells are usually grown under controlled serum-free conditions, to avoid 
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unwanted differentiation and preserve stemness properties of cells. Media is 
supplemented with controlled growth factors, such as epidermal growth factor 
(EGF) and fibroblast growth factor 2 (FGF2) to support their self-renewal and 
proliferative ability102. Measurements of stemness are performed using sphere-
formation assays to assess self-renewal, radiation and chemotherapy resistance by 
colony formation assays, drug-efflux capacity through side-population assays and 
expression profiling of stem-cell markers103,104. Together, these methods help 
functionally validate the stem-like behavior suggested by transcriptomic data.  
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Glial Cells 

Brain cells can broadly be divided into neurons, glial, immune cells and vascular 
cells. Glial cells consist of oligodendrocytes, astrocytes and microglia and makes up 
to approximately 60% of the brain mass. The word “glia” means “glue” in ancient 
Greek, corresponding to their original definition of being the ‘glue of the brain’. The 
most abundant glial cell type of the brain is the star-shaped glial cell called 
astrocytes, consisting of approximately 20-40% of the total glial cell population in 
the brain105. They have large,  branched morphology, with a diameter reaching 150 
µm consisting of intermediate filaments, in particular, glial fibrillary acidic protein 
(GFAP) forming the so-called astrocytic foot processes, allowing astrocytes to 
communicate with their surroundings106. Astrocytic endfeet together with pericytes, 
are key structural components of the BBB, by enveloping endothelial cells and 
maintain and regulate BBB permeability by secreting factors such as bFGF and glial 
cell derived neurotrophic factor (GDNF) that tightens the BBB107-109. Additionally, 
astrocytes preserve brain homeostasis and optimal neuronal activity by monitoring 
the ion concentrations in interstitial fluids and keeping them constant by uptake or 
release of ions, as well as acting as metabolic support, releasing lactate during 
energy depletion. Astrocytes have historically been considered to primarily be a 
passive support cell for brain structure and neural functions, but increasing evidence 
shows that astrocytes play crucial roles in several neurological pathways, such as 
regulation of neuronal networks, detoxification and recycling of neurotransmitters.  

Glial Development  
Radial glia cells (RGCs), a type of neural stem cell (NSCs), in the ventricular zone 
(VZ), serve as a crucial common progenitor cell for neurons, astrocytes and 
oligodendrocytes. During early embryonic development, neurogenesis creates 
neuronal networks by producing neurons from NSCs, occurring in the VZ and 
subventricular zones (SVZ)110. Although RGCs initially generate neurons during the 
early stages of embryonic development, the gliogenic switch, after E11.5 in mice, 
start to produce intrinsic transcription factors SOX9, NFIA and NFIB that drives the 
glia towards an astrocytic lineage111,112. Extrinsic factors, such as cytokines like 
CNTF and leukemia inhibitory factor (LIF) activate JAK/STAT pathways, further 
leading to activation of astrocytic genes such as GFAP and S100B and repression 
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of neuronal and oligodendrocyte genes (e.g. Ngn1/2/3 and olig1/2) (Figure 1). 
Overall, there is a balanced and highly coordinated switch from neurogenesis, the 
formation of neurons, to gliogenesis, which creates the supporting cells such as 
oligodendrocytes and astrocytes in the developing brains. SVZ astrocyte like-
progenitors arise embryonically from RGCs and persist through adulthood as a 
primary source of new glial cells113-115. These are located in the SVZ, and may under 
circumstances, such as injury, give rise to new astrocytes that can migrate to the 
region needing repair, and among other things, contribute to glial scar formation116-
119. 

 
Figure 1. Illustration of development of neurons, oligodendrocytes and astrocytes. 

Astrocyte Subtypes 
The location, morphology and functions have given rise to the different astrocytic 
subtypes. Morphologically, astrocytes are classified as protoplasmic, fibrous or 
interlaminar. These can be present in different brain locations, such as cortex and 
cerebellum. Protoplasmic astrocytes are the majority of astrocytes found throughout 
the cortex. These have bushy, highly branched morphology, and provide metabolic 
support for neurons, ion homeostasis, and regulation of synaptic transmissions120. 
In contrast, fibrous astrocytes are found along the white matter tracts and have 
longer straight processes and are in close proximity to the vasculature, their role is 
therefore thought to be highly involved in BBB maintenance121. Additionally, 
human and primates contain two subclasses called interlaminar and varicose 
astrocytes. Interlaminar astrocytes are located at the outermost part of the cerebral 
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cortex, and have long fibers extending into other layers of the cortex in, and express 
high amounts of GFAP, whereas varicose astrocytes also possess long foot 
processes similar to interlaminar astrocytes, but located in the deeper cortical layers, 
suggesting they might contribute to the complex cognitive functions in primates122.  

More recent work, integrating both scRNA-seq and spatial transcriptomics, 
highlight astrocyte clusters specific to their anatomical location in the mouse 
brain123,124, for example telencephalon (Astrocyte TE), non-telencephalon 
(Astrocyte NT), cerebellum, Bergmann glia or olfactory bulb astrocytes125. 
Although several types of astrocytes have been found in different regional locations 
in human and murine brains, much of their diversity in transcriptional profiles 
remains to be explored126. 

Astrocyte Reactivity 
Of particular importance to this thesis is the process of astrocyte reactivity. During 
injury or disease astrocytes undergo molecular, morphological and functional 
alterations called ‘reactive gliosis’. Astrocytes respond with increased proliferation 
and migration to the site of injury, surrounding the damaged area by growing thicker 
and longer processes127. The generated surrounding scar tissue acts as a physical 
barrier to protect the remaining healthy brain.  At present, it remains uncertain if 
astrocyte reactivity is restricted to certain subsets of astrocytes, or if it is a pan-
astrocytic feature in response to disease. In general, reactive astrocytes display 
hypertrophy with increased expression of GFAP. Other markers commonly 
associated with reactivity are the upregulation of cytoskeletal markers Vimentin and 
Nestin, transcription factors such as STAT3, adhesion molecule CD44 and a broad 
range of inflammatory cytokines and chemokines. Broadly, astrocyte reactivity has 
been divided into neurotoxic or neuroprotective properties128. However, astrocyte 
reactivity has proven not to be a unified molecular signature, but rather represents a 
diverse group of cells with different degrees of reactivity depending on the severity 
of the injury or microenvironmental cues129,130. Recent advances in the field suggest 
classification based on their location and properties such as (i) proliferative, border-
forming reactive astrocytes, that arise from periventricular neural progenitors in 
response to damage, or (ii) non-proliferative reactive astrocytes that retains tissue 
architecture, but respond and become locally reactive in response to disease or 
injury131. Based on these categorizations, proliferative astrocytes are suggested to 
gain non-canonical functions with increased interaction with immune and non-
neural stromal cells, whereas non-proliferative local astrocytes retain their 
functionality and interaction with for example, synapses, neurons and blood vessels.  

Astrocyte reactivity can be triggered either via a direct or indirect manner. After 
injury, astrocytes become activated through a diverse range of signaling, by sensing 
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damage associated molecular patterns (DAMPs) by pattern recognition receptors, 
mechanical stress, hypoxia or indirectly via TNF-a, IL-1a and C1q crosstalk with 
microglia/macrophages132. Activation of astrocytes leads to increased signaling 
pathways of NF-kB, STAT3 and transforming growth factor (TGF)-b, leading to 
astrocyte hypertrophy, proliferation and scar formation133. The formation of the glial 
scar result in a protective barrier of healthy brain cells at the site of injury.   

Astrocytes in CNS pathologies 
Astrocytes have been extensively studied in central nervous system (CNS) 
pathologies, including, ischemic stroke, multiple sclerosis, traumatic brain injury, 
Alzheimer’s, Parkinson’s disease as well as amyotrophic lateral sclerosis and 
epilepsy. What is clear is that astrogliosis can be considered a spectrum, ranging 
from mild, reversible changes to more extended glial scar formation rather than 
binary categories. The reactivity results in loss- or gain-of-functions, and alterations 
also occur in their metabolic support (e.g. use of cholesterol and lactate), synapse 
formation, modulated immune cell interaction, and BBB maintenance. Gained 
functions include supporting axon regeneration, scar border formation and 
neurotoxin release. Recent advances of scRNA-seq and spatial transcriptomics 
display reactive astrocyte heterogeneity with overlapping gene programs that vary 
depending on disease context, disease progression, time after insult and CNS 
regions. For instance, inflammatory signaling (IL-1b, TNF-a, complement C3) 
mediated by reactive astrocytes during acute infection or injury promotes immune 
defense and clears debris, whereas sustained neuroinflammation, leads to chronic 
neurodegeneration and synapse loss. However, most importantly, collectively we 
have learned that reactive astrocytes in the abnormal CNS secrete a diverse range of 
molecules ranging from chemokines, among them including C-C motif chemokine 
ligand (CCL)2, CCL3, CCL20, CXCL1, and cytokines such as IL-1b, IL-6, TGF-b, 
TNF-a and interferon (INF)-g, as well as complement proteins C3, C5, and 
complement factor B (CFB), and growth factors, e.g. VEGFA, FGF, BDNF and 
PDGF134 (Figure 2).  
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Figure 2. Illustration of local stress responses of astrocytes, which may be induced by CNS disease, 
damage, radiotherapy or tumors.    

Astrocytes in the Context of Brain Tumors 
Reactive astrocytes are known to limit inflammatory spread after stroke, traumatic 
injury, and other forms of CNS damages, a process critically dependent on STAT3-
mediated signaling. In contrast, studies in mouse models of brain tumors 
demonstrate that neoplastic cells can hijack the same STAT3 pathway to suppress 
immune responses, thereby co-opting astrocytes to assisting in immune evasion of 
the tumors.  

Astrocytes roles in hypoxia and radiation will be discussed in later chapters, as well 
as their relationship to tumorigenesis. This is an ongoing evolving field but it is clear 
that tumor cells and astrocytes are signaling bidirectionally, contributing to active 
disease. Astrocytes have been shown to play roles in both primary tumors and brain 
metastasis135. Reactive astrocytes secrete high levels of factors such as TNF-a, 
TGF-b and IL-6 in response to CNS injury, and these molecules have shown to 
markedly enhance the in vitro proliferation of cancer cells, including brain-
metastatic breast and lung cancer cells as well as primary brain tumors like GBM,  
elegantly summarized by Placone et al.136-138. Several studies conducting co-culture 
experiments have shown survival benefits or increased aggressiveness of cancer 
cells grown in co-culture, conditioned media or astrocyte-derived matrix139-144. 
Likewise, astrocytes contribute to chemoprotection in both primary and metastatic 
brain tumors. This effect has been detected in GBM cell lines, brain metastatic 
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breast, lung and skin cancers145-147. The current hypothesis is that cancer cells escape 
from chemotherapy-mediated cytotoxicity through regulation of calcium, through 
cell-cell contact gap junctions between astrocytes and tumor cells, for instance 
through connexin 43 (GJA1)148. Astrocytes having pro-tumoral properties was 
ultimately shown by Perelroizen et al., demonstrating that depletion of tumor 
associated astrocytes prolonged survival of mice, which was at least partially 
mediated by a lower influx of immunosuppressive macrophages149.  

How astrocyte reactivity, and their relative abundance, changes during tumor 
recurrence remains largely unexplored. Recurrent gliomas have been reported to 
display a higher reactive astrocyte scores65,150. Consistently, a murine glioma-
resection model showed that surgical injury induces a reactive astrocyte phenotype 
that fuels the regrowth of tumor151.      

Overall, astrocytes appear to support tumor progression through different principal 
pathways. First, they promote direct survival of tumor cells by upregulating factors 
that enhance survival, especially under stressful conditions such as hypoxia, 
radiotherapy and injury. Second, they remodel the ECM to support tumor growth, 
and thirdly, they shape the immune microenvironment through extensive crosstalk 
with immune cells, particularly microglia and macrophages. Reactive astrocytes 
exist in dynamic, overlapping states, where the same functions might have 
protective or pathogenic roles depending on their context152. Targeting global 
astrogliosis is therefore challenging, but identification of specific signaling 
pathways, or temporal windows is considered more promising.  

Transcriptomic Identification of Astrocytes  
In experimental procedures, identification of astrocytes often relies on marker 
expression, such as GFAP. GFAP is expressed by virtually all reactive astrocytes, 
but may be absent in some resting astrocytes, and therefore has limitations as a pan-
astrocytic marker. A combination of markers that are robustly expressed in 
astrocytes is therefore suggested for accurate detection of broader astrocyte 
populations. For instance, markers associated with the neural-glial switch, such as 
FGFR3, S100B, FABP7, SOX9 and BLBP may be used, although not completely 
exclusive for astrocytes111. Additionally, maturation markers such as GLAST-1, 
AQP-4, GLT-1 and ALDH1L1 are also suggested candidates153. Some identification 
markers and stress-reactions are summarized in table 1. 

  



38 

Table 1. Identification and summary of astrocytic traits. 

Cellular stage Genes  

Progenitor cell SOX9, FGFR3, S100B, BLBP, NFIA, S100A6, Nes, Fabp7 

Mature markers GLAST-1, AQP-4, GLT-1, ALDH1L1, GFAP, GJA1 

Reactivity markers GFAP, Vim, Nes, CD44, C3, C4b 

Biological trait  Reactivity-induced secretion 

Complement  C3, C5  

Angiogenesis VEGFA, FGF, PDGF 

Tumor cell growth FGF, BDNF, PDGF 

Pro-inflammatory signaling IL-1b, TNF-a, INF-g 

Immune suppression IL-6, TGF-b, INF-g 

Immune requitement CCL2, CCL3, CCL20, CXCL1, TNF-a 

Tissue repair CCL20, CXCL1, TGF-b 

Hypoxic adaptation CCL20, TNF-a 
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The Tumor Microenvironment 

The TME is a complex ecosystem surrounding a tumor, including tumor, immune 
and stromal cells, blood vessels and the extracellular matrix. As the tumor starts to 
develop, it actively remodels its surrounding tissue at a molecular, cellular and 
physiological level to support its growth and progression154. As highlighted by 
Truffi et al. the tumor microenvironment is “not just a silent bystander, but rather 
an active promoter of cancer progression”155.   

The Blood Brain Barrier  
The BBB is a physical and chemical, highly selective, semi-permeable membrane. 
It is composed of endothelial cells, pericytes and astrocyte end-feet, that together 
separate the circulating blood from the brain tissue across blood vessels in most 
areas of the brain. Its main function is to act as a protective layer, preventing harmful 
substances or microbes to enter the brain, and at the same time maintain a stable 
environment for neurons to function properly. It is composed of tight junctions 
between endothelial cells, allowing only water and specific ions to pass whereas it 
prohibits the majority, around 98% of small molecules, and larger molecules like 
growth factors and antibodies to pass156,157. The BBB therefore remains one of the 
largest obstacles in delivering drugs to GBM, and it is hypothesized that glioma 
cells residing at the tumor border are protected from anti-cancer agents due to the 
intact vasculature, whereas the center of tumors often exhibit an impaired BBB with 
more allowance for drug permeability156,158.  

Hypoxia  
In tissues, oxygen plays a crucial role of maintaining cellular viability. The 
absorption of O2 into the body tissues occurs in the gas-liquid interface of our alveoli 
and are thereby the major limiting factor of oxygen distribution. Physiological level 
of oxygen varies depending on the tissue but has been reported between 14- to 2.5%, 
from highly oxygenated arterial blood in contrast to lower oxygenated organs such 
as the brain or skeletal muscles. Overall, factors regulating the oxygen levels in 
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various tissues are based on their oxygen consumption rate, vascularization and 
blood flow159. Hypoxia occurs when there is insufficient oxygen supply to the 
tissues, resulting in impaired cellular homeostasis, often associated with 
pathological conditions such as inflammation, bacterial infection, wounds, 
cardiovascular diseases and cancer. Therefore, our bodies have developed systems 
to regulate and maintain adequate oxygen levels, through responses such as 
increased circulating red blood cells, blood vessel growth, ventilation and cardiac 
output to compensate for lack of oxygen160. Cellular hypoxia can be temporary, due 
to imbalance between metabolic requirements and oxygen supply, or permanent 
because of vascular damage, inflammation or tissue swelling. In addition, different 
degrees of oxygen deprivation elicit distinct cellular responses. Mild hypoxia 
activates survival programs focusing on enhanced angiogenesis and altered 
metabolism, whereas severe hypoxia leads to cell cycle arrest, TP53 activation, 
autophagy and induction of apoptotic and necrotic pathways. Hypoxia can either be 
transient, if tissues regain physiological oxygen concentration (physoxia), or 
chronic if it permanently alters the microenvironment or vessels.     

Both normal and tumor cells have adapted mechanisms that respond to variations in 
oxygen levels, through a transcriptional program mainly regulated by HIFs.  

Hypoxia-Inducible Factors  
HIFs are heterodimeric transcription factors, consisting of two basic helix-loop-
helix proteins (HIF-a and HIF-b) that are continuously expressed in all cell types. 
Under adequate physiological oxygen concentrations (normoxia), the oxygen-
sensitive HIF-a subunit (consisting of three, HIF-1a, HIF-2a and HIF-3a isoforms) 
has a short half-life. HIF-a becomes hydroxylated by oxygen-dependent prolyl 
hydroxylase domains (PHDs), resulting in HIF-a to be recognized by Von Hippel 
Lindau tumor suppressor protein (pVHL), a component of the E3 ubiquitin ligase 
complex. In this way, in the presence of oxygen pVHL targets HIF-a for 
degradation via the ubiquitin-proteasome pathway in presence of oxygen. However, 
in the absence of oxygen PHDs are no longer capable of hydroxylating HIF-a for 
proteasomal degradation, leading to accumulation and translocation to the nucleus 
and dimerization with HIF-1b. The heterodimeric HIF-complex binds to hypoxia 
response elements (HRE) in gene promoters and increases expression of target 
genes.          

HIF-signaling was collectively identified in the 1990s from Gregg Semenza, Peter 
Ratcliffe and William Kaelin’s research groups. For their discoveries, of how cells 
sense and adapt to oxygen availability, they were jointly awarded the Nobel Prize 
in Medicine in 2019161.     
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Cellular Response to Hypoxia 
Under physiological O2 levels, our cells generate high amounts of energy in the form 
of adenosine triphosphate (ATP) from glucose, using cellular respiration. This 
includes two phases, firstly glycolysis, an oxygen-independent pathway which 
converts glucose to pyruvate, which is imported to mitochondria for oxidative 
phosphorylation, generating high amount of ATP for our cells. Cells in oxygen-
deprived environments, and often tumor cells, uses only the oxygen-independent 
process called anaerobic glycolysis, which converts glucose to pyruvate, followed 
by conversion to lactate instead of performing oxidative phosphorylation. Tumor 
cells can rely on this metabolic reprogramming for energy even when oxygen is 
present, termed aerobic glycolysis, a phenomena firstly described by Otto Warburg 
in early 20th century and later recognized as the “The Warburg effect”162. The 
accelerated glucose metabolism is conducted by upregulation of glucose 
transporters such as GLUT1. The process is often initiated by stabilizing HIF-
signaling under normoxic conditions, called pseudohypoxia. Mutations in certain 
tumor suppressor genes, such as for instance VHL, MDM2 or TP53 leads to 
abnormal regulation of the hypoxic signaling and leads to accumulation of HIF 
proteins even under physiological oxygen concentrations163. The overall cellular 
response of normal, and pathological cell responses to hypoxia includes the 
transcription of genes containing the HRE and are involved in glucose metabolism, 
transcriptional regulation, erythropoiesis, angiogenesis, pH regulation and cell 
survival. Measurable markers of hypoxia can therefore include for instance, GLUT1, 
LDHA, HK2, BHLHE40, EPO, VEGFA and CA9164-166.           

Tumor Hypoxia 
Hypoxia is a defining feature of GBM, as well as many other solid tumors. It arises 
due to rapid and infiltrative growth of tumor cells outgrowing the capacity of the 
aberrant tumor vasculature and oxygen supply, resulting in a larger distance with 
approximately 200 µm away between vessels to cells, ultimately creating niches of 
chronic hypoxia and in severe cases necrosis. Endothelial cells become abnormal 
from interaction with the TME, as well as exposure to damaging agents such as anti-
cancer drugs, resulting in leaky, non-functional vessels and spatially heterogenous 
oxygen levels within the tumor mass. Even if tumor hypoxia is highly inter- and 
intra-variable within tumors, a higher degree of tumor hypoxia is associated with 
decreased survival of patients in various cancer types167.  

Tumor and stromal cells can adapt to the lower oxygen environment by activating 
transcriptional programs involved in metabolism, angiogenesis, survival and 
extracellular matrix (ECM) remodeling primarily driven by HIFs. These adaptations 
enable tumor cells to withstand oxygen scarcity while reshaping the surrounding 
microenvironment. Hypoxic niches, associated with perinecrotic and 
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pseudopallisading necrosis is one of the major characteristic distinguishing GBM 
from lower grade gliomas. Furthermore, PTEN and Tp53 mutations frequently 
found in GBM are both associated with adaptation to hypoxia through increased 
glycolysis via PI3K/Akt signaling and glucose transporter regulation168. 
Additionally, PDGF-signaling has been shown to stabilize HIF-1a169. Hypoxic 
zones enrich for populations of glioma cells exhibiting stem-like features 
(dedifferentiation and upregulation of stemness markers OCT4, Nestin, CD133 and 
SOX2170) and are highly linked to radioresistance171,172 Therefore, GSC have been 
associated with certain niches of the TME, suggesting that factors in those 
environments may promote the stemness properties of glioma cells96,98Already in 
1953 Gray et al. published the relationship of oxygen availability and effectiveness 
of radiotherapy, showing that tumors cells responded approximately three times 
higher to radiotherapy in normoxia compared to hypoxia173. The spatial distribution 
of oxygen partial pressure (pO2) is therefore a critical factor when it comes to 
radiotherapy, as radiosensitivity is strongly influenced by tissue oxygen tension and 
tumor cells residing in adequately hypoxic or severely hypoxic environments 
therefore exhibit higher resistance to radiotherapy 174. This is partially because 
tumor cells in hypoxic niches have an imbalanced electron flow in the electron 
transport chain due to low oxygen, generating a higher amount of ROS in those 
areas175,176. Tumor cells avoid harmful effects from ROS by upregulating ROS 
scavenging enzymes, allowing them to survive and proliferate under hypoxic 
conditions177. Under normoxic conditions, radiotherapy works by generating high 
amount of ROS when molecular oxygen reacts with radiolysis products of water. 
These reactive compounds can interact with DNA to form stable peroxyl adducts 
that are harder for cells to repair178. Radiation under low oxygen concentration 
produces fewer ROS and therefore causes less radiation-induced DNA damage. 
Cells in these hypoxic niches are further protected by upregulated antioxidants such 
as glutathione and thioredoxin, which quench ROS, and any DNA damage that does 
occur can be repaired more efficiently than compared to normoxia179-182.  

Stromal cell response to hypoxia 
Beyond tumor cells, hypoxia influences multiple non-neoplastic compartments of 
the GBM microenvironment, including astrocytes, endothelial cells, and immune 
cells, including microglia, infiltrating macrophages and T-cells. Astrocytes, in 
hypoxic stress, which has mainly been studied in ischemic brain injuries or stroke, 
alter their behavior and demonstrate a reactive phenotype associated with 
hypertrophy, and increased expression of GFAP, S100B, vimentin and neurotrophic 
factors183. In the context of GBM, it has been shown that hypoxic astrocytes release 
factors, such as CCL20 which amplify the HIF-1a-signaling in glioma cells, thereby 
boosting malignancy by helping glioma cells adapt better to low oxygen 
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environments184. Chronic hypoxia therefore drives astrocytes to secrete pro-
tumorigenic ligands, and support glioma stem cell growth185. 

Moreover, immune cells, such as infiltrating macrophages, are recruited to hypoxic 
niches by chemokine attractants (e.g. CCL8 and IL-1b), and are strongly shaped by 
hypoxic niches, and express immunosuppressive cytokines (IL-10, IL-4), 
immunosuppressive markers (CD206 and Arginase-1) and mediators of immune 
tolerance (PD-1/PD-L1)186. The immunosuppressive landscape is further promoted 
as hypoxia pushes T-cells towards a dysfunctional and exhausted state. Increased 
VEGF expression in hypoxic areas reduce expression of adhesion markers (ICAM-
1 and VCAM1) resulting in decreased overall infiltration of T-cells. The T-cells that 
do enter into the TME, are immediately exposed to a cocktail of immunosuppressive 
cytokines, such as IL-10 and TGF-b, and immune-regulatory ligands  (PD-L1 and 
CTLA-4) expressed on glioma cells and M2-skewed macrophages, resulting in 
decreased T-cell response and exhaustion187,188.   

Overall, tumor hypoxia is a defining hallmark of the GBM TME and a key driver of 
stromal and immune cell reprogramming. Reduced oxygen tension stabilizes HIF-
1a and HIF-2a, altering the behavior of tumor cells, resident brain cells, and 
infiltrating immune cells. Low oxygen drives astrocytes and other stromal cells into 
reactive, tumor-supportive states by secreting cytokines, chemokines, and 
extracellular matrix proteins that enhance tumor cell survival, invasion and therapy 
resistance. At the same time, hypoxic niches create a supportive environment that 
helps maintain glioma stem cells.  Hypoxic stress increases tumor genetic instability 
by downregulating DNA-repair mechanisms, thereby elevating their mutational 
burden and promoting aggressive radioresistant clones189. Several studies have 
shown that GBMs with mesenchymal signatures display strong hypoxic gene 
expression or high levels of immune infiltration, suggesting that hypoxia or 
recruited inflammatory cells, such as M2-like macrophages, may function as niche 
factors that supports mesenchymal GBM states72,190,191. Inflammatory cytokines 
such as TNF-a have also been shown to sustain hypoxic signaling through 
stabilization of HIF-1a192. Building on the GBM cell-state framework, Neftel et al. 
refined the mesenchymal classification by identifying two distinct mesenchymal 
programs, a hypoxic dependent signature (MES2) and a hypoxia-independent 
signature (MES1)63. Zhang et al. further demonstrated a spatial association between 
tumor-associated macrophages and hypoxic transcriptional programs, illustrating 
how inflammatory cues may cooperate with hypoxia to drive the MES2-like state193.  
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Radiation Induced Alterations of the Tumor 
Microenvironment 
Glioblastoma is treated primarily through surgery, radiotherapy and chemotherapy. 
Radiotherapy is typically performed with an accumulative dose of 60 Gray (Gy), 
divided over 30 days x 2 Gy. The introduction of radiotherapy in GBM treatment 
has significant prolonged the life of patients, however, treatment resistant tumors 
almost always relapse. Recurrent tumors appears in the same location as the primary 
tumors that received high radiotherapy treatment194, suggesting that some tumor 
cells are capable of escaping the initial treatment, and give rise to treatment-resistant 
relapsed tumors. The effect of radiotherapy on tumor cells has been extensively 
studied, however, radiotherapy does not merely effect tumor cells, but all stromal 
cells in the TME receive the same dose therapy as the malignant cells. Radiotherapy 
has been shown to generally remodel the brain microenvironment in a pro-tumoral 
setting, specifically shown by Fletcher-Sananikone et al.195, Duan et al.196, Ji et al.197 
and Berg et al.140 that pre-irradiated mouse brains develop gliomas faster with 
decreased survival. This gives direct evidence that radiotherapy even of a healthy 
brain creates a pro-tumor environment that better supports GBM growth. Continued 
understanding of radiotherapy effects on the stromal and ECM compartments opens 
for targeted therapy that reverts the pro-tumoral effects mediated by stromal cells.     

Tumor Cell Responses to Radiotherapy 
Radiotherapy induces cell death through various mechanisms. It causes a direct 
physical damage to exposed cells and areas through single- or double -stranded 
DNA breaks, as well as ECM remodulation via fragmentation or crosslinking of 
proteins. Furthermore, radiation leads to increased amount of ROS formation, both 
directly through ionizing water molecules, and through damaging mitochondria. 
Higher amounts of ROS result in injuries to cellular membranes (lipid peroxidation), 
protein malfunctions and further damages to DNA198,199. Disruption of the redox 
homeostasis, and increased oxidative stress from free radicals, often results in 
cellular senescence or death. However, ROS production has dual roles in 
tumorigenesis, as it can induce tumor cell death, but also increase genomic 
instability and epigenetic adaptations that may fuel tumor growth200,201. Due to 
advances in imaging and planned delivery dosage, radiotherapy can more 
selectively target tumor areas, with limited effects on surrounding healthy tissue202. 
In general, healthy cells exposed to radiotherapy recover more easily, due to 
functioning repair mechanisms that are downregulated in malignant cells. Even so, 
it has been reported that patients with high dose RT can experience long-term 
cognitive impairments203,204, due to the radiotherapy exposure that healthy tissue 
receive during treatment.        
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Radio-resistance of recurrent cancer cells is a common and significant consequence 
after radiotherapy, resulting in subsequent treatment failures in relapsed tumors205. 
Cancer cells can overcome radiation-induced damage created with ROS through 
dysregulated antioxidant systems and increased expression of ROS-scavenging 
enzymes as well as removal of damaged intracellular organelles by increased 
autophagy206. Targeting these systems to modulate the redox homeostasis and 
making malignant cells more radiosensitive are under current investigations and 
shows promising results in preclinical studies207.  

Stromal Cell Responses to Radiotherapy 
Apart from tumor cells, adjacent non-tumor cells including immune cells, such as 
microglia/macrophages, vasculature (endothelial cells and pericytes), glia cells 
(astrocytes, oligodendrocytes) and neurons receive the same amount of radiation 
exposure as malignant cells during treatment. Recent research has shifted the focus 
to stromal cell responses to radiotherapy, and how irradiation (IR)-induced 
responses may help fuel the tumor growth and recurrence208. Understanding how 
stromal cells contribute to aggressive tumor behavior provides new routes to 
targeting therapy-related resistance rather than targeting tumor cells themselves.  

Vasculature 
Radiation exerts opposing effects on normal and tumor-associated vasculature. It 
damages the vascular networks, inducing endothelial senescence, inflammation, 
immune cell infiltration and hypoxia-driven revascularization209-211. Although 
vascular disruption may initially seem beneficial by restricting nutrient supply, 
reduced oxygen availability diminishes radiation-induced ROS, thereby limiting the 
effects of radiotherapy itself212. Additionally, damaged vasculature results in 
increased hypoxic regions associated with glioma stemness and progressive disease, 
as well as challenges therapeutic drug delivery. This paradox has been illustrated in 
pre-clinical studies, where inhibition of angiogenesis alone can improve survival, 
but combining it with radiotherapy abolishes the radiation benefit213. Another 
additional complexity is highlighted by pericytes role in GBM vasculature. A study 
from Zhou et al. showed that GBM has increased pericyte coverage, which was 
correlated with worse post-radiotherapy survival, and pericyte depletion increased 
drug effusion into tumors214. Theoretically, targeting the blood tumor barrier, could 
therefore potentially act as a promising future treatment strategy to increase drug 
deliveries. However, our recent collaborative publication, from Braun et al. showed 
tumor-suppressive properties of pericytes, and genetic ablation was associated with 
tumor progression and shorter survival, mediated by an increased immune-
suppressive environment via recruitment of tumor-associated macrophages215. 
Collectively, the above findings illustrate the inherent difficulty in using tumor 
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vasculature as a therapeutic target and emphasizes the necessity for further 
mechanistic understanding to overcome these dual complexities.           

Immune Cells: Microglia and Macrophages 
The immune landscape of the brain is altered in the presence of brain tumors and is 
further reshaped by radiotherapy.  Microglia, the resident immune cells of the brain, 
together with bone-marrow-derived macrophages, are highly present in brain 
tumors and are estimated to representing around 30-50% of cells. These myeloid 
cells exist along a polarization spectrum commonly described as ranging from pro-
inflammatory (M1) to immunosuppressive (M2) phenotypes. In glioblastoma, 
tumors typically skew these cells toward a pro-tumorigenic, immunosuppressive 
state216,217, although it is difficult to divide tumor associated macrophages along the 
M1-M2 axis218.  

Recent studies show that tumor-associated macrophages accumulate at the tumor 
margins219, where they promote glioblastoma stemness, or a mesenchymal-like 
phenotype of GBM cells220, all associated with worse prognosis. Although microglia 
and macrophages become activated in response to tissue damage induced by 
radiotherapy, and tumor recurrence is associated with a shift from microglia-
dominated to bone marrow-derived macrophage populations221,222, it remains 
unclear how ionizing radiation modulates the balance between pro- and anti-
tumorigenic functions of these cells. However, recent studies indicate that radiation 
favors M2-like polarization through the upregulation of glutamine synthetase, and 
conditioned media from irradiated microglia enhance glioma aggressiveness223,224. 
Irradiated glioma cells themselves have shown to indirectly drive M2 phenotypes225, 
although it cannot be excluded that the higher presence of M2 after radiotherapy 
isn’t due to disappearance of the M1 phenotype226. Preclinical studies, showed that 
inhibition of myeloid recruitment to tumors enhances radiotherapy responses221,227. 
Interestingly, radiotherapy of microglia also leads to an altered interaction with 
other stromal cells in the tumor. Factors secreted by irradiated microglia support 
tumor cell growth by promoting gliosis from astrocytes228. Together, these findings 
suggests that radiotherapy directly, or radiation-induced bystander effects may 
contribute to a pro-tumorgenic environment mediated by microglia/macrophages.   

Astrocytes 
Studies from Monje et al. showed that following radiotherapy, gliogenesis is 
maintained to a much greater extent compared to neurogenesis. The latter being 
strongly influenced by extrinsic factors such as inflammatory mediators as NPCs 
could generate neurons after irradiation in vitro, but not in vivo229,230. Importantly, 
blocking inflammation restored neurogenesis231. These findings indicate that 
inflammatory responses to radiotherapy suppresses neurogenesis far more than 



47 

gliogenesis, and that glial cells have more adaptive properties to pathological or 
stressful conditions232.     

Another contributing factor for altering the neuron-glial balance may be that the 
CNS is highly vulnerable to oxidative stress, which is amplified by radiation-
induced ROS233,234. Oxidative stress persists in irradiated rodent brains, motivating 
antioxidant strategies such as ROS scavenging to promote radio-protectivity by, for 
example, antioxidant enzyme superoxidase dismutase (SOD)235. Interestingly, 
irradiation substantially reduces the neuron-to-astrocyte ratio in wild-type mice, 
whereas the ratio is preserved in SOD-deficient animals236. The enrichment of 
astrocytes in SOD knockout mice may support neuronal survival through redox 
regulation, although the functional significance of the astrocyte enrichment remains 
unclear. It is therefore intriguing to question whether radioprotective properties of 
astrocytes may also contribute to survival in other pathological settings, such as 
post-radiotherapy in GBM patients.   

As previously mentioned, disruption of the BBB is a common response to radiation-
induced brain injury. Within 24 hours of irradiation, astrocytes contribute to 
increased vascular permeability followed by a shift toward antioxidant and reactive 
states237. Astrocyte-endothelial communication plays a central role in radiation-
induced BBB dysfunction, where endothelial senescence and dysfunction following 
irradiation has been linked to pro-inflammatory cytokines, such as TNF-a that can 
be released by reactive astrocytes238,239. Indeed, using anti-TNF-a treatment 
abrogated radiation-induced astrogliosis and BBB-damage240. Additionally, 
Markarian et al. showed that radiation increased astrogliosis and neuroinflammatory 
cytokines such as TNF-a and IL-1a. Here, an increased expression of complement 
proteins C1q and C3 was also observed, which were associated with radiotherapy-
induced cognitive deficits often seen in patients with radiotherapy to the CNS241. 
Particularly, C3 was increased in astrocytes already 2 hours post RT, and persisted 
up to 4 weeks after radiation exposure. Furthermore, some studies indicate that 
astrocyte activation after irradiation depends on microglial signals, including 
prostaglandin E2 (PGE2) and C1q228,241. This suggests that there is an early 
inflammatory response of glial cells, that promotes a partially complement-
mediated microglia-astrocyte proinflammatory crosstalk post radiotherapy that 
short-term may help removal of damaged tissue, but that persists in the brain several 
weeks after treatment with unknown long-term effects.  

Overall, normal human astrocytes show robust repair responses to DNA damage 
induced by radiotherapy and are resilient up to single doses of 10 Gy of X-rays242. 
Astrocytes exposed to cellular stress, such as radiotherapy, undergo a process called 
reactive astrogliosis243. This can be initiated either by single, or fractionated 
radiotherapy228,244. Although research on radiation-induced alterations of astrocytes 
in GBM is still limited, several studies have shown the following; (i) In vitro co-
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culture experiments of astrocytes with glioma cells increase the radio-resistance of 
GSCs140,245, for instance, by releasing soluble factors, such like DLK1 to promote 
stemness characteristics of GBM cells96 (ii) pre-irradiated astrocytes can remodel 
the extracellular matrix, as demonstrated by Berg, et al., who showed that IR-
induced expression of Transglutaminase 2 (TGM2) enhances glioma stemness and 
radio-resistance140, and (iii) IR-induced astrocytic senescence leads to the secretion 
of cytokines such as TNF-a and IL-6 which increase glioma CXCL1 expression and 
promotes tumor progression by recruitment of myeloid cells197.   

Glial Scar and SASP 
Cancer-associated fibroblasts (CAFs) are key components of the TME, contributing 
to cancer progression and supporting immune evasion. CAFs display intrinsic 
resistance to conventional radiotherapy doses, yet ionizing radiation can alter their 
secretory programs, and thereby modulate tumor-stroma and tumor-immune 
interactions246. A recent study, from Watson et al. showed that post-radiotherapy 
relapsed tumors exhibit dense fibrotic scarring. Fibrotic regions, caused by TGF-b 
signaling, were identified as pro-survival niches that sheltered residual glioma cells, 
promoted dormancy and impaired immune surveillance247.  

Glial scar formation is a usual response from fibroblasts and astrocytes consequent 
to tumors or radiotherapy. Both fibroblasts and astrocytes contribute actively to the 
formation of glial scar in response to CNS injury, isolating the damaged area from 
healthy tissue. Both cell types have shown to engage in SASP after radiotherapy. 
The precise mechanism of how SASP contributes to tumorigenesis remains 
unknown, but several studies have confirmed changes in various soluble factors, 
growth factors, chemokines and cytokines, such as TGF-b, TNF-a, CCL2, IL-6 and 
IL-8, as well as ECM remodeling all participate in the response248,249. This creates a 
chronic inflammatory profile that may additionally fuel the tumor recurrence. A 
promising way to target this SASP-mediated tumor promotion is the usage of 
senolytic drugs, specifically targeting senescent cells remaining after radiotherapy. 
In vivo models targeting senescent cells with an active CDKN2A promoter after 
radiotherapy, showed increased survival of glioma-bearing mice when senescent 
cells were ablated prior to implantation of glioma cells197. Further investigation of 
which cells in the brain were actively expressing senescence markers in response to 
radiotherapy revealed that astrocytes were the main cell type, together with OPCs 
experiencing senescence in response to radiotherapy.       

Overall, IR-responses of stromal cells includes an increased inflammatory 
landscape of tumors, with altered angiogenesis, fibrosis, glial scar formation and 
ECM remodeling, as well as shifts in cellular composition between immune and 
stromal cells (Figure 3). Although the majority of the tumor is eradicated in response 
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to radiotherapy, IR-induced senescent stromal cells may still secrete factors that 
contributes to fuel tumor regrowth from surviving tumor cells.  

 

Figure 3. Supplementary figure 2, from Paper I, displaying the frequency of non-malignant cells 
between healthy brain tissue, primary and post-radiotherapy tumors.    
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The Complement System 

The complement system is a crucial component of the innate immune response, 
comprising of more than 30 circulating and membrane-bound proteins that works 
together to maintain tissue homeostasis250. Beyond serving as one of the body’s first 
line defense against pathogens, the complement system plays an important role in 
clearing apoptotic cells and cellular debris, thereby preventing chronic 
inflammation and supporting tissue repair. Once activated, complement proteins 
enhance inflammatory signaling, opsonizing targets to facilitate recognition and 
phagocytosis by immune cell, and can directly kill susceptible cells through 
formation of the membrane attack complex. The system is activated through three 
major pathways, the classical, lectin or alternative pathway, each triggered by 
distinct molecules, but all converging on a central amplification cascade to generate 
the same key effector molecules251.    

Activation of the Complement System 
The classical pathway gets activated when Fc-regions of antibodies, or apoptotic 
cells binds to C1q, the first component of the C1-complex (C1q, C1r and C1s). It 
can also be activated independently of immune complexes, by C1q binding to 
pentraxins, both scenarios resulting in conformational changes activating C1q-
associated proteases C1r and C1s. The lectin pathway on the other hand, gets trigged 
when mannose-binding lectin or ficolins bind to “foreign” carbohydrate patterns 
such as mannose sugars on pathogen surfaces, triggering activation of associated 
proteases in a manner similar to C1 activation. Activation of these associated 
proteases lead to a proteolytic cascade forming a C3-convertase. The alternative 
pathway in comparison is continuously active at low levels through spontaneous 
hydrolysis of C3, leading to a conformational change and association with 
complement factor B, allowing cleavage by factor D to also form the alternative 
pathway C3 convertase. Therefore, all three pathways lead to formation of C3-
convertases, leading to cleavage of C3, generating C3a and C3b (graphical 
illustration in Figure 4). C3b binds to cellular membranes, acting as an opsonization 
molecule, or allows continued complement activation by binding further 
components of the complement system, creating C5-convertase, with cleavage 
products the pro-inflammatory peptide C5a and C5b, which can form the membrane 
attack complex consisting of C5b6-9, where multiple copies of C9 forming a 
membrane-piercing pore252. C3a and C5a on the other hand, acts as anaphylatoxins, 
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and are generally considered pro-inflammatory as they recruit more immune cells 
by binding to their receptors C3aR and C5aR1/C5aR2, respectively.  

Healthy cells are generally protected against complement-mediated cytotoxicity 
(CDC) through expression of complement regulators, such as CD35, CD46, CD55, 
and CD59, as well as by serum protein inhibitors of complement activation, such as 
C1 inhibitor, factor I (FI), factor H (FH) and C4BP. Relative absence of these 
regulators in comparison to abundance of initiating factors, especially for the 
spontaneously activating alternative pathway, can lead to uncontrolled activation253. 

 

Figure 4. Graphical summary showing activation of the complement system.   

Complement in Cancer 
Dysregulated complement system activation is present in several pathological 
conditions, ranging from autoimmune and neurodegenerative diseases to cancer. 
Under physiological conditions, most circulating complement proteins are produced 
and released into circulation by the liver. However, recent discoveries show that 
various cell types can express complement proteins, resulting in local complement 
expression and activation. Furthermore, several components have shown to display 
non-canonical functions, independent of the complement cascade. The complement 
system is a double-edged sword in the TME254. It can contribute to anti-tumor 
immunity in certain contexts, by opsonization (C3b), targeting tumor cells for 
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phagocytosis, immune activation of T-cells mediated via C3a/C5a, and 
complement-dependent cytotoxicity via formation of membrane attack complex 
MAC255. Nevertheless, many tumors upregulate complement inhibitors and can 
escape complement-mediated killing. There is growing evidence that complement 
is chronically activated in many tumors. As previously mentioned, tumor-promoting 
inflammation is a hallmark of cancer and instead of eliminating cancer cells, this 
persistent low-grade inflammation can promote tumor progression via immune 
suppression, inflammation, angiogenesis and metastasis256.  

Complement activity within the TME can originate from multiple cellular sources, 
including immune cells, stromal populations, and the tumor cells themselves. Tumor 
cells can produce complement components, and through autocrine C3aR- and 
C5aR-signaling activate PI3K/AKT pathways that promote proliferation and 
survival257. Clinically, high expression of C3 and C5 correlates with reduced 
survival across several cancer types and patient cohorts. In vivo studies further 
demonstrate that genetic deletion or pharmacological inhibition of C3a/C3aR or 
C5a/C5aR signaling improves survival in diverse murine cancer models, including 
lung, breast, colon, melanoma, pancreatic, leukemia and ovarian cancers255,258-260. 
Most evidence highlights modulations of the immune microenvironment, leading to 
immunosuppressive and immune evasion. More specifically, C5a/C5aR-signaling 
has been linked to tumor growth by suppressing CD8+ T-cells, and increased 
myeloid-derived suppressor cell populations261. In a clear-cell renal carcinoma 
model, a study from Roumenina et al. showed that tumors can hijack C1q from 
macrophages to promote their own growth via classical complement activation262. 
Also here, mice deficient in central components, such as C1q, C3 or C4 had less 
tumor growth. Interestingly, the C3-depleted mice were almost completely 
protected from tumor progression.  

However, findings are not fully consistent across all models. Some reports indicate 
that blocking of C3a and C5a signaling can lead to radiotherapy resistance, 
suggesting that these anaphylatoxins may also contribute to effective anti-tumor 
responses under certain conditions. Radiotherapy itself increases transcription and 
activation of complement proteins locally within tumors, and complement appears 
to participate in the early inflammatory and immunogenic response following 
radiation-induced tumor cell death263. However, radiotherapy in combination with 
C3a inhibition has also demonstrated enhanced natural killer (NK) infiltration and 
increased survival in a pancreatic mouse model264. Additionally, Beach et al. 
showed improved radiotherapy response in a colorectal cancer model when treated 
with a C5aR1 antagonist in an immune cell independent manner, specifically 
targeting tumor cell death in a cell-intrinsic way without affecting the normal 
intestine265. This show that the role of complement in cancer can be context-
dependent to the tumor type255.  
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Complement in brain tumors 
Morgan et al. emphasized that astrocytes are immunologically active cells, engage 
in cytokine mediated signaling, respond to chemotaxis and are capable of small 
particle ingestion, similar to phagocytosis. It was firstly shown in 1987 by Lévi-
Strauss and Mallat that astrocytes are capable of producing complement factors, C3 
and factor B. Since then, it is shown that astrocytes could express and secrete all the 
proteins involved in the classical, alternative and terminal complement pathways. 
Under basal conditions, most components were secreted only at low levels, but 
exposure to INF-g or other inflammatory cytokines, such as TNF-a and IL-1b, 
markedly increased their expression266. Since then, it has been shown that several 
complement components, for instance, C1q, C3, C3a, and C5aR increase in the brain 
after exposure to radiotherapy267, highlighting their potential involvement in the 
injured or GBM treated brains. 

In the context of brain tumors, regulation of complement activity is understudied, 
compared to its growing scrutiny in neurodegenerative diseases and dementia268,269. 
Astrocytes are a major source of C3 production in the injured CNS, and C3 is widely 
recognized as a marker of reactive astrocytes in neurodegenerative diseases. 
Although it still remains unexplored if tumor-associated astrocytes also upregulate 
C3 expression in the context of glioblastoma, it has been demonstrated that C3 is 
highly upregulated in medulloblastoma, where C3a activates tumor-associated 
astrocytes to secrete pro-inflammatory cytokines such as TNF-a and IL-6, 
ultimately supporting tumor growth270. Earlier studies from Barnum and colleagues 
similarly reported C3 expression in astrocytomas and showed that it is regulated by 
cytokines including IL-1b, TNF-a and INF-g271,272.  

Evidence for complement involvement in glioblastoma is currently emerging273. A 
study by Bouwens et al. found elevated serum levels of C1q in GBM patients, 
together with C3 deposition in both necrotic and non-necrotic regions of tumors274, 
suggesting that glioblastomas may locally produce or activate complement 
components. High C1q expression is correlated with worse patient survival and is 
associated with an M2-like macrophage phenotype within the GBM 
microenvironment275.  

Collectively, these findings underscore the complexity and context-dependent 
nature of complement activity within the TME (Figure 5). Complement can either 
restrict or promote tumor progression depending on its cellular source, the specific 
signaling engaged, and the broader immunological context. In brain tumors, 
complement biology remains relatively unexplored, highlighting the need for 
further research to clarify its contributions to tumor growth, immune modulation 
and treatment response.  
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Figure 5. Summarizing the overall aim of this thesis to investigate how hypoxia and radiotherapy alter 
the stromal compartments and their contribution on tumor cell properties. 
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The Present Investigation 

Methodologies 

Murine Glioma Models 
In vivo tumor models are animal-based, pre-clinical systems, often conducted in 
mice to study cancer evolution, drug response and safety. Commonly used model 
systems include patient derived xenografts (PDX), cell line-derived xenografts 
(CDX) or genetically engineered mouse models (GEMMs).  

Xenograft models are based on injection of cancer cell lines, or implantation of a 
patient tumor piece into immunocompromised mice. For CDXs, they can either be 
administered intravenously, subcutaneously or orthotopically. A drawback of this 
model is that they often not recapitulate the whole tumor diversity seen in other 
models276. PDXs, on the other hand, are often administered orthotopically and show 
the same genetic and molecular diversity as found in the original patient tumor277. 
They often retain their ability to grow invasively, and form metastasis278. PDXs are 
of particular interest when investigating drug response variation between patients. 
However, a disadvantage on both above mentioned models are that they are 
dependent on immunocompromised mice, thereby limiting the impact of the 
systemic immune system on the tumor biology. In GBM research, CDX or PDXs 
models are often placed subcutaneously, which restrict their ability to mimic the 
natural brain microenvironment. Because these models lack a functional BBB, their 
clinical relevance, particularly for therapies dependent on CNS delivery is difficult 
to interpret. 

Genetic models offer the advantage of studying defined genetic alterations in a fully 
immunocompetent environment, making them useful for testing therapies that affect 
the immune microenvironment, such as immunotherapy. They are also particularly 
important when studying the tumor microenvironment, as the complex interactions 
between immune, stromal and cancer cells are maintained. However, these tumor 
models are driven by defined genetic alterations, which may not capture the full 
diversity and heterogeneity observed in human tumors279. The RCAS/tv-a system 
used in this thesis, is a transgenic mouse model, that is genetically altered and carries 
an avian tumor virus A (tv-a) receptor expressed under a promoter of interest280. In 
our case, the tv-a is present at the Nestin-promotor, ensuring that viral infection only 
occurs in Nestin-expressing cells. This allows to either introduce or silence genes 
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of interest (such as oncogenes or tumor suppressor genes) in selected cell types at a 
precise timing. The cell type specific delivery is of particular advantage, since gene 
expression will not be affected in other cell types as seen in general knock-in and 
knock-out models. In our research, we have introduced expression of human 
PDGFB (hPDGFB), together with silencing of Trp53 by injecting neonatal mice 
intracranially with cells expressing RCAS-vectors containing these constructs, 
which then transform cells positive for tv-a281-283. Tumors will then start to develop 
from de novo in a native brain tissue microenvironment at the site of injection, 
allowing to track both initiation, progression and resistance in a model with a fully 
immunocompetent environment280. Inclusion of red fluorescent protein (RFP) 
reporter in the RCAS-shTrp53 vector also allows for tracking of transformed cells.     

Single Cell RNA sequencing 
RNA sequencing is a powerful tool to investigate the global gene expression pattern 
of a sample. Conventional RNA-sequencing is based on sequencing the whole 
transcript, generating an average transcript expression of a mixture of cells from a 
sample, usually called “bulk” sequencing. This data includes transcripts from 
several cell types present in the sequenced sample, including tumor cells, immune 
cells and stromal cells. For instance, Verhaak et al. used bulk RNA sequencing from 
TCGA on GBM and initially identified the existence of three GBM subtypes, 
including proneural, classical and mesenchymal, associated with genetic aberrations 
in PDGFRA/IDH1, EGFR and NF149. Later, it appeared that NF1 deficiency was 
associated with an increased influx macrophages of GBMs50. The MES-signature 
observed in these tumors from bulk RNA sequencing can therefore be influenced 
by both tumor cell intrinsic characteristics, or tumor environmental factors, such as 
the presence of tumor associated macrophages that may display MES-like 
signatures284. The introduction of the scRNA-seq technique allowed researchers to 
acquire a gene expression profile from each individual cell within a sample or tumor. 
In comparison to bulk RNA sequencing, this enables highly detailed transcriptomic 
analysis, which enables scrutinization of the cellular heterogeneity between and 
within cell types. For its ability to unravel heterogeneity, Nature rewarded it the 
method of the year 2013285.      

The technique itself is based on either poly-A capture, or probe-based assays. 
Whereas poly-A capture targets all 3’- mRNA molecules, probe-based assays detect 
targeted transcripts, and allows for addition of custom designed probes. For 
instance, in our project we wanted to add detection probes for RCAS-vectors, 
allowing us to detect cells that had RFP and hPDGFB expression, resulting in an 
easier distinction between what is malignant and non-malignant cells. Probe-based 
assays allow for easier detection of low-abundance transcripts, which might be of 
high relevance for detecting rare subpopulations, for instance glioma cells with 
stemness features.   
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Even though scRNA-seq has revolutionized cell biology and provided extremely 
insightful information on cellular heterogeneity, it still carries some pitfalls. 
scRNA-seq is based on viable and intact cells obtained from cellular dissociation of 
the sample specimen, thus loses the spatial context of the cellular architecture and 
could contain cell type bias during sample preparation. Conclusions based on 
scRNA-seq involving predicted interactions between cell types should therefore be 
interpreted with caution, as these cell types might not naturally occur in the same 
spatial location within tumors. 

Spatial Transcriptomics 
Spatial transcriptomics works in similar ways as for scRNA-seq, using either 3’-
mRNA capture or probe-based assays. Capture from tissue sections occurs on a 
fixed matrix so that spatial information is retained. This can be utilized by for 
instance, unique barcodes that are present in capture areas of 2x2 µm-squares, as in 
10x Visium HD. Gene expression containing these unique barcode sequences can 
later be traced back to their spatial location. Spatially resolved transcriptomics 
further advanced how we understand complex tissues, and was therefore awarded 
the Method of the Year by Nature 2020286. 

Metagene Scores and Interaction  
Both transcriptomics methods above, can be used to extensively analyze tumor cell 
biology. After harmonization of data, it is common to perform cell assignments 
based on a reference gene set or known markers for each cell type. Typical analysis 
of cell clusters or between treatment groups include exploring gene set enrichment 
analysis (GSEA), using well defined gene lists associated with biological pathways, 
for instance, Hallmark or GO databases used across our studies287,288. Exploring up- 
or downregulated gene pathways in relation to therapeutic treatment could provide 
useful information as to which biological targets/pathways may play a role in tumor 
progression and resistance. More sophisticated analysis has the potential to predict 
possible intercellular cross-talk, utilizing known receptor-ligand pairs on distinct 
cell types across experimental conditions. It therefore provides a tool for finding 
and prioritizing which pathways or targets that significantly differ between 
experimental groups and may be of interest for downstream analysis.    
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Paper I: Coevolution of neoplastic and non-neoplastic 
reactive astrocyte states converges on mesenchymal-like 
and injury-response programs during murine 
glioblastoma progression and post-radiotherapy 
recurrence 
Tumor recurrence and therapy resistance remain the limiting factors of GBM 
prognosis. Recent decades have focused on unraveling the role of the TME in 
disease progression. Stress factors, such as chemotherapy and radiotherapy, are not 
confined to tumor cells alone, but most likely affect the phenotypic behavior of a 
spectrum of cells within the GBM microenvironment. The underlying mechanisms 
of how standard of care therapy influences the regrowth of treatment resistant tumor 
cells and modulates the microenvironment therefore needs to be further addressed. 
In this study, we aimed to explore how stress from radiotherapy drives phenotypic 
alterations in both cancerous and non-cancerous cell populations within GBM. 

Major findings 
In this study, we utilized ScRNA-seq from healthy brain, primary- and post-
radiotherapy recurrent- tumors from RCAS-hPDGFB and shTp53-induced murine 
GBM to explore how neoplastic and non-neoplastic compartments alter in tumor 
progression (illustration of study design in Figure 6). To detect malignant cells, we 
used customized probes against human platelet growth factor B (hPDGFB) and RFP 
on the RCAS-vectors. Overall, we detected 10 malignant states and 13 non-
neoplastic cell types in our dataset. Non-neoplastic cells were clustered followed by 
annotation using the Allen MapMyCells tool. All major glial and stromal cell types 
typically found in brain tissue were identified, such as oligodendrocytes, astrocytes, 
microglia, neurons, fibroblasts, choroid and endothelial cells. We observed 
substantial shifts in cellular populations in post-radiotherapy recurrence tumors, 
including a transition from microglia-dominated primary tumors to bone marrow 
derived macrophages in recurrences, as concurrent with previous literature221. In 
addition to this myeloid reorganization, immunogenic populations such as dendritic 
cells, neutrophils and lymphoid (NK/T/B) cells were markedly elevated in tumor 
tissue relative to healthy brain, with the strongest enrichment occurring in recurrent 
samples.  

Ravi et al. utilized spatial transcriptomics to reveal that human GBM is organized 
into distinct spatial neighborhoods, including neurodevelopmental zones as well as 
hypoxia-associated mesenchymal and inflammation-associated niches, where 
immune-reactive signatures align with a  MES-AC-like hybrid state81. Consistent 
with this, studies by Neftel et al. and Nicklasson et al. support the existence of a 
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distinct astrocyte-mesenchymal-like tumor cell state63,80. In our model, post-
radiotherapy recurrences exhibited a reconfiguration of the microenvironment and 
tumor cell states. Neoplastic cells shifted toward injury-response, ACR/MES-like 
programs marked by ECM-remodeling, while reactive astrocytes emerged as the 
principle non-malignant interaction partner of ACR-like tumor cells. This coupling 
was reinforced by spatial concordance between the Richards Injury-Response 
program, the Neftel MES1 signature and our neoplastic ACR state. In line with prior 
work, reactive astrocyte signatures were even more pronounced in recurrent GBMs 
compared to primary lesions150. Intriguingly, reactive astrocytes displayed 
transcriptional features spanning both neurotoxic “A1” and neuroprotective “A2” 
states, emphasizing that astrocyte reactivity is not binary but instead represent a 
diverse, context-dependent continuum. Their interactions were mostly based on 
adhesion molecules and matrix-organization pathways, consistent with fibrosis-like 
scarring after radiation. Adding to this, Xie et al. analyzed matched and primary 
recurrent human GBM samples, and identified a stem cell-like cluster with high 
AQP4 and GFAP expression, markers of astrocytic lineage, enriched shortly after 
chemotherapy, and more abundant in recurrence. Uniquely, this cluster alone could 
re-introduce tumors whereas the remaining failed, suggesting a pivotal role in tumor 
expansion and resistance289. Similarly, we observed a significant increase of GFAP+ 
tumor cells at 72 hours after radiotherapy. Comparing primary and recurrent GBMs, 
we uncovered secreted (EGF, Wnt and Gas) and ECM (Collagen, Tenascin and 
Thbs) signaling pathways between astrocytes and tumor cells that may fuel this. 
Moreover, a study by Marallano et al, reported genotype-specific responses within 
hypoxic niches, where IDH-mutant tumors enrich AC-like states, whereas IHD-wt 
tumors favored MES-like states, potentially reflecting stronger injury-response 
programs in higher grade tumors290. Together, these findings align GBM along a 
developmental-to-injury continuum and support a model of tumor-stroma 
coevolution under therapeutic and microenvironmental stress, in which reactive 
astrocytes act as central architects to potentially drive the recurrent niche. This is 
further supported by resection-models, showing that trauma induced by resections 
also actively contribute to a peritumoral reactive astrocyte profile and tumor 
recurrence151. This suggests that residual cells exposed to therapy-induced stress can 
drive tumor regrowth, helping explain why recurrences typically arise near the 
original tumor site. By coordinating ECM dynamics and niche signaling, reactive 
astrocytes may therefore be one of the key drivers of an ACR/MES-like phenotypes, 
associated with treatment resistance and regrowth after radiotherapy.  

Collectively, our results from this paper points toward a stress-driven coevolution 
of tumor and stromal cell compartments that shapes the cellular and molecular 
features of recurrent disease where neoplastic cells adopt reactive-astrocyte-like, 
ECM-remodeling programs (ACR/MES-like), whereas primary tumors retain 
NPC/OPC-like states associated with developmental signatures and less 
environmental stress. Together, this integrated view, highlights opportunities to 
disrupt astrocyte-tumor crosstalk as part of recurrence directed therapy. 
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Figure 6. Schematic illustration of the workflow in Paper I. 
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Paper II: Phenotypic Screening Identifies Flunarizine as 
an Inhibitor of Radiotherapy-Induced Astrocyte 
Reactivity with Therapeutic Potential in Glioblastoma 
In paper II we explored drug repurposing for targeting astrocyte reactivity in 
treatment of glioblastoma. Following up on Berg et al.140 who identified irradiation-
induced astrocyte reactivity as a driver of tumor aggressiveness, our aim with this 
project was to determine whether pharmacological compounds could selectively 
target the reactive astrocyte-mediated tumor progression that arise following 
radiotherapy.  

Major findings     
Astrocyte reactivity is a crucial biological response that protects our brain from 
tissue damage, but its dysregulation contributes to diverse CNS diseases and brain 
tumors291. To quantify this phenotype, we developed an automated image-based 
assay in primary human astrocytes that tracks morphology (cell and nuclear 
features) together with established markers, enabling high throughput unbiased 
detection of IR-induced reactivity. We found that the irradiation-induced effects 
corresponded well with features of astrocyte reactivity described in literature, like 
increased cellular size, as well as increased GFAP and vimentin expression. Using 
this platform, we screened FDA-approved compound libraries with the aim to 
identify compounds able to inhibit IR-induced reactive phenotype and identified 
flunarizine, a well-tolerated anti-migraine drug as a top hit that consistently reverted 
IR-induced astrocyte features without toxicity. Transcriptomics showed IR activates 
TP53, TGF-b, EGFR, and ECM programs, whereas flunarizine dampened TGF-b 
signaling and rescued reactivity-linked ECM components such as Tenascin C (Tnc) 
or TGM2. As concurrent with previous literature, we found that that reactive 
astrocytes contribute to fibrotic scar formation after injury, as IR increase type I 
Collagen deposition and Tnc expression, both associated with poor survival in 
GBM.  

In vivo, flunarizine suppressed astrocyte reactivity, as measured by GFAP, across 
GBM and brain-metastasis models and, when combined with radiotherapy, 
prolonged survival of mice. This effect seems mainly to be because of lowered 
Tenascin C and Collagen I deposition, as the astrocyte density were similar in 
primary and recurrent tumors, further suggesting that their reactivity rather than 
only abundance is important76. In line with our previous observations in Paper I, 
recurrent tumors showed enrichment of Tenascin C and Collagen signaling 
originating from reactive astrocytes toward neoplastic cells. Consistently, 
recombinant Tenascin C enhanced colony formation in PDGFB-driven primary 
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glioma cultures. Our results align well with previous literature, where CSF-1R 
inhibition lower macrophage infiltration and extends survival, yet recurrences form 
within protective fibrotic scars driven by TGF-b ECM-remodeling, and that 
blocking this glial-scar formation together with CSF-1R inhibition markedly 
improves long-term survival247,292. Together, these results validate astrocyte 
reactivity as a pro-tumorigenic driver, supporting tumor regrowth after 
radiotherapy, and position flunarizine as a possible drug repurpose candidate to 
dampen IR-induced astrogliosis and matrix remodeling, offering a practical route to 
enhance radiotherapy across GBM and brain metastases.  

Paper III: Hypoxia-Induced Complement Component 3 
Promotes Aggressive Tumor Growth in the 
Glioblastoma Microenvironment 
Hypoxia and pseudopalisading necrosis are a well-established hallmarks of GBM. 
Although tumor-intrinsic hypoxic responses have been extensively studied, much 
less is known about how stromal signaling within hypoxic niches contributes to 
disease progression. In Papers I and II, we showed that the TME adapts to 
radiotherapy by activating injury-response programs and remodels the extracellular 
matrix in a pro-tumorigenic manner. In these contexts, astrocytes emerged as key 
drivers of tumor aggressiveness and survival under stress. Building on this, the aim 
of this project was to investigate whether additional forms of cellular stress, such as 
hypoxia, also shape tumor progression, radio-resistance or immune evasion of 
GBM.  

Interestingly, studies of neurodegenerative diseases have identified complement 
component C3 as a prominent marker of astrocyte reactivity. However, its presence 
and functional relevance in brain tumors remain unclear. This observation inspired 
us to examine whether complement proteins are expressed in tumor associated 
astrocytes, and their roles in GBM biology.  

Major findings 
In paper III, we identified a strong association between hypoxia and local 
complement signaling using bulk RNA-sequencing (TCGA), scRNA-seq293, and 
spatial transcriptomics81 from human GBM datasets. In our transgenic mouse 
model, we saw that C3 was specifically enriched in hypoxic and perinecrotic tumor 
regions, indicating that C3 is not uniformly distributed but instead displays distinct 
spatial patterns within tumors. While this correlation is likely driven in part by 
tumor-associated macrophages and microglia (cell types that are enriched in 
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hypoxic niches and major contributors to complement expression), we also 
demonstrated through oxygen-level titration experiments that C3 and C3AR1 are 
directly upregulated by hypoxia in multiple cell populations. These findings extend 
earlier work connecting hypoxia to complement signaling, including studies 
showing increased hypoxic responses in tumors with complement-pathway 
mutations and hypoxic regulation of complement-related genes across various 
cancer models294,295.  

To examine the functional consequences of this, we next tested how presence of C3 
in culture medium affected tumor cell behavior. Although initial observations 
suggested that C3 might exert a protective role under stressful conditions, consistent 
with reports in other cell types, these findings were highly variable and did not allow 
for any firm conclusions. Such variability may reflect several technical and 
biological factors, such the absence of other cofactors required for C3 conversion 
into its active form, potential differences between extracellular or intracellular 
functions, or variability in receptor expression across cell lines.  

When we shifted focus to complement receptors and analyzed TCGA data, we found 
that C3AR1 is more highly expressed in GBM than in any other common cancer 
type, and with expression levels correlating with poorer overall survival. ScRNA-
seq further showed that C3AR1 is expressed predominantly by microglia and 
macrophages, with lower expression detectable in a subset of malignant cells. In the 
physiological brain, C3a/C3aR signaling plays key roles in neural development, 
hypoxic-ischemic injury responses, and regulation of BBB and vascular integrity, 
all pathways that could have implications in glioma biology296-299. Moreover, this 
pathway has been linked to stemness, migration, proliferation and angiogenesis 
across several cancers300. Given its high expression in gliomas, we hypothesized that 
the C3a/C3aR axis could be a viable therapeutic target in GBM, and indeed, 
combining radiotherapy with C3aR inhibition (SB290157) extended survival of 
glioma-bearing mice, aligning with recent findings in pancreatic cancer models301.   

The observed survival benefit appears to be driven by alterations in the immune 
microenvironment, as treated tumors contained fewer M2-like macrophages in 
perivascular niches, as illustrated in figure 7. Reducing immunosuppressive 
macrophages in GBM have previously shown to be beneficial by targeting the CSF-
1/CSF-1R-axis, which pro-longed survival in glioma models292,302. Likewise, 
blockage of C3aR1 expressing macrophages through anti-C3a therapy has reduced 
tumor growth in other malignancies. In vitro exposure of microglia or primary 
murine macrophages to C3a induced M2 polarization, reinforcing this link. Another 
study by Zhang et al. published around the same time as ours, independently showed 
M2-like polarization by tumor associated macrophages in response to C3a/C3aR-
signaling, which was abrupted in presence of a different C3aR inhibitor (JR14a)303. 
This study also linked the C3a/C3aR axis to glioma phenotypes, showing that C3a 
promoted MES transition of PN glioma stem cells via both M2-macrophages, as 
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well as direct binding of C3aR on glioma cells, and disrupting this axis led to 
impaired growth of glioma cells.  

Our results indicate that hypoxia-driven C3a/C3aR signaling, may help establish the 
M2-dominant immunosuppressive microenvironment typically found in hypoxic or 
perivascular tumor regions and can help fuel the mesenchymal subtype of GBM 
often associated with those niches. Therapeutically targeting this axis could 
therefore be beneficial in GBM.   

 

Figure 7. Graphical summary for paper III.  

Paper IV: Hypoxia-Induced Reactivity of Tumor-
Associated Astrocytes Affects Glioma Cell Properties 
The ways in which astrocytes, a major stromal cell type in GBM, respond to 
hypoxia, and how hypoxic astrocytes influence glioma cells are still not fully 
defined. Insights from ischemic injury models show that reduced oxygen tension 
drives astrocyte into a reactive, functionally altered, and neuroprotective state. The 
aim of this project was to investigate how astrocytes adopt to hypoxia, and how 
stromal cells in local tumor niches affect glioma cell properties.  

Major findings 
Although the effects of hypoxia on tumor cells are known to drive invasion, 
migration and angiogenesis, it is still left to explore how hypoxia affect stromal cell 
populations. In this study, we demonstrated that primary human astrocytes 
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underwent robust hypoxia-driven reactivity, which was dominated by HIF-2a under 
intermediate/severe hypoxia (1-0.1% O2). Hypoxia triggered district temporal and 
morphological changes (Figure 8), with Vimentin expression increasing at 24 hours 
after RT but normalizing by 72 hours. In contrast, cell hypertrophy, assessed by cell 
area did not emerge until 72 hours. These dynamics underscore the heterogeneity of 
astrogliosis, as some reactive features are transient or reversible. Furthermore, 
together with Paper II, this highlights the need to objectively identify astrocyte 
reactivity using a broad set of markers and features, given that it is strongly context 
dependent.   

Consistent with activation of canonical hypoxia pathways, classical HIF target 
genes, including PGK1, NDRG1, CA9, BHLHE40, SLC2A1, VEGFA, BNIP and 
MXI1 were upregulated as oxygen availability decreased. Under prolonged severe 
hypoxia, astrocytes preferentially stabilized HIF-2a, suggesting that HIF-responses 
may be temporally regulated in astrocyte reactivity304,305. Notably, Johansson et al. 
reported that CD44 promotes HIF-2a stabilization in glioma cells within hypoxic 
and perivascular niches, thereby enhancing stem-like properties.  

CD44 is a well-known marker of reactive astrocytes306. Although not examined in 
this study, it is tempting to speculate that CD44 could similarly influence HIF-2a 
stabilization in reactive astrocytes in perivascular and hypoxic niches. This 
possibility is particularly relevant given our findings in Paper I, where tumor-
associated astrocytes showed high hypoxic signature scores. It remains an open 
question whether these astrocytes also exhibit pseudo-hypoxic phenotype, as they 
reside both in avascular tumor regions and in perivascular zones near tumor borders. 
Furthermore, in a breast cancer model HIF-2a was shown to protect tumor cells and 
promote stemness in hypoxic stress by upregulating SOD2, thereby reducing 
mitochondrial ROS307. Similarly, in obesity models HIF-2a protects b-cells from 
metabolic stress by SOD2 expression, and knockout of HIF-2a resulted in glucose 
intolerance, and b-cell dysfunction308. This indicates a protective role of HIF-2a in 
buffering mitochondrial dysfunction caused by environmental or metabolic stress, 
in part through the upregulation of antioxidant pathways.   

Hypoxic astrocytes also exhibited enhanced secretion of hypoxia-associated 
cytokines such as TGF-b1, VEGF-A, angiogenin, IL-3, and IL-1a, associated with 
regulation of fibrosis, angiogenesis and immunomodulatory pathways, consistent 
with findings from paper I-III. Interestingly, IL-1a is a potent pro-inflammatory 
cytokine that has also been shown on surface of senescent cells, further contributing 
to the SASP phenotype134,309.  

Functionally, glioma cells cultured on extracellular matrix produced by hypoxic 
astrocytes displayed increased colony-forming capability and enhanced stem-like 
features, supporting the idea that astrocytes within hypoxic tumor niches, contribute 
to glioma stemness via the extracellular matrix. Overall, we found that astrocytes 



66 

respond to tumor hypoxia, by becoming reactive, similarly to their response to 
radiotherapy, and that hypoxia-reactive astrocytes actively shape a 
microenvironment that promotes glioma aggressiveness. 

 

Figure 8. Primary human astrocytes grown in 21% (left) versus 0.1% O2 (right) displayed with nuclear 
stain DAPI (blue) and cytoskeletal marker phalloidin (green). Scale bar 50 µm.   



67 

Summary and future perspectives 

GBM tumor recurrence typically appears within a 2-cm radius of the primary lesion, 
an area that has already received high dose radiotherapy treatment. It therefore 
seems reasonable to debate that future therapeutic strategies must either eliminate 
treatment-resistance tumor clones, restrict pro-tumorigenic stromal factors, or 
enhance immune-mediated clearance of residual tumor cells. Across the projects 
included in this thesis, we have collectively investigated how stromal and immune 
compartments, particularly astrocytes and macrophages/microglia together with 
tumor cells themselves respond to microenvironmental stressors such as hypoxia 
and radiotherapy. Throughout four complementary studies, we show that injury, 
inflammation, hypoxic signaling, and astrocyte-mesenchymal (AC/MES)-like 
reactivity emerge as interconnected drivers of gliomagenesis and radioresistant 
tumor evolution. 

Although we used a transgenic mouse model, this system allowed us to study tumor 
evolution from a consistent genetic background without sampling biases that can 
complicate human GBM biopsies. Limitations of our studies are present due to 
potential biases in cell type populations that can arise during enzyme-based tissue 
dissociation, and may explain why certain cell types, such as astrocytes and neurons 
often are underrepresented in scRNA-seq datasets. To overcome this, new 
technologies have emerged and single-nuclear RNA seq are now possible from fixed 
FFPE tissue, thereby overcoming the isolation difficulties of several stromal cells. 
Nevertheless, our scRNA-seq data convincingly highlight reactive- and injury 
driven pathways as major regulators of astrocyte-mesenchymal transition and 
microenvironmental remodeling. Across all studies, TGF-b and TNF-a emerged as 
common central mediators, where TGF-b orchestrate ECM remodeling and injury 
responses, and TNF-a promotes inflammation. In collaborative work with Tuyuz et 
al. we further linked TNF-a/NF-kB/STAT3 signaling to tumor aggressiveness, 
regulated by the complement inhibitor CSMD1310. In Paper III, cells with high C3 
expression had an elevated TNF-a signaling pathway, suggesting that these two 
interconnected innate and inflammatory pathways act together in tumor 
inflammation. Additionally, TGF-b links complement activation with angiogenesis 
via regulation of VEGF, C3, and C3aR expression in tumor associated 
macrophages311. Furthermore, in collaboration with Smolag et al. we demonstrated 
that Factor H, a complement inhibitor that limits excessive alternative pathway 
activation, has immunomodulatory properties. By binding to ICOS on T regulatory 
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cells (Tregs), FH enhances Treg viability and suppressive function by increasing IL-
10 and TGF-b secretion and inhibiting effector T cell proliferaiton312. These 
findings further demonstrate the paradox and complexity of the GBM 
microenvironment, where TGF-b either via complement activation, or complement 
regulatory proteins, provides a link between immunomodulatory systems and glial 
scar formation. 

This duality reflects a central paradox of radiotherapy in GBM, as while 
radiotherapy kills many tumors cells, it simultaneously generates a reactive, 
protective niche that supports recurrence. Overall, our findings show that as tumors 
evolve, they increasingly engage interconnected reactive, injury-driven, and 
inflammatory pathways that reinforce each other to drive progression. This supports 
the long-standing concept that “cancer is a wound that never heals”. 

Future directions 
This thesis contributes to the ongoing field to understand how stromal and tumor 
cells transition and adopt between states. As extensively demonstrated, GBM has 
profound plasticity in response to treatment and tumor niches. Therapeutic targets 
will therefore need to be investigated thoroughly in a temporal resolution, as the 
same therapeutic may yield different outcomes depending on the time of 
administration. A few promising therapies are related to targeting the SASP-
mediated pathway or other stromal components that frequently occur in response to 
radiotherapy. Other targets may include differentiation or transition medicines, that 
forces cellular transition to a state more suspectable to therapy. To demonstrate a 
beautiful example of this, is the usage of all trans-retinoic acid (ATRA) with arsenic 
trioxide therapy in acute promyelocytic leukemia, which is also now being tested in 
GBM313,314.  

“Tumor cells that once were immature and deadly in my marrow, woke 
and poured into the river of my blood. The bone was a midnight 
freeway with exits to everywhere. Lanes of light in fevered rush. Like a 
magnolia tree opening all at once. I felt their elegance and ache, 
pushing against the corridors of my bones, a blossom of all their ugly 
clones.”  
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