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Abstract 

 

High-grade gliomas (HGGs) are aggressive grade III or IV brain tumours originating 

from glial cells, characterised by rapid growth, poor prognosis and high recurrence rates. 

Radiotherapy remains the standard of care treatment for HGG, yet, treatment resistance, 

particularly due to its hypoxic nature, remains a key challenge, and a novel effective therapeutic 

strategy is needed to improve treatment efficacy. Despite the immunosuppressive tumour 

microenvironment, the complement receptor C5aR1 is overexpressed in glioblastoma and 

paediatric HGGs compared to healthy brain tissue. In this study, we identified that C5aR1 

expression was upregulated under severe hypoxia in glioblastoma, driven by endoplasmic 

reticulum stress, and that C5aR1 signalling was critical for glioma cell survival. We also 

explored the potential of C5aR1 inhibition as a radiosensitising target in both glioblastoma and 

diffuse midline glioma, given its ability in modulating pro-survival signalling via G-protein 

coupled receptor activity. Both genetic silencing and pharmacological inhibition of C5aR1 

enhanced glioma sensitivity to radiation and potentiated radiation-induced cytotoxicity. 

Importantly, these anti-survival effects were sustained under hypoxic conditions in 2D culture 

models, addressing a key barrier to radiotherapy efficacy. In contrast, C5aR1 inhibition in 

microglia did not reduce cell survival, but instead altered their inflammatory phenotype 

following irradiation. The suppression of microglia-derived pro-inflammatory factors, IL-1 

in particular, was found to improve glioma radiosensitivity, highlighting a dual mechanism by 

which C5aR1 target may enhance radiation response and outcomes in HGGs.  
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Chapter 1 Introduction 
 

1.1 Cancer 

Cancer encompasses a group of diseases characterised by uncontrolled and 

aberrant cellular proliferation, accompanied by the capacity to invade surrounding tissues 

and metastasise to distinct sites. The foundational framework for understanding cancer 

biology was introduced by Hannahan and Weinberg in their review published in 2000, 

which described six core hallmarks shared by most, if not all cancer types (Hanahan and 

Weinberg, 2000). These include self-sufficiency in growth signals, limitless replicative 

potential, insensitivity to anti-growth signals, evading apoptosis, sustained angiogenesis, 

tissue invasion and metastasis. If any cell acquires any of these traits, it has breached the 

body’s anti-cancer defence mechanisms, conferring enhanced proliferative, survival and 

invasive capabilities. In 2011, the authors expanded this framework to include two 

additional emerging hallmarks: dysregulated cellular metabolism and evading immune 

destruction, alongside two enabling characteristics: genome instability and mutation and 

tumour-promoting inflammation (Hanahan and Weinberg, 2011). Most recently, in 2022, 

Hanahan published the newest update for the hallmarks of cancer, incorporating four 

additional emerging hallmarks and enabling characteristics (Hanahan, 2022). These 

include phenotypic plasticity, senescence, non-mutational epigenetic reprogramming and 

polymorphic microbes. A graphical summary of these cancer hallmarks is presented in 

Figure 1.1. These characteristics shape the phenotype of cancer cells and serve as a 

conceptual foundation for the development of all therapeutic strategies.  
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Figure 1.1 Hallmarks of Cancer 

Graphical summary of the hallmarks of cancer common in most cancer cells. Adapted 

from Hanahan (2022).     
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1.2 High-Grade Glioma 

 

Unlike most cancers, brain cancer is classified into four grades according to the 

World Health Organisation rather than staged, since it rarely metastasises. The grading 

of brain cancer is assigned to each brain tumour type based on its histology, molecular 

profile and median survival. These grades reflect the malignancy of tumour, with grade 

1 being the least malignant and progresses slowly, while grade 4 being the most 

aggressive. Grades 1 and 2 are considered low-grade, and grades 3 and 4 are regarded as 

high-grade (Louis et al., 2021). In this study, we will focus on high-grade gliomas 

(HGGs), particularly diffuse midline glioma (DMG) and glioblastoma (GBM), which are 

grade 4 gliomas, both characterised by rapid growth, poor prognosis, high recurrence 

rates and treatment resistance. 
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1.2.1 Diffuse Midline Glioma 

DMG is a highly aggressive malignant glioma with poor prognosis and median 

age of diagnosis of 15 years old (Ostrom et al., 2023). Due to its diffusive nature, the 

tumour’s anatomic location in the brainstem and thalamus, and the critical function of 

this brain region, surgical resection is not always available. Radiation therapy remains 

the standard-of-care treatment, with addition of alkylating agent Temozolomide (TMZ) 

for some patients, though there is no standard chemotherapy regimen. Despite its rarity, 

DMG is universally regarded as fatal, with a median survival of just 11 months (Cooney  

et al., 2017). 

Studies suggest that DMGs are likely to originate from oligodendrocyte precursor 

cells (OPCs) which retain stem-like properties, including sustained proliferative capacity 

and the ability to differentiate (Filbin et al., 2018; Lin et al., 2018; Tomita et al., 2022). 

Approximately 80% of DMG patients harbour the oncogenic H3K27M mutation, in 

which lysine 27 in is substituted by methionine in histone 3 (H3).1 or H3.3, resulting in 

a global loss of trimethylation (Yu et al., 2021). In addition to H3K27M, DMGs frequent 

exhibit co-occurring genetic alterations. Mutations in the tumour protein 53 (TP53) gene 

are present in approximately 50% of DMG patients and have been associated with 

radioresistance and reduced overall survival (Mackay et al., 2017; Werbrouck et al., 

2019). Other frequently observed genetic alterations in DMG include mutations in activin 

A receptor, type I (ACVR1) and amplification of platelet-derived growth factor receptor 

subunit A (PDGFRA) (Buczkowicz and Hawkins, 2015; Taylor et al., 2014). A 

genetically engineered mouse model combining H3K27M expression, PDGF-A 

overexpression and TP53 mutation in OPC-like cells resulted in tumours recapitulating 

key histopathological and molecular features of human DMG (Tomita et al., 2022). 
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1.2.2 Glioblastoma  

GBM is the most malignant type of glioma and the most prevalent primary brain 

tumour in adults, accounting for 48.6% of all malignant central nervous system (CNS) 

tumours (Grochans et al., 2022). GBM is most often localised in the frontal lobe of the 

brain, but could also be found in other sites of the brain (Ghosh et al., 2017). With a 

median diagnosis age at 66, the incidence rate of GBM is 0.18 cases per 100,000 people 

in those under 18 years old and 3.27 cases per 100,000 people in adults (Ostrom et al., 

2023; Ostrom et al., 2020). Characterised by high mitotic activity and a necrotic core, the 

prognosis of GBM is poor, with an overall median survival of just 15 months (Ostrom et 

al., 2023).  

GBMs are believed to originate from neural stem cells or OPCs (Alcantara 

Llaguno et al., 2009; Liu et al., 2011a). Several genetic alterations are frequently 

observed in GBM patients, including mutation or dysregulation of phosphate and tensin 

homolog (PTEN), TP53, telomerase reverse transcriptase, epidermal growth factor 

receptor (EGFR) and PIK3CA (Brennan et al., 2013; Djuzenova et al., 2015; Killela et 

al., 2013). In addition, epigenetic silencing of O6-methylguanine-DNA-

methyltransferase (MGMT) via promoter silencing has been suggested as a predictive 

marker for TMZ response (Wick et al., 2012; Malmström et al., 2012). These genetic and 

molecular alterations contribute to tumour growth, invasiveness and resistance to therapy, 

serving as important prognostic factors. Although the standard-of-care treatment for 

GBM generally remains consistent across patients irrespective of mutation status, patients 

with unmethylated MGMT promoter derive less benefit from TMZ. Despite several 

months of survival benefits with TMZ and radiotherapy treatment, GBM inevitably recurs 

after 3-9 months, making it a lethal cancer (Stupp et al., 2009). 
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1.3 HGG tumour microenvironment 

Within the tumour microenvironment (TME), various cell types interact with each 

other to support tumour growth, either by sabotaging healthy brain cells or altering 

recruitment of immune cells. The TME plays a crucial role in regulating glioma 

development. The tumour mass and its surrounding extracellular matrix (ECM) comprise 

a heterogeneous population of cells, including astrocytes, glioma stem cells (GSCs), 

endothelial cells, and immune cells, all of which may contribute to tumour progression 

and are discussed in subsequent sections. Physical feature of the TME, such as the low 

oxygen (hypoxic) regions found in solid tumours also impact tumour progression and 

treatment response.  

 

1.3.1 Hypoxia and Cancer 

Oxygen is an essential substrate for mitochondrial oxidative phosphorylation and 

subsequent production of adenosine triphosphate (ATP). Under conditions of reduced 

oxygen availability, termed hypoxia, cells initiate a range of cellular stress and adaptive 

responses in order to maintain the balance between oxygen supply and metabolic demand. 

‘Physiologically normal’ oxygen levels vary significantly between tissues, with brain 

parenchyma typically exhibiting oxygen concentrations ranging from 2.5%-12.5% 

(Collingridge et al., 1999). It is important to note that hypoxia is defined in a tissue/cell-

specific context, occurring when local oxygen level falls below the metabolic 

requirements of that specific tissue. 
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Presence of hypoxic regions have been reported in both GBM and DMG, where 

hypoxia plays a key role in shaping tumour metabolism (Blandin et al., 2019; Said et al., 

2007; Shen et al., 2025; Yeom et al., 2015). In a study employing EF5 binding as a marker 

of hypoxia, all human GBM tissues examined contained mild to moderate hypoxic 

regions, with severe hypoxia detected in 33% of cases (Evans et al., 2008). In a larger 

cohort of 70 GBM tissues analysed using tissue microarrays, hypoxic regions were 

identified in 61% of tumours, as assessed by expression of the hypoxia-inducible target 

glucose transporter type 1 (GLUT1) (Dzwigonska et al., 2025). Although studies directly 

quantifying the prevalence of hypoxia in DMG are currently lacking, the majority of 

HGGs, including 93% of grade 4 gliomas demonstrated positive immunohistochemical 

staining for HIF-1, indicative of active hypoxic signalling (Abd Elmaogod et al., 2022).  

These findings underscore the high prevalence of hypoxia in HGGs and highlight the 

importance of taking into account how low oxygen availability shapes the TME, drives 

tumour progression and influences therapeutic responses. 

In solid tumours, oxygen is delivered via passive diffusion from nearby 

vasculature, leading to the formation of steep oxygen gradients, as illustrated in Figure 

1.2. In gliomas, these range from mild hypoxia at 2.5%-0.5% in proximity to native 

functional blood vessels, to severe hypoxia or even anoxia at 0%-0.5% in more distal 

regions or areas near non-functional blood vessels (Evans et al., 2004). Intraoperative 

oxygen measurements in GBM have confirmed the presence of such oxygen gradients, 

identifying tumour regions with moderate hypoxia (<0.5%), severe hypoxia (<0.1%) and 

complete anoxia (0%) (Evans et al., 2004). Although direct measurements of oxygen 

levels in DMG are lacking, imaging studies have demonstrated substantial hypoperfusion 

in DMG, supporting the presence of a hypoxic TME (Yeom et al., 2015).  
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To enhance the delivery of oxygen and nutrients to tumours, pathological 

angiogenesis is a key feature of cancer which facilitates tumour cell survival. Tumour 

vasculatures are often structurally abnormal, characterised by hyperpermeability, 

enlarged vessel diameter, and thickened basement membrane. The hypoxic region in 

glioma expresses high levels of hypoxia-inducible factor 1 (HIF-1), its activation in 

turn upregulates the expression of key angiogenesis factors, such as vascular endothelial 

growth factor-A (VEGF-A) (Lin and Wu, 2023; Mou et al., 2023). VEGF-A can also be 

secreted by glioma stem cells (GSCs) within extracellular vesicles, which then act on 

endothelial cells to promote new vessel formation, facilitating tumour growth and glioma 

cell dissemination (Lin and Wu, 2023; Kaur et al., 2005; Mou et al., 2023; Chen et al., 

2022; Treps et al., 2017). Interestingly, GSCs have been reported to transdifferentiate 

into vascular endothelial cells in GBM, supporting angiogenesis through WNT5A 

signalling (Hu et al., 2021; Soda et al., 2011; Mei et al., 2017).  
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concentrFigure 1.2 Graphical representation of oxygen delivery to tumour 

Oxygen is delivered from blood vessels to tumour tissue down the concentration 

gradient. Cells closest to the blood vessel are exposed to higher oxygen level compared 

to those further away from the vessel. 
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1.3.1.1 HIF 

One of the key regulators of the cellular response to hypoxia is HIF, a 

heterodimeric transcription factor complex composed of an oxygen-sensitive alpha-

subunit (HIF-1, HIF-2, HIF-3), and a constitutively expressed beta-subunit (HIF-1) 

(Weidemann and Johnson, 2008). Under normoxic conditions, the -subunit is rapidly 

degraded by prolyl hydroxylase domain (PHD) enzymes which hydroxylate specific 

proline residues-402 and -564 within the oxygen-dependent degradation domains NODD 

and CODD of HIF-1 (Chowdhury et al., 2016; He et al., 2021). This hydroxylation is 

catalysed by iron (II) and 2-oxoglutarate, promoting HIF-1 recognition by the von 

Hippel-Lindau (VHL) protein, which is the substrate recognition component of an E3 

ubiquitin ligase complex (Chowdhury et al., 2016; Cockman et al., 2000; He et al., 2021; 

Ohh et al., 2000). Subsequent polyubiquitination then targets HIF-1 for proteasomal 

degradation. 

Under hypoxic conditions, PHD activity is inhibited, HIF-1 is stabilised and 

translocated to the nucleus, where it dimerises with HIF-1 and binds to hypoxic response 

elements (HREs) in the regulatory regions of target genes (Taylor and Scholz, 2022; 

Weidemann and Johnson, 2008). Together with recruited co-activators such as p300 and 

CREB-binding protein, HIF regulates transcription of a broad range of genes involved in 

metabolic reprogramming, angiogenesis, cell stemness, proliferation, apoptosis and 

epithelial-mesenchymal transition (EMT) (Freedman et al., 2002; Dengler, Galbraith and 

Espinosa, 2014). A graphical summary of HIF-1 signalling under normoxic and hypoxic 

conditions is shown in Figure 1.3. 
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Figure 1.3 Graphical representation of HIF-1 signalling under normoxia and 

hypoxia 

(Left) Under normoxia, HIF-1 is hydroxylated by PHD enzymes and VHL proteins 

promote recognition of hydroxylated HIF-1 by E3 ubiquitin ligase complex. HIF-1 

is subsequently degraded. (Right) Under hypoxia, HIF-1 is stabilised and translocated 

to the nucleus, where it dimerises with HIF-1 and binds to HREs to regulate 

transcription of target genes. 
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HIF-1 is a well-established molecular marker of hypoxia and one of its 

downstream targets, carbonic anhydrase IX (CAIX) is expressed in GBM where it 

correlates with poor prognosis, and has been linked to increased necrosis in colorectal 

cancer models (Clara et al., 2014; McIntyre et al., 2012; Proescholdt et al., 2012; Said et 

al., 2007). HIF-1 has been shown to induce a mesenchymal phenotype in tumour cells 

through the upregulation of zinc finger E-box binding homeobox 1, thereby enhancing 

tumour migration and invasiveness (Joseph et al., 2015; Zhang et al., 2015). Moreover, 

HIF activity in GSCs promotes tumorigenicity by inducing transforming growth factor-

beta (TGF-) and VEGF, which support GSC maintenance, self-renewal, and survival, 

enhancing their tumour-initiating potential (Chen et al., 2024; Li et al., 2009). HIF-1 

has also been implicated in the acquisition of therapy-resistance phenotypes in glioma 

cells by upregulating neural stem markers, which may drive resistance to conventional 

therapies (Bar et al., 2010). 

Beyond intrinsic tumour cell regulation, HIF plays an important role in shaping 

the immunosuppressive TME. HIF-1 has been reported to suppress cluster of 

differentiation 8-positve (CD8+) T cell infiltration by downregulating the expression of 

C-X-C motif chemokine-9, -10 and -11 (Su et al., 2024).  Additionally, HIF-1 

upregulates interleukin-1 beta (IL-1) secretion from microglia, which has been shown 

to enhance glioma proliferation, invasion and migration via nuclear factor-kappa B (NF-

B)-mediated induction of heparanase, in which knockdown of heparanase reverses the 

pro-tumorigenic effects (Si et al., 2024). Collectively, these findings highlight the 

multifaceted role of HIF in glioma progression, spanning metabolic, invasive, stem-like, 

and immunomodulatory functions. 
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1.3.1.2 UPR under ER stress 

The endoplasmic reticulum (ER) plays a central role in post-translational protein 

processing, including disulphide bond formation and proper protein folding of 

polypeptides translated by ribosomes. Newly synthesised proteins are subject to the 

surveillance ER quality control system that directs properly folded proteins to their final 

destinations, while misfolded proteins are targeted for ER-associated degradation (ERAD) 

via proteasomal or autophagic pathways (Araki and Nagata, 2011; Krshnan, van de 

Weijer and Carvalho, 2022). Under hypoxia, typically below 1-2% O2, the glycolytic shift 

induced by reduced oxygen availability results in decreased ATP production, which limits 

the rate of energy-intensive processes such as protein translation and folding (Liu et al., 

2006). This results in unfolded or misfolded proteins accumulating within the ER lumen, 

a condition termed as ER stress, which in turn activates the unfolded protein response 

(UPR), a highly conserved signalling cascade aimed at restoring ER proteostasis (Wang 

and Kaufman, 2016). While the UPR is primarily a cytoprotective mechanism to relieve 

ER stress, persistent or unresolved ER stress ultimately leads to apoptosis.   

The UPR pathway is initiated by three different ER transmembrane stress sensor 

proteins: protein kinase ribonucleic acid (RNA)-like ER kinase (PERK), activating 

transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1). In resting state, 

these protein sensors are bound to binding immunoglobulin protein (BiP), which acts as 

a chaperone to maintain inactive conformations of the sensors (Madden et al., 2019). 

Upon accumulation of unfolded proteins, BiP dissociates from these ER stress sensors, 

allowing their activation and subsequent propagation of the UPR (Kopp et al., 2019).    
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PERK is the first sensor activated in response to ER stress, it phosphorylates the 

alpha-subunit of eukaryotic initiation factor 2A (eIF2α) which transiently attenuates 

protein synthesis, while selectively enhancing the translation of stress-inducible genes 

such as activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP), 

both of which promote autophagy (B'Chir et al., 2013; Cao et al., 2012; Harding et al., 

2000). 

The next sensor activated by unfolded proteins is ATF6, which translocate from 

the ER to the Golgi apparatus and is subsequently cleaved by site-1 and site-2 proteases 

to its active form (Shen et al., 2002; Ye et al., 2000).  Cleaved ATF6 translocate to the 

nucleus and upregulates transcription of CHOP, x-box binding protein 1 (XBP1), as well 

as genes involved in ER chaperone expression and Golgi biogenesis to alleviate ER stress 

(Bommiasamy et al., 2009; Shen et al., 2002; Yang et al., 2020; Yoshida et al., 2001). 

XBP1, upregulated by both ATF6 and IRE1a activation, is a critical transcriptional 

regulator not only of autophagy and apoptosis, but also of tumour growth, EMT, 

angiogenesis and therapy resistance, serving as an important regulator of tumorigenesis 

(Gupta et al., 2016; Lyu et al., 2019; Romero-Ramirez et al., 2009; Wu et al., 2018; Zeng 

et al., 2013b). Elevated expression and activation of XBP1 have been reported in HGGs, 

where its silencing impairs tumour viability and formation (Liu et al., 2016). In GBM, 

high XBP1 expression correlates with an immunosuppressive TME and worse patient 

outcomes (Oliveira et al., 2024). 
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The third UPR sensor, IRE1, is activated when unfolded proteins binds directly 

to the luminal domain of the sensor, leading to receptor dimerisation and 

autophosphorylation (Credle et al., 2005; Zhou et al., 2006). Activated IRE1 oligomers 

splice XBP1 messenger ribonucleic acid (mRNA) (previously induced by ATF6) to 

generate active XBP1 transcription factor (sXBP1), which encodes for genes involved in 

ERAD, fatty acid synthesis and tumour progression (Lee et al., 2008; Tam, Koong and 

Niwa, 2014; Tsuchiya et al., 2019). IRE1a also cleaves and degrades selective 

microRNAs to relieve protein folding load in the ER through a process known as 

regulated IRE-1 dependent decay (RIDD) (Hollien and Weissman, 2006; Tam, Koong 

and Niwa, 2014; Upton et al., 2012). However, RIDD could also promote translation of 

proteins responsible for mitochondrial apoptosis, inducing cell death (Upton et al., 2012). 

Moreover, IRE1a activation leads to stimulation of the Jun N-terminal kinase (JNK) 

pathway, which has a dual role in both cell survival and cell death by promoting 

autophagy and apoptosis (Li et al., 2019; Wu et al., 2021). In summary, the UPR, through 

PERK, ATF6 and IRE1 orchestrates complex transcriptional and translational events that 

balance cellular adaption and death. A graphical summary of the UPR signalling events 

is shown in Figure 1.4. 
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Figure 1.4 Graphical summary of UPR signalling events 

PERK, ATF6 and IRE1 are UPR sensors located in the ER. Activation of PERK 

phosphorylates eIF2, which transiently inhibit protein translation, but selectively 

enhance translation of ATF4 and CHOP which regulation transcription of genes involved 

in autophagy. ATF6 activation results in translocation of protein from ER to the Golgi 

apparatus for cleaving. Cleaved ATF6 regulates transcription of CHOP and XBP1 genes, 

as well as genes responsible for ER chaperones, and Golgi biogenesis. IRE1 dimerises 

and undergoes autophosphorylation upon binding of unfolded proteins, it splices XBP1 

to generate sXBP1 which regulates transcription of genes involved in ERAD, JNK 

signalling and lipid synthesis. 
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1.3.1.3 Hypoxia contributes to radioresistance 

Oxygen availability is a critical determinant of the efficacy of radiation-induced 

damage, with hypoxia being a well-established contributor to radioresistance, including 

in HGGs (Shen et al., 2025; Wei et al., 2023). Well-oxygenated cells can respond up to 

three times better to IR than hypoxic cells, the boosting ratio is known as the oxygen 

enhancement ratio (OER) (Hall and Giaccia, 2006). This radiosensitising effect of oxygen 

is only observed when oxygen is present during or immediately before irradiation. The 

most established mechanism underlying the OER is the oxygen fixation hypothesis. 

Irradiation generates highly reactive free radicals, which causes deoxyribonucleic acid 

(DNA) strand breaks. In the presence of molecular oxygen, DNA radicals formed by these 

interactions are stabilised through the formation of peroxyl adducts, thereby ‘fixing’ the 

DNA damage which makes it more permanents and difficult to repair (Bertout, Patel and 

Simon, 2008; Grimes and Partridge, 2015). Under hypoxic conditions, not only there is 

less molecular oxygen to react with free radicals, but DNA radicals are also more likely 

to be reduced to their original forms by intracellular compounds containing sulfhydryl 

groups, such as glutathione, facilitating the repair of otherwise lethal damage (Wang et 

al., 2019). 

Apart from the OER, hypoxia promotes radioresistance through additional 

mechanisms, one of which is HIF-1. HIF-1 regulates hundreds of genes involved in 

cellular metabolism, including those enhancing glycolysis and serine biosynthesis 

pathways which elevate intracellular antioxidant production to mitigate radiation-induced 

reactive oxygen species (ROS) (Li et al., 2016; Zhou et al., 2017). Hypoxia also activates 

autophagy to facilities clearance of damaged organelles and ROS, thereby protecting cells 

from irradiation damage (Feng et al., 2016). Furthermore, components of the UPR, such 
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as the IRE1-XBP1 and PERK/elF2 pathways are activated under hypoxia stress and 

confer radioresistance. IRE1-XBP1 promotes secretion of pro-survival cytokines 

including interleukin-1, while PERK signalling supports activation of the NF-B 

signalling, both of which enhance cell survival in response to radiation (Lyu et al., 2019; 

Qiao et al., 2017). In addition, hypoxia supports the maintenance of a quiescent cancer 

stem cells population which are characterised by their intrinsic resistance to DNA damage 

as a particularly radioresistant subpopulation, and is thought to play a key role in tumour 

recurrence following treatment (Bhaskara et al., 2012; Menegakis et al., 2021). 

 



Chapter 1 - Introduction 

 18 

1.3.2 Interactions between glioma cells, neurons, GSCs and astrocytes 

Apart from tumour cells, the glioma TME is composed of other types of cells, 

such as neurons, GSCs and astrocytes, all of which play a role in glioma progression. 

GBM patients often experience epileptic seizures which has led to research into the 

connection between tumours and the neuronal network. In addition to mechanical 

compression exerted by the tumour mass, growing evidence suggests neurons are affected 

by neurotransmitters released by gliomas. Excessive glutamate release from glioma cells 

have been observed in patients and tumour-bearing mice, resulting in seizures and 

excitotoxic cell death of neurons (Buckingham et al., 2011; Marcus et al., 2010; Takano 

et al., 2001). This neuronal cell death creates space in the peritumoral region, allowing 

glioma cells to invade and expand. While glioma cells lack glutamate transporters, using 

Thiamphenicol to upregulate glutamate transporters in peritumoral cells has been shown 

to decrease tumour burden, prolong survival and provide neuroprotective effects (Sattler 

et al., 2013).  

Despite the neuronal toxicity caused by glioma cells, neurons, on the other hand, 

could also promote HGG growth. The synaptic protein neuroligin-3 (NLGN3) secreted 

by active neurons induces phosphoinositide 3-kinase-Akt-mammalian target of 

rapamycin (PI3K-Akt-mTOR) signalling in both DMG and GBM, which ultimately 

promotes glioma cell proliferation (Venkatesh et al., 2015; Venkatesh et al., 2017). It is 

worth noting that NLGN3 secretion is also inversely correlated with survival of HGG 

patients (Venkatesh et al., 2015). Additionally, oligodendrocytes, another stromal cell, 

has also been reported to promote GBM invasion by upregulating angiopoietin-2 

signalling which regulates vessel permeability and angiogenesis (Kawashima et al., 

2019) . 
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GSCs are multipotent, undifferentiated tumour-initiating cells with self-renewal 

capacity, and are often linked to treatment resistance due to their more efficient DNA 

damage repair mechanisms compared to the bulk tumour cells, driven by replication stress 

(Bao et al., 2006). Moreover, increase in GSC population was observed in recurrent GBM 

after radiotherapy and chemotherapy, the authors suggested that GSC could survive 

treatment and contribute to glioma recurrence (Tamura et al., 2013). GSC display 

pronounced cellular plasticity, enabling dynamic transition along a spectrum of 

undifferentiated, stem-like states to more differentiated phenotype in response to various 

intracellular signalling and external stimuli (Safa et al., 2015). This plasticity is regulated 

by developmental signalling pathways, including Wnt/-catenin and Notch signalling, 

which play key roles in maintaining stemness and regulating cell state transition in GSCs 

(Basak et al., 2012; Yun et al., 2023). Moreover, epigenetic regulations such as chromatin 

remodelling and DNA methylation also contribute to the flexibility of differentiation state. 

(Chaligne et al., 2021; Liau et al., 2017; Zhang et al., 2019). Microenvironmental factors 

further shape GSC state, with hypoxic conditions promoting stem-like phenotypes and 

expanding the GSC population (Bar et al., 2010; Chen et al., 2024; Li et al., 2013; Qiang 

et al., 2012). The bidirectional and reversible nature of these differentiation state 

transition enables more differentiated tumour cells to reacquire stem-like properties, 

thereby contributing to intratumoural heterogeneity, therapeutic resistance and tumour 

recurrence. 
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Astrocytes make up of approximately 50% of the cells in the brain, and they inevitably 

come into contact with glioma cells in the TME. Physiologically, astrocytes regulate 

neurotransmitter levels and synaptic plasticity (Adermark et al., 2022; Stellwagen and 

Malenka, 2006). In the TME, astrocytes are activated by both glioma and microglia cells 

via the Janus kinase-signal transducer and activator of transcription (JAK-STAT) and 

NF-B pathways (Heiland et al., 2019; Kim et al., 2014; Chen et al., 2020). Reactive 

astrocytes can secrete factors such as stromal-derived factor-1 and chemokine ligand 20 

to simulate GBM growth and proliferation (Barbero et al., 2002; Jin et al., 2018). In 

addition, interleukin 6 (IL-6) secreted by reactive astrocytes facilitates ECM degradation 

by upregulating matrix metallopeptidase-2 (MMP2), and -14, facilitating glioma 

migration and invasion alongside fascin-1 (Yu et al., 2017; Li et al., 2010; Chen et al., 

2016). Moreover, the co-existence of astrocytes and microglia leads to upregulation of 

anti-inflammatory cytokines such as TGF- and interleukin-10 (IL-10), shaping an 

immunosuppressive TME (Heiland et al., 2019). A graphical summary of the above 

interactions between glioma cells and the non-immune components of the TME is shown 

in Figure 1.5. 

 



Chapter 1 - Introduction 

 21 

 

 

 Figure 1.5 Schematic representation of interactions between glioma cell and other 

non-immune cells in the TME 

Neuron, oligodendrocyte, astrocyte and GSC interact with glioma cell via different 

signalling events to promote tumorigenesis, which includes promotion of glioma 

proliferation, migration, invasion, angiogenesis and treatment resistance. 
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1.3.3 Innate immune response in HGG 

The immune system plays a dual role in tumour progression. While it can help 

eliminate cancer cells, alternatively, cancer cells can easily evade. The innate immune 

system in HGG TME is composed of resident microglia and infiltrating macrophages 

which enter due to disruption of the blood-brain barrier (BBB) (Chen et al., 2017). 

Macrophages primarily originate from haematopoietic stem cells in the bone marrow, 

while microglia originate from myeloid precursors in the yolk sac during embryonic 

development (Ginhoux et al., 2010; Prinz and Priller, 2014). Although macrophages and 

microglia represent two distinct populations with different lineages, they are collectively 

known as tumour-associated macrophages/monocytes (TAMs). In GBM, up to 35% of 

TAMs are peripheral macrophages, with the remainder being microglia (Bowman et al., 

2016; Müller et al., 2015).  

The interactions between TAMs and glioma cells are bidirectional. TAMs are 

recruited to gliomas by chemoattractant released by glioma cells, such as C-C motif 

ligand 2 (CCL2), C-C motif ligand 7 (CCL7), stromal cell-derived factor 1 (also known 

as CXCL12), macrophage-colony stimulating factor (M-CSF) and TGF-  (Platten et al., 

2003; Jung et al., 2018; Wang et al., 2012; Ku et al., 2013; Sielska et al., 2013; Liu et al., 

2021). Additionally, TAMs also release CCL2 to recruit more monocytes, creating a 

positive feedback loop for constant immune cell infiltration (Chang et al., 2016). Once 

activated, TAMs promote glioma migration and invasion through MMP2 activation, 

secretion of epidermal growth factor, TGF- and IL-6 (Markovic et al., 2005; Coniglio 

et al., 2012; Wesolowska et al., 2007; Zhang et al., 2012).  HGG proliferation can also 

be stimulated by TAM-derived MMP2, stress inducible protein 1 and IL-1 (da Fonseca 

et al., 2012; Liu et al., 2021; Markovic et al., 2009). 
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The traditional model of TAM activation status is presented as a binary system of 

either M1 or M2. Tumour-supporting M1 is characterised by classical activation of toll-

like receptor 2/4 and secretion of pro-inflammatory cytokines such as TNF-, IL-6 and 

IL-1, which support phagocytosis, as well as recruit more immune cells (Ren et al., 

2023). M1 macrophages are also known to release both nitric oxide and ROS to exert 

direct cytotoxic effects (Huang et al., 2017; Liu et al., 2020; Palmieri et al., 2020). In 

contrast, tumour-suppressive M2 is alternatively activated by interleukin-4 (IL-4) and 

interuleukin-13 (IL-13), it is characterised by the production of anti-inflammatory 

cytokines such as arginase 1 (ARG1), interleukin-10 (IL-10), and TGF-, with less 

cytotoxicity towards tumour cells (Ren et al., 2023). Moreover, M2-like TAMs can also 

promote angiogenesis by transporting exosomal circRNA to endothelial cells and via 

TGF-mediated VEGF upregulation (Jiang et al., 2022; Ferrari et al., 2009). A graphical 

summary of the macrophage functions is shown in Figure 1.6. 

A spectrum of TAM activation state has been revealed more recently, so in this 

study, we will describe TAMs as M1-like and M2-like rather than using a binary 

classification (Mosser and Edwards, 2008). The polarisation status of TAMs is 

determined by the TME. In glioma, there is a higher ratio of M2-like/M1-like TAMs, 

polarised by GBM-derived factors including interleukin-4, IL-10, CCL2, and M-CSF 

(Gabrusiewicz et al., 2011; Ren et al., 2023; Komohara et al., 2008; Wu et al., 2010). 

The ratio of M2-like/M1-like TAMs is correlated with the histological grade of gliomas 

(Komohara et al., 2008). It is worth noting that although the M2-like TAM population 

shapes an immunosuppressive TME in HGG, M1-like TAMs are still present to exert 

cytotoxicity and initiate innate immune responses such as phagocytosis (Hussain et al., 

2006).  
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GBM cells have been reported to increase the phagocytotic activity of microglia, 

accompanied by increased glioma cell apoptosis, suggesting an anti-tumour activity of 

microglia in this setting (Lecoultre et al., 2024). However, at the same time, phagocytosis 

of glioma cells has also been shown to shift macrophages from a pro-inflammatory 

phenotype towards an anti-inflammatory phenotype, further strengthening the 

immunosuppressive TME in HGG (Wu et al., 2023).  

 

 

 

 

 

Figure 1.6 Schematic representation of macrophage functions in gliomas 

Glioma cell secretes various factors such as CCL2 and CCL7 to recruit TAMs into the 

TME.  Once activated, TAM secretes pro-tumour chemokines such as EGF and TGF-

 to support glioma progression. TAM could switch to a M1-like phenotype under 

stimulation by IFN- or TNF-, which in turn secrete pro-inflammatory TNF-, IL-

1, nitric oxide and ROS. Alternative, TAM could adopt a M2-like phenotype under 

stimulation by IL-4 and IL-13, M2-like TAM secretes anti-inflammatory ARG1, IL-

10 and TGF-, as well as exhibits higher phagocytotic activity. 
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1.3.4 Adaptive immune response in HGG  

Despite the characteristically low neoantigen burden observed in HGGs, the 

presence of effector T cells is positively correlated with improved survival in GBM 

patients, underscoring the importance of adaptive immunity in modulation glioma 

progression (Nejo et al., 2019; Lohr et al., 2011). Of note, T cell infiltration is very low 

in majority of the DMG patients and is generally not considered to play a predominant 

role in the DMG progression (Lieberman et al., 2019). 

Unlike cells of the innate immune system, naïve antigen-specific T cells require 

clonal expansion and differentiation to acquire immunologically active phenotypes. It has 

been proposed that tumour-associated antigens may be transported from the glioma site 

to the meninges via the perivascular glymphatic system, together with interstitial fluid, 

however this remains to be validated. (Broekman et al., 2018). At the dura mater, tumour 

antigens either enter the cerebrospinal fluid, or be taken up by local antigen-present cells 

(APCs) (Broekman et al., 2018). The cerebrospinal fluid and APCs then drain via dural 

lymphatic vessels to the deep cervical lymph nodes, where T cells can be primed by APCs 

(Aspelund et al., 2015; Broekman et al., 2018; Calzascia et al., 2005; Louveau et al., 

2015). 

Upon activation, T cells differentiate into various subtypes, such as cluster of 

differentiation 4-positive (CD4+) T helper cells (Th), CD8+ cytotoxic T cells and 

regulatory T cells (Tregs). CD8+ T cells mediate targeted cytotoxic effects through the 

release of perforin and granzymes, or by engaging death receptor via expression of Fas 

ligand (Basu et al., 2016; Hassin et al., 2011). In GBM-bearing mice, increased CD8+ T 

cell infiltration correlates positively with survival, highlighting their important anti-

tumour properties (Choi et al., 2017). Nevertheless, glioma cells have developed 
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mechanisms to evade immune surveillance, including the mass secretion of TGF- which 

suppress CD8+ T cell cytotoxicity (Ueda et al., 2009; Crane et al., 2009). Moreover, the 

immune checkpoint molecule, programmed death-ligand 1 (PD-L1), is often 

overexpressed on HGG cells and it could engage with its receptor programmed death-1 

(PD-1) on CD4+ and CD8+ T cells (Heiland et al., 2017; Berghoff et al., 2015; Park et al., 

2016). Notably, PD-1 expression is upregulated by TGF- , and its engagement by PD-

L1 induces T cell apoptosis and functional exhaustion, ultimately hindering effects 

produced by anti-tumour effector T cells (Zou, Wolchok and Chen, 2016). Immune 

checkpoint blockade targeting the PD-1/PD-L1 axis has been shown to restore anti-

tumour T cell activity, reinforcing the critical role of CD8+ T cells in glioma 

immunosurveillance (Park et al., 2018; Wainwright et al., 2014). 

Besides its inhibitory effects on CD8+ T cells, TGF- also promotes the expansion 

of Tregs, which are more abundant in GBM tumours than peripheral blood (Ueda et al., 

2009; Chen et al., 2004; Crane et al., 2012). Tregs exert immunosuppressive functions 

within the TME by inhibiting CD8+ T cell activation, cytotoxicity and proliferation 

(Crane et al., 2012; Chen et al., 2004; van Hooren et al., 2023). Collectively, these 

findings highlight the importance of increasing CD8+: Treg ratio to potentiate effective 

anti-tumour responses in HGG. 
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1.4 Standard-of-care treatment in HGGs 

Conventional fractionated radiotherapy (CRT) for DMG is typically administered 

over a six-week period, delivering a total dose of with 54 Gray (Gy) in 30 fractions (Park, 

Yea and Park, 2020).  However, given that limited median survival associated with DMG, 

this prolonged treatment course is thought to adversely affect patient quality of life. 

Another approach is hypofractionated radiotherapy, which delivers higher doses per 

fraction over a shorter period, commonly 44.8 Gy in 16 fractions, or 39 Gy in 13 fractions 

(Park, Yea and Park, 2020). Both CRT and hypofractionated regimens offer transient 

symptom improvement or stabilisation and extend overall survival by an average of 

approximately three months (Gallitto et al., 2019; Johung and Monje, 2017). Nevertheless, 

radiological evidence of local recurrence is observed in nearly all cases within 3-6 months 

following the completion of radiotherapy (Vanan and Eisenstat, 2015). 

The standard treatment for GBM includes surgical resection if feasible, followed 

by a combination of radiotherapy and chemotherapy with TMZ. In GBM, CRT is 

typically administered over a six-week period, delivering a total dose of 60 Gy in 30 

fractions, which is slightly higher than the total dose used for DMG. CRT is generally 

recommended for patients under the age of 65, whereas hypofractionated radiotherapy, 

commonly delivering 45 Gy in 15 fractions, is more often offered to elderly patients due 

to age-associated differences in survival benefits (Malmström et al., 2012).  

The conventional TMZ regimen for GBM consists of a daily dose of 200 mg per 

square metre of body surface area for 1 to 5 days over 28-day cycle (Stupp et al., 2005). 

As an alkylating agent, TMZ methylates DNA, most notably at the O6 position of guanine, 

leading to mispairing with thymine on the complementary strand during DNA replication, 

rather than cytosine (Zhang, Stevens and Bradshaw, 2012). The mismatched thymine is 
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recognised and excised by the DNA mismatch repair system, resulting in DNA strand 

breaks (Zhang, Stevens and Bradshaw, 2012). Accumulation of strand breaks induces cell 

cycle arrest, allowing time for repair; however,  unsuccessful repair ultimately leads to 

apoptosis (Ortiz et al., 2021). Beyond its direct cytotoxic effects, TMZ also function as a 

radiosensitiser, enhancing the efficacy of radiotherapy in GBM (Babaloui et al., 2022; 

Chalmers et al., 2009). When administered in combination with standard radiotherapy, 

TMZ significantly improves survival in patients under 65 years old compared to 

radiotherapy alone, supporting its efficacy as adjuvant therapy (Inggas et al., 2025; Stupp 

et al., 2009).  
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1.4.1 Radiation-induced cytotoxicity 

High-energy ionising radiation (IR) exerts its cytotoxic effects on cancer cells 

through both direct and indirect mechanisms. Directly, IR induces DNA damage by 

causing double-strand breaks, while indirectly, it ionises intracellular water molecules to 

generate DNA-damaging free radicals known as ROS, such as superoxide anions and 

hydroxyl radicals (Baskar et al., 2014; Yamamori et al., 2012). In response, cells initiate 

DNA repair mechanisms such as non-homologous end-joining, to restore genomic 

integrity following double-strand breaks. However, if the repair is unsuccessful or 

incomplete, a cascade of intracellular signalling events is activated, ultimately directing 

the irradiated cells towards cell death, as shown in Figure 1.7 (Kaur et al., 2020; Mahaney, 

Meek and Lees-Miller, 2009). The mode of radiation-induced cell death depends on 

various factors, including cell type, radiation dose, oxygen availability, DNA repair 

efficiency, and the cell cycle phase at the time of exposure (Golden et al., 2012; Stewart 

et al., 2011). IR is capable of triggering multiple forms of cell death, such as apoptosis, 

necrosis, autophagy, proptosis, ferroptosis, and immunogenic cell death (Jiao, Cao and 

Liu, 2022). In the following sections, we will focus on selected forms of radiation-induced 

cell death of particular relevance to this project. 

 

 

Figure 1.7 Graphical representation of radiation-induced damage 

Irradiation induces cytotoxicity either directly via inducing DNA strand breaks, or 

indirectly via production of free radicals. Either way, if DNA is unsuccessfully repaired, 

irradiation ultimately leads to cell death. 
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1.4.1.1 Apoptosis 

Apoptosis is a tightly regulated programmed cell death essential for the 

elimination of damaged or unwanted cells. IR primarily acts through the intrinsic 

(mitochondrial) apoptotic pathway, which is characterised by mitochondrial outer 

membrane permeabilisation and the subsequent release of cytochrome c, leading to 

apoptosome formation (Galluzzi et al., 2018; Golden et al., 2012). Triggers of intrinsic 

apoptosis include a variety of cellular stressors such as DNA damage, ER stress, ROS 

accumulation, replication stress and mitotic errors (Galluzzi et al., 2018). Upon activation, 

proteins of the apoptosis regulator, Bcl-2 family, comprising both pro-apoptotic and anti-

apoptotic proteins modulate the apoptotic response. In particular, pro-apoptotic proteins 

Bcl-2-associated X protein (Bax) and Bcl-2 antagonist/killer (Bak) oligomerise to form 

pores in the outer mitochondrial membrane, leading to the release of apoptogenic 

cytochrome c into the cytosol (Czabotar et al., 2014; Shamas-Din et al., 2013). 

Cytochrome c forms the apoptosome complex together with apoptotic protease-activating 

factor 1 (APAF1) and deoxyadenosine triphosphate, which activates caspase 9 (Cain et 

al., 1999; Li et al., 1997). 

Alternatively, IR may also activate the extrinsic apoptotic pathway, in which cell 

surface death receptors such as Fas and tumour necrosis factor (TNF) receptor are 

upregulated and triggered by their respective ligands (Chakraborty et al., 2003; Rübe et 

al., 2002). This receptor-ligand interaction leads to the assembly of the death-inducing 

signalling complex (DISC) and subsequent activation of caspase 8 (Chakraborty et al., 

2003; Galluzzi et al., 2018). Both intrinsic and extrinsic apoptotic pathways converge at 

the activation of executioner caspase, caspase 3, which orchestrates the cleavage of 

nuclear proteins, cytoskeletal component, and ultimately leading to cell apoptosis (Jiao, 
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Cao and Liu, 2022). A graphical summary of the apoptotic cascade is shown in Figure 

1.8. 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Graphical representation of the apoptotic cascade 

Activation of the intrinsic apoptosis pathway results in oligomerisation of Bak and Bax 

which act together to permeabilise outer mitochondrial membrane. Cytochrome C is 

released and forms apoptosome complex with APAF, which then activates caspase 9. 

Alternatively, the extrinsic apoptosis pathway involves activation of death receptor, 

which assembles DISC and activates caspase 8. Both intrinsic and extrinsic pathways 

converge at caspase 3 activation which executes apoptosis. 
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1.4.1.2 Autophagy 

Autophagy is a form of catabolic process characterised by the lysosomal 

degradation of intracellular organelles and macromolecules, and under certain conditions, 

it may contribute to regulated cell death (Jiao, Cao and Liu, 2022). At basal levels, 

autophagy plays a role in maintaining cell metabolic homeostasis, especially adaption to 

stress conditions such as hypoxia and IR, by limiting ROS accumulation and facilitating 

the removal of damaged organelles (Classen et al., 2019; Hill et al., 2023; Zhou et al., 

2018). However, excessive autophagy activation can shift it from a cytoprotective 

mechanism to a form of programmed cell death. Upon cellular stress, mammalian target 

of rapamycin complex 1 promotes formation of autophagosomes that encapsulates 

unwanted cellular components, which then subsequently fuse with lysosomes to form 

autophagolysosome that degrades cytoplasmic-derived contents (Golden et al., 2012; Jiao, 

Cao and Liu, 2022). Notably, cancer cells inherently produce higher levels of ROS 

compared to normal cells, and radiation exacerbates this oxidative burden, often leading 

to increased autophagic activity as an adaptive response (Perillo et al., 2020). In addition 

to oxidative stress, radiation-induced DNA damage can directly stimulate autophagic 

pathways, ultimately resulting in cell death if the damage is irreparable (Classen et al., 

2019; Galluzzi et al., 2018).  
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1.4.1.3 Inflammatory responses to radiation  

The therapeutic efficacy of IR extends beyond direct cytotoxicity toward tumour 

cells and includes significant immunomodulatory effects. Following IR, tumour cells 

release a range of neoantigens and damage-associated molecular patterns (DAMPs), 

along with ATP, which collectively stimulate APCs and initiate the activation T 

lymphocytes (Zanoni et al., 2022; Zheng et al., 2023). Moreover, major 

histocompatibility complex class I molecules are upregulated in irradiated cells, 

enhancing their recognition and clearance by cytotoxic CD8+ T cells (Tailor et al., 2022). 

Increased infiltration and activation of cytotoxic CD8+ T cells following IR has been 

consistently observed and is correlated with improved radiation response, accompanied 

by an inflamed TME (Blair et al., 2022; Chen et al., 2018; Gupta et al., 2012; Lim et al., 

2014; Zeng et al., 2013a). 

In parallel, IR upregulates the secretion several pro-inflammatory cytokines, 

including IL-1, IL-6, TNF-, which contribute to the inflammatory microenvironment 

(Kang et al., 2021; Matsuoka et al., 2016; Rübe et al., 2002; Tabatabaei et al., 2017). 

While this inflammatory response can enhance anti-tumour immunity by promoting 

CD8+ T cells cytotoxicity, it may also facilitate tumour progression by activating 

oncogenic pathways such as NF-B and by suppressing oxidative stress (Kang et al., 

2021; Matsuoka et al., 2016). Moreover, IR promotes TAM polarisation towards a pro-

inflammatory M1-like phenotype, allowing exertion of their pro-tumour effects (Genard 

et al., 2018; Teresa Pinto et al., 2016). However, it is important to note that IR also exert 

immunosuppressive effects in the brain by upregulating expression of anti-inflammatory 

genes in microglia, such as leukaemia inhibitory factor and stabilin-1 (Osman et al., 2020).  
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1.4.2 Targeting pro-survival signalling in HGGs 

Pro-survival signalling pathways, including NF-B and mitogen-activated protein 

kinase (MAPK), play central roles in glioma cell survival and progression. Genetic 

alterations such as EGFR amplification (present in approximately 60% of GBMs) and 

BRAF mutations (detected in 12% of DMGs) can drive sustained activation of these 

pathways, highlighting them as potential therapeutic targets (Brennan et al., 2013; 

Schüller et al., 2021). A high-throughput drug screening study was conducted using a 

panel of patient-derived DMG cell lines and identified a subset of cells exhibiting marked 

sensitivity to compounds targeting the NF-B signalling pathway (Carvalho et al., 2020). 

Additionally, some DMG cells lines demonstrate high susceptibility to mitogen-activated 

protein kinase kinase (MAPKK) inhibitors, including Trametinib and Selumetinib 

(Carvalho et al., 2020). Although Trametinib showed significant sensitivity in vitro, 

xenograft models and patients developed resistance to the agent due to acquired resistance 

of MAPKK, and sustained upregulation of the pro-survival MAPK signalling (Izquierdo 

et al., 2022). Further details on NF-B and MAPK are described below. Notably, both 

signalling pathways have been shown to contribute to cell radioresistance by upregulating 

transcription of pro-survival genes, and therefore represent important targets to be tackled 

for improving glioma radiosensitivity (Bhat et al., 2013; Marampon et al., 2011).  

Compared to DMG, high throughput drug screening have been more extensively 

conducted in GBM, where both the MAPK and NF-B pathways have similarly emerged 

as potential therapeutic targets (Lenin et al., 2021). A Phase I clinical trial assessing the 

NF-B pathway inhibitor Bortezomib was completed in HGG patients, but unfortunately 

failed to progress into phase II as a mono-adjuvant therapy, likely due to its limited 

permeability across the BBB (Phuphanich et al., 2010). Taken together, both MAPK and 
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NF-B signalling emerge as potential therapeutic targets in DMG and GBM to enhance 

radiosensitivity, underscoring the need to identify chemotherapeutical compounds 

capable of effectively inhibiting either of these pathways. 
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1.4.2.1 MAPK pathway signalling 

The MAPK signalling pathway plays a crucial role in regulating diverse cellular 

processes, including cell proliferation, survival and apoptosis. Among its key components 

are extracellular signal-regulated kinase 1/2 (ERK 1/2), members of the MAPK family. 

Activation of the MAPK cascade can be triggered by a range of stimuli including growth 

factors, cytokines, and G-protein coupled receptor (GPCR) activation (Guo et al., 2020). 

Ligand binding to cell surface receptor induces phosphorylation of intracellular tyrosine 

residues, leading to activation of Ras via the exchange of guanosine diphosphate (GDP) 

for guanosine triphosphate (GTP) (Simanshu, Nissley and McCormick, 2017). GTP-

bound Ras subsequently phosphorylates and activates Raf kinases, which in turn 

phosphorylate and activate MAPKK (also known as MEK), culminating the activation of 

MAPK (also known as ERK) (Lavoie, Gagnon and Therrien, 2020). Once activated, 

phosphorylated ERK1/2 (pERK) dimerise and translocate to the nucleus, where it 

modulates the activity of various transcription factors involved in regulating cell growth 

and survival (Guo et al., 2020). A graphic representation summarising the MAPK 

pathway is shown in Figure 1.9. 
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Figure 1.9 Schematic representation of the MAPK signalling pathway 

Activation of the GPCR results in GTP binding to Ras, which subsequently 

phosphorylates Raf, MEK and ERK. pERK ultimately enters the nucleus to modulate 

transcription activities 
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1.4.2.2 Pro-survival role of NF-B signalling  

The NF-B family comprises several transcription factors that typically function 

as heterodimers, most notably the p65 (RelA) and p50 complex. Under resting conditions, 

NF-B dimers are retained in the cytoplasm in their inactive state through association 

with the inhibitory protein IB. Upon pathway activation, the IKK complex (IB kinase) 

composed of IKK and IKK subunit is phosphorylated and activated (Shambharkar et 

al., 2007). This causes IB to be phosphorylated, leading to its ubiquitination and 

subsequent degradation by proteasomes (Shambharkar et al., 2007). The degradation of 

IB releases NF-B dimers, allowing their free translocation into the nucleus, where they 

regulate transcription of various genes involved in cell survival, proliferation and 

inflammation. A graphical summary of the NF-B cascade is shown in Figure 1.10, 

illustrating GPCR phosphorylates IB via PI3K/Akt signalling. 
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Figure 1.10 Graphical representation of the NF-B signalling pathway 

GPCR activation results in PI3K and Akt activation, which phosphorylates IB. 

Activated IB is ubiquitinated and degraded, allowing free translocation of the NF-B 

dimers p50 and p65 into the nucleus to regulate transcription of pro-survival genes. 
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1.4.3 Current Challenges in treatment of HGGs 

The effective delivery of therapies to HGG remains a significant clinical challenge 

due to several inherent biological barriers. One major obstacle is the limited infiltration 

of immune cells into the TME compared to other cancer types, which constrains the 

efficacy of immunotherapeutic strategies. Additionally, functional BBB acts as a 

selective permeability barrier, protecting the CNS from penetration of large or 

hydrophilic molecules, thereby restricting the intracranial delivery of many 

chemotherapeutical drugs. Although several clinical trials have explored novel 

therapeutic candidates for HGG, temozolomide (TMZ) remains the only adjuvant 

chemotherapeutic agent to demonstrate a survival advantage over standard radiotherapy 

alone in GBM (Vanan and Eisenstat, 2015; Warren, 2012). While TMZ exhibits 

radiosensitising properties, overall survival outcomes for GBM patients remain poor, 

highlighting the necessity for incorporating more potent radiosensitisers into treatment 

regimens (Kil et al., 2008). To date, no chemotherapy or targeted therapies have been 

incorporated as standard of care treatment for DMG. Therefore, there is a need for the 

development of novel targeted therapeutic approaches that are both effective and 

minimally toxic to surrounding healthy brain tissue. Moreover, although HGG patients 

initially respond to radiotherapy, tumour inevitably recur, potentially due to the presence 

of radioresistant GSC and quiescent cell populations, or hypoxic TME. 

 



Chapter 1 - Introduction 

 41 

1.5 The Complement System 

The complement system, as a central component of innate immunity, plays an 

important role in a range of pathophysiological processes including immune surveillance, 

immune clearance, and the orchestration of inflammatory responses (Ehrnthaller et al., 

2011; Ricklin et al., 2010).  It comprises a variety of complement proteins that are 

predominantly synthesised by hepatocytes and secreted into the circulation, however 

local production by many immune and non-immune cell has also been documented 

(Lubbers et al., 2017). Notably, complement proteins and their receptors are frequently 

overexpressed in many cancer types, where they contribute to disease progression and 

immune modulation in context-dependent manners (Revel et al., 2020; Roumenina et al., 

2019). Three distinct pathways to activate the complement system are the classical 

pathway, the lectin pathway and the alternative pathway. Classical pathway is initiated 

by antigen-antibody complexes, the lectin pathway is triggered by mannose-binding 

lectin recognition of microbial carbohydrates, and the alternative pathway is 

constitutively active at low levels but can be amplified upon direct recognition of 

pathogen surfaces or damaged host. 

All three pathways converge on the generation of complement component 3 (C3) 

convertase enzyme complex, which cleaves C3 into the pro-inflammatory anaphylatoxin 

C3a and the opsonin C3b (Revel et al., 2020). C3b not only promotes phagocytosis 

through opsonisation but also contribute to the formation of the complement component 

5 (C5) convertase, which cleaves C5 into C5a and C5b (Afashar-Kharghan, 2017). C5a 

is one of the most potent anaphylatoxins and though binding to its receptor complement 

component 5a receptor 1 (C5aR1), C5a-C5aR1 signalling initiates inflammatory 

responses. On the other hand, C5b initiates assembly of the terminal membrane attack 
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complex (MAC) through recruitment and binding of complement components C5, C7, 

C8 and C9 (Afashar-Kharghan, 2017). The MAC forms transmembrane pores in target 

cells, resulting in cell lysis, osmotic imbalance and death. Collectively, complement 

activation facilities pathogen clearance through inflammation, enhanced phagocytosis, 

and direct cell lysis. A schematic overview of the complement cascade is shown in Figure 

1.11. 

 

Figure 1.11 Graphical representation of the complement system 

The complement system can be activated via three distinct pathways: classical, 

alternative and lectin. All three pathways ultimately generate the C3 convertase enzyme 

complex, which cleaves C3 into C3a (for inflammation) and C3b (for opsonisation). C3b 

could also generate the C5a convertase enzyme, which cleaves C5 into C5a (potent 

anaphylatoxin), and C5b (form MAC with C6, C7, C8 and C9 to perform cell lysis). 
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1.5.1 Complement system in the brain 

Under normal physiological conditions, complement proteins in the brain are 

predominantly synthesised locally by microglia and astrocytes (Lian et al., 2016). While 

circulating complement proteins are abundant in plasma, their access to the CNS is 

typically restricted unless the BBB integrity is compromised due to ageing, neurological 

disorders and cancer, in which peripheral complement proteins infiltrate the brain 

parenchyma (Farin et al., 2006; Lian et al., 2016; Watkins et al., 2014). 

There is a growing body of evidence emphasising the critical role of the 

complement system in CNS development and homeostasis. MASP, C1q, C3, and C5 have 

been implicated in neurogenesis during embryonic and adult stages, synaptic pruning, 

memory engram and the clearance of apoptotic neurons (Coulthard et al., 2017; 

Deivasigamani et al., 2023; Fraser, Pisalyaput and Tenner, 2010; Gorelik et al., 2017; 

Rahpeymai et al., 2006; Schafer et al., 2012; Scott-Hewitt et al., 2024; Wang et al., 2012). 

Despite these homeostatic roles, dysregulation of the complement cascade is frequently 

reported in various neurological disorders. Elevated expression levels of C1q, C3, C4 and 

terminal complex components C5-C9 have been reported in Alzheimer’s disease, 

amyotrophic lateral sclerosis (ALS), and GBM, suggesting that aberrant complement 

activation contributes to neuroinflammation and neuronal damage (Fonseca et al., 2013; 

Mangogna et al., 2019; Sta et al., 2011).  
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1.5.2 Complement system in cancer 

Within the TME, complement components such as C1a, C3a/C3a receptor (C3aR) 

and C5a/C5aR1 are locally expressed and have been implicated in several aspects of 

tumorigenesis, including tumour cell proliferation, invasion, angiogenesis, therapy 

resistance, monocyte recruitment, and the polarisation of TAMs towards the M2-like 

phenotype (Lim et al., 2020; Piao et al., 2018; Markiewski et al., 2008; Zhang et al., 2012). 

Some studies reported lack of association between tumour volume and complement 

components specific to the alternative (e.g. Factor B) and lectin (e.g. MBL) pathways, 

suggesting that the classical activation pathway may be predominantly responsible for 

complement-mediated effects in tumour progression, at least in lung cancer (Kwak et al., 

2018; Markiewski et al., 2008).  

The role of the complement system in cancer is likely to be context-dependent, 

with evidence supporting both pro- and anti-tumoral functions.  On the anti-tumour side, 

formation of the MAC can directly mediate tumour cell lysis. However, many malignant 

cells evade this mechanism by overexpression of negative complement regulatory 

proteins, such as clusters of differentiation-59 (CD59) and -55 (CD55), which inhibit the 

formation of C3 or C5 convertases and prevent MAC assembly (Gelderman et al., 2002; 

Kesselring et al., 2014).  

Conversely, high intratumoral production of complement proteins can promote 

tumour progression. For instance, mice implanted with high C5a-producing lymphoma 

xenografts exhibited accelerated tumour growth compared to those bearing low C5a-

tumours (Gunn et al., 2012). The authors suggested that excessive C5a may perpetuate 

tumour progression, or overactivate the infiltrating immune cells, leading to an overall 

immunosuppressive microenvironment (Gunn et al., 2012).  
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C3a and C5a signalling through their respective receptors induce the secretion of 

inflammatory cytokines and activate canonical pro-survival signalling pathways such as 

MAPK, PI3K/Akt, and NF-B, thereby enhancing tumour cell survival and progression 

(Cho et al., 2014; Lim et al., 2020; Revel et al., 2020; Shu et al., 2020). Supporting this, 

both genetic deletion and pharmacological inhibition of C3-C3aR and C5a-C5aR1 

signalling have been shown to reduce tumour proliferation rate in vitro and decrease 

tumour burden in vivo, underscoring the pro-tumoural role of complement activation 

(Cho et al., 2014; Corrales et al., 2012; Markiewski et al., 2008; Nabizadeh et al., 2019; 

Nunez-Cruz et al., 2012). Complement activation also promote angiogenesis, EMT, 

migration, invasion and metastatic spread of cancer cells, which could be inhibited upon 

inhibition of these complement signalling (Cho et al., 2014; Corrales et al., 2012; Gu et 

al., 2013; Hu et al., 2016; Shu et al., 2020). 

Beyond direct effects on tumour cells, tumour-derived complement components 

actively modulate the immune landscape of the TME. C5a has been reported to promote 

the recruitment and activation of myeloid-derived suppressor cells in mice bearing lung 

and cervical tumours, which produce ROS and reactive nitrogen species, thereby 

impairing cytotoxic CD8+ T cell responses (Gunn et al., 2012; Markiewski et al., 2008). 

Inhibition of C3aR and C5aR have been shown to enhance CD8+ infiltration in lung and 

ovarian cancer models (Markiewski et al., 2008; Nunez-Cruz et al., 2012). Moreover, 

C5a signalling facilitates the recruitment of immunosuppressive Treg cells in melanoma 

and lung cancer models, further strengthening the immunosuppressive TME that impairs 

anti-tumour immunity (Nabizadeh et al., 2019; Vadrevu et al., 2014). Notably, a study 

has shown that C3 and C5a antagonism reduced the volume of head and neck tumour 

only in the context of Treg depletion (Gadwa et al., 2021).  
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Collectively, these findings highlight the dual and context-dependent roles of the 

complement system in cancer biology. While complement activation can exert anti-

tumour effects through direct cell lysis, its predominant impact in many solid tumours 

appears to be tumour-promoting. In GBM specifically, high expression of the classical 

and alternative complement genes is associated with reduced overall survival in patients, 

further highlighting the importance of targeting the complement system in HGGs 

(Roumenina et al., 2019).  
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1.5.3 Complement activation and radiation 

Multiple studies have reported upregulation of complement proteins including 

C1s, C3, C3aR1, C5, C5aR1, factor B and MASP in various cancer models following 

radiotherapy (Beach et al., 2023; Elvington et al., 2014; Lee et al., 2025; Surace et al., 

2015). This induction is thought to be triggered by immunoglobulin M binding to necrotic 

cells following irradiation, which in turn activates the complement system. Specifically 

in the brain, C1q and C3 expression were found to be elevated in the normal hippocampus 

tissue after irradiation, and they were co-localising with microglia (Markarian et al., 

2021). However, whether complement activation promotes or impairs the tumour 

response to radiotherapy remains an open controversy. Some studies suggest that C3 and 

C5 signalling are essential for the therapeutic efficacy of radiotherapy, while others report 

enhanced tumour control when these signalling are inhibited (Beach et al., 2023; 

Elvington et al., 2014; Gadwa et al., 2021; Rosberg et al., 2024; Sodji et al., 2022; Surace 

et al., 2015; Yuan et al., 2023).  

Using genetically complement-deficient tumour-bearing mice, Surace et al. 

demonstrated that C3a and C5a signalling are crucial for radiotherapy efficacy. Studies 

showed that these anaphylatoxins promote the maturation of tumour-associated dendritic 

cells, and enhance interferon-gamma (IFN-γ) production to sustain cytotoxic CD8+ T cell 

responses following irradiation (Gupta et al., 2012; Strainic et al., 2013; Surace et al., 

2015). A separate study also reported that pharmacological inhibition of C3aR (using 

SB290157) and C5aR1 (using PMX205) did not enhance tumour response to radiotherapy, 

and instead increased tumour growth in the absence of irradiation (Gadwa et al., 2021). 

The authors proposed that targeting the C3a/C5a signalling axis drives the phenotypic 

switch of CD4+ T cells into Tregs and therefore suppressing anti-tumour immunity. 
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However, the combination of C3a and C5a receptor blockade together with Treg 

depletion significantly reduced head and neck tumour growth, suggesting a synergistic 

role of complement signalling and Treg cell suppression in shaping the TME (Gadwa et 

al., 2021). 

In contrast, a study previously showed that blocking C3 in lymphoma models with 

the recombinant protein CR2-crry significantly enhanced the efficacy of radiotherapy in 

a neutrophil-dependent manner (Elvington et al., 2014). Similarly, Sodji et al. reported 

that the C3aR antagonist SB290157, when used in combination with irradiation, slowed 

tumour progression and prolonged survival in pancreatic cancer xenograft models, an 

effect linked to increased infiltration of natural killer cells, and independent of CD8+ T 

cells (Sodji et al., 2022). Further supporting this, improved survival in hypoxic GBM 

models was observed when SB290157 was administered alongside radiotherapy, 

compared to mice treated with radiotherapy alone (Rosberg et al., 2024). This study 

suggests that complement inhibition may be capable of sensitising radioresistant tumour 

cells, augmenting cytotoxicity in radioresistant GBM. However, as discussed in our 

review, interpretation of these findings must be considered cautiously, as SB290157 has 

reported off-target effects in which in addition to antagonising C3aR, in which it also 

partially agonises C5aR2 (Lee et al., 2025; Li et al., 2020a).  

Conflicting results in the literature regarding whether complement inhibition 

enhances or diminishes the response to radiotherapy may reflect variations in study 

designs, including tumour type, treatment regimens, radiation dose, or the cellular sources 

of complement proteins within the specific TME (Lee et al., 2025). The impact of 

complement activation on radiotherapy outcomes therefore appears to be context-

dependent. Moreover, genetic depletion of complement components may not fully 
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recapitulate the effects of pharmacological inhibition, which acts within a defined 

therapeutic window. Knockout models can have broader systemic implications and may 

trigger compensatory mechanisms, for instance, thrombin-mediated generation of C5 

convertase in the absence of C3, a mechanism not observed with pharmacologic blockade 

(Huber-Lang et al., 2006). In addition, some knockout mouse models display reduced 

baseline tumour growth compared to wildtype controls even without therapeutic 

intervention, which further complicates interpretation of results upon addition of 

radiotherapy in these models (Cho et al., 2014; Corrales et al., 2012; Kwak et al., 2018; 

Markiewski et al., 2008; Nabizadeh et al., 2019; Nunez-Cruz et al., 2012). 
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1.5.4 C5aR1 

C5a is a 74-amino acid anaphylatoxin generated by proteolytic cleavage of C5, 

and it primarily exerts its biological effects through binding to the G-protein coupled 

receptor (GPCR) C5aR1, also known as CD88. C5aR1 comprises an extracellular ligand-

binding domain, three extracellular loops (ECLs) and seven transmembrane (TM) helices 

which transduce intracellular signals via coupling with heterotrimeric G proteins 

(Robertson et al., 2018; Yang et al., 2024). Structural studies have demonstrated that C5a 

engages with C5aR1 via three physically distinct domains on the receptor. Site 1 is 

located within the N-terminal region of the extracellular domain, Site 2 involves TM2, 

TM3 and TM5-7 which interact with the C-terminal region of C5a, and Site 3 is situated 

at ECL2 (DeMartino et al., 1994; Feng et al., 2023; Siciliano et al., 1994). Figure 1.12 

illustrates the structure of the C5a-C5aR1 complex created by Feng et al., 2023. 

Upon ligand engagement, C5aR1 undergoes conformational changes that 

facilitate recruitment of distinct G-protein subtypes and -arrestin, initiating downstream 

signalling cascades (Feng et al., 2023; Yang et al., 2024). While C5a-C5aR1 interactions 

mediate a wide range of immune responses, as a GPCR, C5aR1 also activates canonical 

pro-survival pathways such as NF-B and MAPK, making C5a-C5aR1 signalling a 

potential candidate for targeting cancer cell survival (Beach et al., 2023; Li et al., 2020b; 

Schraufstatter et al., 2009; Song et al., 2018). It is worth noting that C5a can also bind to 

another receptor, C5a receptor 2 (C5aR2). Although C5aR2 can recruit -arrestin, it lacks 

the capability to couple G-protein functionally, and is therefore considered functionally 

distinct, with a limited role in classical GPCR-mediated signalling (Scole et al., 2009). 
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Figure 1.12 Graphical representation of the C5a-C5aR1 complex structure 

The top part represents C5a surface, while the bottom cylindrical helices represent 

C5aR1, with three binding sites labelled. Adapted from Feng et al., 2023. 
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1.5.4.1 C5a-C5aR1 in HGG tumorigenesis  

C5 has been implicated in glioma malignancy by contributing to multiple aspects 

of tumorigenesis (Meng et al., 2019). In GBM, a high ratio of CD4+ tumour-infiltrating 

lymphocytes to CD8+ lymphocytes is associated with worse prognosis (Han et al., 2014). 

CD4+ T cells can differentiate into various subtypes, two of which are pro-tumour Tregs 

and anti-tumour Th1 cells. Notably, C5a has been shown to regulate CD4+ T cell 

polarisation in a concentration-dependent manner, where low levels of C5a promote Th1 

differentiation, and high levels favour Treg induction (Gunn et al., 2012). These findings 

highlight the critical role of C5a in shaping the immune landscape of the glioma TME. 

One of the key contributors to treatment resistance and relapse in HGG is the 

presence of GSCs (Muthukrishnan et al., 2022). Upon exposure to TME stimuli, GSCs 

can transition into a mesenchymal-like state, which is associated with tumour growth, 

invasion, vascularisation, and therapy resistance (Cheng et al., 2013; Lau et al., 2015; 

Lim et al., 2020; Muthukrishnan et al., 2022). This GSC-to-mesenchymal switch could 

be enhanced by standard GBM treatments such as radiation and TMZ (Cheng et al., 2013; 

Lau et al., 2015; Muthukrishnan et al., 2022). A study reported that mesenchymal 

stemlike cells promote GBM invasion by releasing C5a, which activates the MAPK 

through C5aR1 (Lim et al., 2020). Additionally, C5a supports mesenchymal stem cell 

migration and protects them from oxidative stress while sustaining MAPK signalling,  

contributing to therapy resistance (Schraufstatter et al., 2009).  

Moreover, C5 produced by TAMs engages with C5aR1 on glioma cells, leading 

to upregulation of DNA damage repair proteins after TMZ treatment, and thereby 

promoting resistance to chemotherapy (Li et al., 2021). Furthermore, our group has also 

recently reported that hypoxic conditions increase C5aR1 expression in GBM cells, 
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further implicating the C5a-C5aR1 axis in HGG adaption and survival under cellular 

stress (Suwa et al., 2025). To date, no studies have reported the role of C5a in the context 

of DMG specifically. However, together, these findings highlight the importance of C5a-

C5aR1 signalling in promoting immune evasion, mesenchymal transition, and therapy 

resistance in GBM. Inhibition of C5a-C5aR1 signalling inhibition therefore represents a 

potential promising strategy to enhance the efficacy of current HGG therapies and to 

overcome resistance mechanisms. 
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1.5.4.2 PMX205  

PMX205 is an orally bioavailable cyclic hexapeptide which functions as 

competitive antagonist of C5aR1. It has completed Phase 1b clinical trials for the 

treatment of ALS, though full trial results have not yet been published (trial number: 

ACTRN12622000927729). PMX205 binds to an orthosteric site on the extracellular 

domain of C5aR1, overlapping with the ligand-binding region of C5a itself, thereby 

preventing receptor activation (Pandey et al., 2020). In human macrophages, PMX205 

exhibits a half-life of approximately 0.9 hours (h) at a concentration of 1 M, and retains 

about 40% inhibitory activity against C5a-induced signalling after 24 hours (Li et al., 

2020b). Importantly, the ability of PMX205 to cross the BBB makes it ideal for HGG 

treatment, or other CNS malignancies (Kumar et al., 2020). 

In Alzheimer’s disease models, PMX205 has been shown to suppress expression 

of microglial activation markers, and rescue cognitive impairment with neuroprotective 

effects (Gomez-Arboledas et al., 2022). These therapeutic effects were believed to be 

attributed, at least in part, to the ability of PMX205 in modulating microglial phenotype 

by inhibiting C5a-C5aR1-mediated pro-inflammatory microglial gene expression 

(Schartz et al., 2023). In addition to its neurological applications, PMX205 has 

demonstrated efficacy in cancer settings. Our group previously reported that PMX205, 

when used in combination with radiotherapy enhances tumour-specific apoptosis in 

colorectal cancer, while mitigating normal intestinal tissue toxicity (Beach et al., 2023). 

These effects of PMX205 are thought to result from attenuation of canonical C5a/C5aR1 

signalling, which downregulates key apoptotic modulators such as NF-B and MAPK, 

thereby sensitising tumour cells to radiation-induced cell death.   
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1.5.4.3 Avacopan 

Another C5aR1 antagonist of significant interest is Avacopan, an orally 

bioavailable and highly selective small molecule that targets C5aR1 (Bekker et al., 2016). 

Avacopan is approved by the U.S. Food and Drug Administration (FDA) as an adjuvant 

therapy for antineutrophil cytoplasmic antibody-associated vasculitis, and has 

demonstrated potent anti-inflammation activity through suppression of C5a-induced 

cluster of differentiation 11b (CD11b) expression on neutrophils (Bekker et al., 2016). 

Avacopan exhibits a relatively prolonged half-life of 64 hours in blood following a single 

dose and maintains its full C5aR1 inhibitory efficacy for at least 24 hours (Bekker et al., 

2016; Li et al., 2020b). Comparative analysis revealed that Avacopan demonstrates 

higher potency than PMX205, particularly in its ability to inhibit C5aR1-mediated MAPK 

signalling, and has a significantly longer half-life than five other C5aR1 antagonists 

assessed (Li et al., 2020b). Our group has also previously reported higher efficacy of 

Avacopan targeting C5aR1 compared to PMX205, especially under severe hypoxia where 

there was reported upregulation of intracellular C5aR1 that serves a crucial pro-survival 

role (Suwa et al., 2025). 

However, an important limitation of Avacopan is its reduced efficacy in murine 

C5aR1, due to species-specific differences in C5aR1 structure (Liu et al., 2018; Waters 

et al., 2005). Avacopan exhibits high affinity for human C5aR1 but binds poorly to the 

murine homolog, limiting its translational application in preclinical non-humanised 

mouse studies. This differential bindings is linked to variation at TM5, particularly the 

substitution of tryptophan (Trp213) in human C5aR1 with leucine in mouse and rat 

orthologs, which compromises the activity of allosteric small-molecule antagonists, 

including Avacopan (Liu et al., 2018; Waters et al., 2005).  
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Structurally, PMX205 and Avacopan interact with distinct binding domains on 

C5aR1. PMX205 binds to the orthosteric site of C5aR1 located at ECL2, allowing it to 

function as an effective peptide antagonists in both human and murine C5aR1 (Liu et al., 

2018). In contrast, Avacopan binds to an allosteric pocket which is an extra-helical region 

formed by residues spanning TM3, TM4 and TM5, without interacting with the 

extracellular N-terminal domain where C5a predominantly binds (Liu et al., 2018). By 

binding to this allosteric site, Avacopan stabilises C5aR1 in an inactive conformation, 

allosterically suppressing the receptor’s capacity to undergo the conformational changes 

required for G-protein coupling and signal transduction. The mechanism of Avacopan is 

distinct from the competitive inhibition exhibited by PMX205, as summarised in Figure 

1.13, and these different modes of action potentially influence their respective 

pharmacodynamics and efficacy. 
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Figure 1.13 Graphical representation of C5, PMX205 and Avacopan binding to 

C5aR1 

(Left) Binding of C5a ligand to C5aR1, the yellow area represents the binding site. 

(Middle) PMX205 binds to the same orthosteric sit as C5a. (Right) Avacopan binds to an 

allosteric site of C5aR1. 
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Aim 

Emerging evidence suggests that the complement system, particularly the C5-

C5aR1 signalling axis, contributes to tumorigenesis by promoting tumour invasion and 

therapy resistance in GBM (Li et al., 2021; Lim et al., 2020; Meng et al., 2019). Previous 

work from our group demonstrated that pharmacological inhibition of C5aR1 with 

PMX205 enhanced the efficacy of radiotherapy in colorectal cancer, even within an 

immunosuppressive TME (Beach et al., 2023). Given the immunosuppressive nature of 

HGG, we hypothesised that targeting C5aR1 could enhance radiosensitivity in DMG and 

GBM, potentially through attenuation of canonical pro-survival signalling pathways 

downstream of C5aR1 activation. To better reflect the radioresistant glioma milieu, 

hypoxic conditions were incorporated into our experimental models to assess the efficacy 

of C5aR1 inhibition under mor physiologically relevant conditions. Additionally, the 

abundance of C5aR1-expressing microglia within the HGG microenvironment prompted 

us to investigate the dynamic interactions between microglia and glioma cells, and to 

elucidate the broader impact of C5-C5aR1 blockade within the HGG TME. 
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Chapter 2 Materials and Methods 
 

 

2.1 Materials 

2.1.1 General laboratory and cell culture materials 

 

Cell culture media were supplied by Sigma-Aldrich and Applied Biological 

Materials. All cell culture plasticware were supplied by Costar and Sarstedt. Additional 

reagents used are described in Table 2.1. 
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Table 2.1 Chemicals and cell culture reagents 

Name Supplier 

Ampicillin Thermo Scientific 

Bovine serum albumin (BSA) Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 

Crystal violet Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dulbecco’s Modified Eagle’s medium (DMEM) Sigma-Aldrich 

DMEM + GlutaMAX supplement Gibco 

Ethanol Sigma-Aldrich 

Foetal bovine serum (FBS) Sigma-Aldrich 

Glycine Sigma-Aldrich 

Human Serum Sigma-Aldrich 

Licor buffer (blocking buffer) LI-COR 

Luria-Bertani (LB) agar Thermo Scientific 

LB broth Thermo Scientific 

Lipofecatmine  3000 Invitrogen 

Lipofectamine® RNAiMAX  Invitrogen 

Methanol Sigma-Aldrich 

Nuclease-free water Invitrogen 

Paraformaldehyde solution (PFA) Thermo Scientific 

Penicillin-Streptomycin Thermo Scientific 

Phosphate-buffered saline (PBS) Invitrogen 

PriGrow III medium Applied Biological Materials 

Prolong gold antifade reagents with DAPI Invitrogen 
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Propan-2-ol (isopropanol) Fisher Scientific 

Propidium iodide Invitrogen 

PureLink RNAse A Invitrogen 

Roswell Park Memorial Institute (RPMI) 1640 

Medium 

Gibco 

Sodium dodecyl sulfate (SDS) Sigam-Aldrich 

SYBR® green PCR master mix Applied Biosystems 

Thiazolyl blue tetrazolium bromide Sigma-Aldrich 

Tris base Sigma-Aldrich 

Tris hydrochloride (Tris-HCl) Sigma-Aldrich 

Tris-buffered saline (TBS) Thermo Scientific 

Tris-glycine buffer BioRad 

Trypan blue 0.4% Invitrogen 

Trypsin-EDTA Sigma-Aldrich 

Tween 20 Sigma-Aldrich 

UltraPure Phenol:Chloroform:Isoamyl Alcohol  Thermo Scientific 

Urea Sigma-Aldrich 

X-vivo 10 medium Lonza 

-Mercaptoethanol Sigma-Aldrich 
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2.1.2 Antibodies 

 

Table 2.2 Antibodies used for Western blotting 

Name Species Dilution Supplier Cat number 

-Actin Mouse 1:1000 Cell Signaling 3700 

APOE Rabbit 1:1000 Invitrogen 701241 

HIF-1 Mouse 1:1000 BD Biosciences 610959 

Histone H3 Rabbit 1:2000 Cell Signaling 9715 

LC3B  Rabbit 1:1000 Cell Signaling 3868 

NF-κB p65 (total RelA) Rabbit 1:1000 Cell Signaling 8242 

p44/42 MAPK (total 

ERK) 

Mouse 1:1000 Cell Signaling 4696 

p62  Mouse 1:1000 Cell Signaling 88588 

Phospho-p44/42 MAPK 

(Thr202/Tyr204) 

(pERK) 

Rabbit 1:500 Cell Signaling 9101 

P-NF-kappaB p65 

(S536) (pRelA) 

Rabbit 1:500 Cell Signaling 3033 

 

 
Table 2.3 Antibodies used for flow cytometry 

Name Species Dilution Supplier Cat number 

CD88 Mouse 1:20 BD Biosciences 742315 

IgG1, k Isotype Control Mouse 1:20 BD Biosciences 610959 
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Table 2.4 Secondary antibodies used for Western blotting 

Name Dilution Supplier Cat number 

IRDye® 680RD Goat anti-Rabbit IgG 1:10000 LI-COR 926-68071 

IRDye® 800CW Donkey anti-Mouse IgG 1:10000 LI-COR 926-32212 

 

 

2.1.3 Primers 

Table 2.5 Human primers used for quantitative polymerase chain reaction (qPCR) 

 

Target 

gene 

Forward sequence Reverse sequence 

18S GTGGAGCGATTTGTCTGGTT ACGCTGAGCCAGTCAGTGTA 

ACTB ACATCCGCAAAGACCTCTAC

G 

TTGCTGATCCACATCTGCTGG 

APOE CAGCAGACCGAGTGGCAGAG TCCATCAGCGCCCTCAGTTC 

ARG1 TTCTCAAAGGGACAGCCACG

AG 

AGCAAAGGGCAGGTCCCCATA 

ATF4 GGAGATAGGAAGCCAGACTA

CA 

GGCTCATACAGATGCCACTATC 

ATF6 CAGACAGTACCAACGCTTAT

GCC 

GCAGAACTCCAGGTGCTTGAAG 

C5 CTCCTCAGGCCATGTTCATT TCTTTTGGCTGGCTTCAAGT 

C5aR1 TCCTTCAATTATACCACCCCT

GA 

ACGCAGCGTGTTAGAAGTTTTAT 

CAIX CTTGGAAGAAATCGCTGAGG TGGAAGTAGCGGCTGAAGTC 
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CCL2 TGAAGCTCGCACTCTCGCCT TGGGGCATTGATTGATTGCATCT

GGC 

CD11b TTCCTTGTGGTTCCTCAGTG GACATAAGGTCAAGGCTGTT 

CD163 GGAGTTGCCCTTTCTACCCC TTGGGACTGGTTTCCTGAGC 

CD206 GCCCGGAGTCAGATCACACA AGTGGCTCAACCCGATATGACA

G 

CD40 TATGGTTCGTCTGCCTCTGC ACCAGTTTCTGTCCTGGCTG 

CD80 GCTGCCTGACCTACTGCTTT GCAAATGGAGGTGGGACCTT 

CD86 AGCACAGACACACGGATGAG AGAGGAGCAGCACCAGAGAG 

CHOP GGGAGCTGGAAGCCTGGTA CCCCCATTTTCATCTGAAGACA 

IBA1 AGAGGTGTCCAGTGGCTCCG GGGGGCCTGTTGGCTTTTCC 

IL1 CCAGGGACAGGATATGGAGC

A 

TTCAACACGCAGGACAGGTACA

G 

IL4 CCTTCTGCAGGGCTGCGACT TCCTTCACAGGACAGGAATTCA

AGC 

IL6 TGTGCCTGCAGCTTCGTCAG CAAGCCAGAGCTGTGCACATCA 

IL10 GAGATGCCTTCAGCAGAGTG

AAGA 

AGGCTTGGCAACCCAGGTAAC 

iNOS CCCCGTGTTTCACCAGGAG GGCAAAGAGCACAGCTTTGACC

A 

TGF ATTCCTGGCGATACCTCAGC CCCTCAATTTCCCCTCCACG 

TNF TGTAGCCCATGTTGTACAAA

CCC 

GCCCTTGAAGAGGACCTGGA 

XBP1 TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG 
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Table 2.6 Mouse primers used for qPCR 

 

Target 

gene 

Forward sequence Reverse sequence 

18S GTGGAGCGATTTGTCTGGTT ACGCTGAGCCAGTCAGTGTA 

ACTB CCACTGTCGAGTCGCGTCCA TCATCCATGGCGAACTGGTGG 

ARG1 ACATTGGCTTGCGAGACGTA TCGGCCTTTTCTTCCTTCCC 

C5 TACCAATGCCAACCTGGTGAA

AGG 

TCTGCAGAACCTCTTTGCCCA

TGA 

C5aR1 ACATGGACCCCATAGATAAC ACCACCGAGTAGATGATAAG 

CCL2 AGCTCTCTCTTCCTCCACCA GGGCGTTAACTGCATCTGG 

CD11b GTCCTTTGGGAACCTCCGAC ACCAAAGTGTCCAAGCCCAT 

CD163 GGCTAGACGAAGTCATCTGCA

C 

CTTCGTTGGTCAGCCTCAGAG

A 

CD206 GCCCACACCTGCTCCACAAG TCGCGCGTTGTCCATGGTTT 

CD40 ACCAGCAAGGATTGCGAGGCA

T 

GGATGACAGACGGTATCAGTG

G 

CD80 CACCTGGGAAAAACCCCCA GCCCGAAGGTAAGGCTGTT 

CD86 CTGCTGTGCTTGTGTGTGTG CTCCACGGAAACAGCATCTGA 

GLUT

1 

AAACATGGAACCACCGCTAC GAGAAGCCCATAAGCACAGC 

IBA1 TCTGCCGTCCAAACTTGAAGCC CTCTTCAGCTCTAGGTGGGTC

T 

IL1 GCAGGCAGTATCACTCATTGTG

G 

GAGTCACAGAGGATGGGCTCT

TC 
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IL4 ATCATCGGCATTTTGAACGAGG

TC 

ACCTTGGAAGCCCTACAGACG

A 

IL6 CTCTGGGAAATCGTGGAAAT CCAGTTTGGTAGCATCCATC 

IL10 CAGTACAGCCGGGAAGACAA TGGCAACCCAAGTAACCCTTA 

iNOS GAGCCACAGTCCTCTTTGCT CCATGCAGACAACCTTGGTG 

TGFb TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTG

AA 

TNF ATGGCCTCCCTCTCATCAGT CTTGGTGGTTTGCTACGACG 

 

 

 

2.1.4 Ribonucleic acid (RNA) interference 

 

All small interfering RNA (siRNA) were purchased from Dharmacon. A list of siRNA 

used for transfection is detailed in Table 2.7. 

 

Table 2.7 siRNA used for transfection 

 

Target gene Cat number 

ATF4 L-005125-00 

ATF6 L-009917-00 

C5aR1 (human)  L-005442-00 

C5aR1 (mouse) L-043176-00 

Non-targeting control (scramble) D-001810-10 

XBP1 L-009552-00 
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2.2 Methods 

2.2.1 Cell culture 

Human DMG cell line SF8628 and mouse microglia cells IMG were kindly given 

by Dr Kristoffer Petersson (Oxford, UK). Human GBM cells LN229, A172, H4 and U-

118 MG were kindly given by Prof Vincenzo D’Angiolella (Oxford, UK). Mouse 

microglia-like cells hSV40 and mouse microglia BV2 were kindly provided by Dr 

Katarzyna Leszczynska and Prof Bozena Kaminska (Nencki Institute of Experimental 

Biology, Poland).  

All cells except hSV40 and BV2 were cultured in DMEM supplemented with 10% 

heat-inactivated FBS treated at 55 degrees Celsius (0C) for 30 minutes and 1% 10000 

U/mL Penicillin-Streptomycin. Cells were incubated in a standard humidified incubator 

at 370C and 5% CO2. hSV40 cells were cultured in PriGrow III medium supplemented 

with 10% heat-inactivated FBS and 1% Penicillin-Streptomycin. BV2 cells were cultured 

in DMEM supplemented with GlutaMAX, 2% heat-inactivated FBS and 1% Penicillin-

Streptomycin. 

Regular passaging of cells involved removal of culture medium, washing with 

PBS, followed by addition of 0.25% trypsin-EDTA. Trypsin was then immediately 

removed, and cells were incubated at 370C for 5 minutes before the inactivation of trypsin 

by adding pre-warmed fresh media. Cell density was determined using the Countess 

automated cell counter (Invitrogen) by mixing 10 µL cell suspension with 10 µL trypan 

blue. The desired cell numbers were seeded in fresh media for all experiments. 

All cells were routinely tested for mycoplasma contamination using the 

MycoAlert mycoplasma detection kit (Lonza, #LT-703). In brief, culture medium of 
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cells at 70% confluence was collected and spun down. 100 L of the cell supernatant was 

transferred to a 96-well plate, together with positive control, MycoAlert assay control 

set (Lonza, #LT-518). 100 L of the MycoAlert reagent was added to the cell 

supernatant and luminescence was measured on the POLARstar plate reader (BMG 

Labtech) after 5 minutes incubation, this measurement was referred as reading A. 100 L 

MycoAlert substrate was then added to the above mixture which lysed viable 

mycoplasma, and mycoplasmic enzymes would react with the substrate to catalyse ATP 

production. Luminescence was measured again after 10 minutes incubation, which was 

referred as reading B. Value of reading B divided by value of reading A was calculated 

to determine the ratio, and a ratio of >1.2 indicated presence of mycoplasma.  

 

2.2.1.1 Spheroids 

LN229 cells at 70% confluency were trypsinised and resuspended in fresh media. 

After determination of cell density, 3000 – 7000 cells were seeded in ultra-low attachment 

U-bottom plates (Grenier Bio-One) and grown until at least 350 m in diameter, which 

was confirmed with a GelCount Colony Counter (Oxford Optronix).  

 

2.2.1.2 Peripheral mononuclear blood cell (PBMC)-derived M 

Blood was collected from healthy donors and was processed by Qingyang Zhang 

from our lab. Blood sample was centrifuged in SepMate tubes (STEMCELL 

Technologies) together with Ficoll (Cytiva) at 1200 gravity (g) for 10 minutes at room 

temperature (RT). PBMCs were collected from the top compartment of the SepMate 
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tubes (STEMCELL Technologies) and washed in PBS supplemented with 2% FBS, 

followed by centrifugation at 900 g for 8 minutes at RT. Cell pellet was washed twice in 

PBS with FBS, then resuspended in RPMI medium supplemented with 10% FBS. With 

15 mL tube flat on the surface, PBMCs were overlaid on top of Percoll Plus (46% Percoll 

(Sigma-Aldrich) + 5.4% FBS). After spinning at 950 g for 30 minutes at RT 

(acceleration=5), monocyte fraction was carefully collected and differentiated into M 

by culturing in X-VIVO media supplemented with 2% human serum for four days.  

 

2.2.1.3 Cryopreservation of cell lines 

 Cells at 70% confluency were trypsinised, resuspended in 5 mL fresh media and 

cell density was counted. After centrifuging at 250 g for 5 minutes at RT, supernatant was 

removed and cell pellet was resuspended in fresh media containing 10% FBS, 10% 

DMSO and 1% Penicillin-Streptomycin. Approximately 1 million cells were placed in 

each 1.5 mL cryovial (Corning), stored at -800C in a Mr. Frosty (Nalgene) containing 

isopropanol for 24 hours before being transferred to liquid nitrogen for long-term storage. 

 When cells were recovered from liquid nitrogen, they were thawed quickly in a 

370C water bath and transferred to 5 mL pre-warmed fresh media. Cell suspension was 

centrifuged at 400 g for 5 minutes at RT, supernatant was discarded and cell pellet was 

resuspended in 5 mL fresh media and transferred to a 25 cm2 flask.  
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2.2.2 Drug treatments 

 HIF inducer CoCl2 (Sigma-Aldrich, #15862) was used at concentration of 200 M 

for 16 or 24 hours as indicated. UPR inducers Tunicamycin (Tuni) (Sigma-Aldrich, 

#T7765) and Thapsigargin (Thap) (Thermo Scientific, #T7458) were used at 

concentrations of 10g/mL and 3 M respectively for 16 or 24 hours. C5aR1 inhibitor 

PMX205 (Tocris, #5196) was used at a concentration of 12 M, unless specified 

otherwise for the indicated time periods. Avacopan (Cayman Chemical, #CAY36639) 

was used at a concentration of 2 M in LN229, A172, H4 and hSV40 cells, 4 M in 

SF8628 cells for indicated time periods. Lipopolysaccharide (LPS) (InvivoGen, #tlrl-

eklps) was used at a concentration of 100 ng/mL for 24 hours. 

 Human C5a proteins was purchased from Quidel (#A420) and recombinant C5a 

proteins were kindly given by Dr. Jimmy Xi (Standford University, US), used at the 

indicated concentrations for 2 hours in serum-free media, unless specified otherwise. 

Recombinant IL-1 (Sino Biologicals, #10139-HNAE) was used at 1 ng/mL or 10 ng/mL 

for 16 hours unless specified otherwise. 
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2.2.3 small interfering RNA (siRNA) transfection 

 

Cells at 70% confluency were plated in a 6-well plate and incubated overnight. 

On the day of transfection, using the Lipofectamine® RNAiMAX kit, two solutions were 

prepared according to the manufacturer’s protocol: 

Tube 1: 9 µL Lipofectamine® RNAiMAX + 150 µL serum-free media for each well 

Tube 2: 9 µL siRNA (30µM) + 150 µL serum-free media per well 

Diluted siRNA was mixed with diluted lipofecatime in 1:1 ratio and incubated at 

room temperature (RT) for 5 minutes before added to the cells. Cells were transfected 

and incubated for 72 hours in total, with addition of 1 mL fresh media the day after 

transfection. 

 

2.2.4 DNA Transfection 

 C5AR1_OHu107216C_pcDNA3.1(+)-C-eGFP (pcDNA3.1/C5aR1-GFP), RelA 

_OHu26911D_pcDNA3.1+C-(K)-DYK and empty vector plasmids were purchased from 

GenScript. Cells at 70% confluency were plated at a density of 7 x 105 in a 6cm dish the 

day before transfection. On the day of transection, Lipofectamine 3000 was used 

according to manufacturer’s instructions, and cells were cultured in serum-free media for 

one night, before having plasmid-containing media replaced with fresh FBS-

supplemented media. Transfected cells were harvested, irradiated, or exposed to hypoxia 

or irradiation treatment 48 hours post-transfection.  
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2.2.5 Exposure to -irradiation 

All irradiations were carried out using Gamma Service GSR D1 irradiator 

installed with Cs-137 sources. Samples were placed on the first shelf and exposure times 

for desired dose (1-9 Gy) were calculated according to calibration. 

 

2.2.6 Hypoxia treatment 

 Anoxia treatment was carried out using a Bactron II anaerobic chamber. 

Theoretically, no oxygen is supplied to the chamber, but a complete absence of oxygen 

is not guaranteed at all times due to potential leaks, oxygen level for experiments carried 

out in the Bactron were referred to as <0.1% O2 in this study. Except for clonogenic 

studies where plastic 6-well plates were used, cells for all anoxic experiments were seeded 

on glass dishes (DWK Life Sciences) to minimise introduction of oxygen into chamber 

due to the oxygen-absorbing properties of plastics. Experiments at 1% O2 were carried 

out in the Don Whitley M35 chamber, with oxygen levels routinely calibrated. For all 

hypoxia experiments, cells were harvested inside the chamber with equilibrated solutions, 

unless specified. 

 

For treatments involving irradiation, cells were transferred directly from the 

hypoxia chamber into sealed, airtight irradiation boxes, remaining under hypoxia 

throughout the irradiation process. Irradiation boxes were kept in anaerobic pass box of 

the hypoxia chamber the night before to remove oxygen. Once irradiated, cells were 

returned back to 21% incubator. 
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2.3 Protein Analysis 

2.3.1 Protein preparation 

Cells at 70% confluency were seeded at density of 5 x 105 in each 6 cm dish. After 

treatment, culture media was collected, and cells were washed in PBS. 500 µL trypsin-

EDTA was added into each dish and incubated at 370C for 5 minutes. Trypsin solution 

was pipetted up and down to flush the well and added to the culture media collected. 

Alternatively, cell scraper (Sarstedt) was used to detach cells mechanically. A quick pop-

spin at RT was performed to centrifuge the cell suspension. Supernatant was carefully 

removed and cell pellets were lysed in 20 µL UTB buffer (9M Urea, 75mM Tris-HCl pH 

7.5, 0.1M β-mercaptoethanol). Samples were then sonicated for 20 seconds and 

centrifuged at 10,000 revolutions per minute (rpm) for 10 minutes at 40C. Supernatants 

were transferred to new tubes and 2 µL of the samples was used for protein quantification 

on the NanoDrop™ spectrophotometer (Thermo Fisher). UTB buffer used as blank when 

calibrating the spectrophotometer, protein absorbance was read at 300 nm.  

 

2.3.2 SDS-PAGE 

4-15% Mini-PROTEAN® TGX™ Precast Protein Gels were purchased from 

BioRad. The appropriate volumes of samples corresponding to typically 50 µg proteins 

were mixed with 5µL sample buffer (3.3% SDS, 6M Urea, 17mM Tris-HCl, 0.07M β-

mercaptoethanol, 0.01% Bromophenol Blue) and heated to 950C for 5 minutes. To allow 

analysis of protein molecular weight, 2-7 µL protein ladder (Precision Plus Protein™ 

Kaleidoscope™, BioRad, #1610375) was loaded to one/two of the lanes, followed by 
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loading of protein samples. Gels were electrophoresed at 110V for one hour in Tris-

Glycine running buffer (24mM Tris base, 192mM glycine, 0.1% SDS). 

 

2.3.3 Western Blotting 

 

Using Trans-Blot Turbo Transfer System (BioRad, #1704150), proteins were 

transferred onto nitrocellulose membranes (BioRad, #1610112) in transfer buffer (1x tris-

glycine buffer, 20% methanol). Membranes were then blocked in Licor Intercept buffer 

diluted 1:1 in TBS for one hour at RT. Membranes were probed with primary antibodies 

overnight at 40C on rocking platform. A full list of primary antibodies used can be found 

in Table 2.2. On the following day, membranes were washed in TBST (TBS + 0.1% tween 

20) three times, five minutes each before being probed with secondary antibodies for one 

hour at RT whilst shaking. The membranes were then washed again three times in TBST 

before being visualised on Odyssey Classic Imager (LI-COR).  
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2.4 DNA Plasmids 

 

 

2.4.1 Preparation of LB-agar plates 

Luria-Bertaani (LB)-agar plates were kindly provided by Prof. Ester Hammond 

(University of Oxford, UK). 35 grams of LB-agar (Thermo Scientific) was dissolved in 

1 litre of deionised water. After sterilisation by autoclaving and cooling down, 100 g/mL 

ampicillin was added. 25 mL of LB-agar was added to each 10 cm Petri dish next to a 

Bunsen burner, then set at RT and stored at 40C until needed. 

 

2.4.2 Bacteria Transformation 

DH5 competent cells purchased from Invitrogen were used to transform bacteria 

for plasmid production. DH5 cells were thawed on ice for 30 minutes before addition 

of 10 g DNA, the mixture was then incubated on ice for 20 minutes, followed by heat-

shock at 420C for 45 seconds. Immediately after heat-shocking, transformation reactions 

were incubated on ice for two minutes, then incubated for one hour at 370C in a shaking 

incubator. Transformation reactions were then spread on LB-agar plate and incubated at 

370C overnight. 
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2.4.3 Bacteria expansion 

Bacteria colonies grown on LB-agar plate were collected using a sterile 

inoculation loop (Corning), and expanded in a 2 litre flask containing 300 mL of LB broth 

at 370C for three days. LB-agar plate was sealed with parafilm and stored at 40C for future 

use. 

 

2.4.4 Medium-scale preparation (Midi-prep) for plasmid DNA 

Midi-prep of DNA was performed using the Plasmid Midi kit (Qiagen, #12143) 

as per manufacturer’s instructions. 

 

2.4.5 Determination of DNA concentration and purity 

On the NanoDrop™ spectrophotometer, optical density at 260nm was measured 

to quantify the concentration of DNA. Nuclease-free water was used as blank. The ratio 

of absorbance at 260 nm:280 nm determined the purity of DNA, with a ratio of ≥1.8 

indicating the DNA was free from protein contamination and therefore pure. 
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2.5 qPCR 

 

2.5.1 RNA extraction and purification 

For monolayer culture, subconfluent cells were plated. Following treatment, 

culture media was removed and cells were washed in PBS. 1 mL TRI reagent was added 

to the cells and pipetted up and down to flush the well, while introducing air bubbles to 

help shear DNA. Samples were either used immediately or stored at 40C until extraction. 

For spheroids, diameter of each spheroid was confirmed with GelCount Colony Counter 

just before harvesting. A total of 72 individual spheroids were collected, sorted according 

to their sizes and split into four size groups. Within each size group, six to seven spheroids 

were randomly selected, collected and harvested together using 1 mL TRI reagent, this 

represented one biological replicate. All biological replicates within each size group were 

tested with no statistically significant differences in their sizes. 

To harvest RNA, 200 µL chloroform was added per 1 mL cell suspension and 

shaken vigorously for 30 seconds, before 3 minutes incubation at RT. After that, samples 

were centrifuged at 12,000 g for 15 minutes at 40C, and the clear aqueous phase liquid 

was transferred to new tubes without disturbing the white intermediate or pink organic 

layer. 500 µL isopropanol was added prior to centrifugation at 12,000 rpm for 10 minutes 

at 40C. Then, supernatants were removed, pellets were resuspended in 1mL 75% ethanol 

and vortexed for a few seconds. Samples were centrifuged at 12,000 rpm for 5 minutes at 

40C, supernatant was removed, and ethanol was added again to repeat the washing process. 

After centrifugation, any remaining ethanol was removed, pellets were left to air dry for 

10-15 minutes, before being resuspended in 20 µL nuclease-free water and stored at -

800C. 
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2.5.2 Determination of RNA concentration and purity 

On the NanoDrop™ spectrophotometer, optical density at 260nm was measured 

to quantify the concentration of RNA. Nuclease-free water was used as blank. The ratio 

of absorbance at 260 nm:280 nm determined the purity of RNA, with a ratio of ≥1.6 

indicating the RNA was free from protein contamination and therefore pure. 

 

2.5.3 cDNA Synthesis 

The appropriate volumes of samples corresponding to 1-2 µg RNA were added 

nuclease-free water to create final volumes of 10 µL solution. Verso cDNA Synthesis Kit 

(Thermo Scientific, #AB1453A) was used to reverse transcribe cDNA from total RNA. 

Samples were mixed with 10 µL cDNA reaction mix and heated up in a themocycler: 60 

minutes at 420C for cDNA synthesis, 2 minutes at 950C for inactivation and cooled down 

at 40C. cDNA was diluted by adding 20-80 µL nuclease water and stored at 40C. 

 

2.5.4 qPCR reaction 

A reaction mix consisting of SYBR® Green PCR master mix, 10 µM primers and 

nuclease-free water was prepared according to Table 2.8. SYBR® Green PCR master mix 

contains 2x SYBR® Green 1x dye, AmpliTaq Gold™ DNA polymerase, 

deoxynucleoside triphosphate, with deoxyuridine triphosphate, passive reference 1 (ROX) 

and optimised buffer.  
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Table 2.8 Components of the reaction mix for qPCR 

Reagent Volume/well 

Forward primer (10 µM) 1.25 µL 

Reverse primer (10 µM) 1.25 µL 

Nuclease-free water 1.25 µL 

2x SYBR® Green PCR master mix  6.25 µL 

 

 In each well of a 96-well reaction plate, 10 µL of master mix and 2.5 µL diluted 

cDNA were added. qPCR reaction was carried out in StepOnePlus™ Real-Time PCR 

System (Applied Biosystems) with the following condition: 20 seconds at 500C, 15 

minutes at 950C, followed by 40 cycles of 15 seconds at 950C, 30 seconds at 500C, 30 

seconds at 720C, then a melt curve stage of 1 minute at 600C, 30 seconds at 950C and 15 

seconds at 600C. 

mRNA expression was analysed by normalising mRNA fold change to housekeep 

gene and calculated using the 2-ΔΔCt method. Each biological repeat contains three 

technical replicates per sample.  
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2.6 Flow cytometry 

For detection of C5aR1 proteins, 1x106 cells were plated in 10 cm dishes and after 

incubation overnight, they were exposed to irradiation or hypoxia treatment. At the time 

of harvest, cells were washed in PBS and detached using a cell scraper. After a quick spin, 

cell pellets were fixed in 1 mL of 4% PFA for 10 minutes under normoxic or hypoxic 

condition. PFA was quickly removed by spinning and cells were washed in PBS twice. 

When measuring for intracellular proteins, cell membrane was permeabilised by 

incubating with 1 mL 100% methanol for 10 minutes on ice, before washing in PBS twice. 

Cells were then blocked in 200 µL 0.5% BSA for 10 minutes at room temperature. 0 

CD88 and IgG1 antibody was added in 1:20 dilution and incubated for 30 minutes on ice 

in the dark. Samples were then analysed via flow cytometry. CD88-specific mean 

fluorescence intensity was calculated by subtracting geometric mean fluorescence 

intensity of IgG from CD88.  

For cell cycle analysis, cells were trypsinised, washed in PBS and fixed in 1 mL 

70% ethanol for 30 minutes on ice. After three PBS washes, with centrifugation at 250 g 

for 5 minutes at 40C, supernatant was carefully removed. 100 µg/mL PureLink RNase A 

was added directly to cell pellet, following by 50 µg/mL propidium iodide solution in 

PBS. After 10 minutes incubation at RT, cell cycle was analysed on flow cytometry. 

All flow cytometry was performed using the Cytoflex (Beckman Coulter Inc.) 

Live cells were gated based on morphology forward scatter (FSC-H) vs forward scatter 

(SSC-H) and doublet cells were excluded using FSC-A vs FSC-H. Cells were selected 

using viability dye, at least 10000 events were recorded per condition using initial gating 

and data was analysed on FlowJo software (version 10.10.0, BD Biosciences). 
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2.7 Proliferation Assay 

Subconfluent cells were seeded in 6-well plates at the indicated density. For 

siRNA treatment, cells were seeded after transfection. For drug treatment, PMX205, 

Avacopan or vehicle were added after seeding. Cells were trypsinised and counted using 

a haemocytometer every two days for the indicated time period, unless specified 

otherwise. Drugs were replenished after each trypsinisation.  

 

2.8 Apoptosis Assay 

Subconfluent cells were seeded and treated according to each specific experiment 

condition. Culture media containing dead cells was collected and cells were washed in 

PBS. Trypsin-EDTA was added into each well and incubated at 370C for 5 mins to detach 

cells, or alternatively, cell scraper was used. Cell suspension was added to the previously 

collected culture media and centrifuged at 250 g for 5 minutes. Supernatant was carefully 

removed, 200 µL of the cell pellets were transferred to new tubes and washed in 1mL 

PBS. Following that, cells were fixed in 200 µL 4% PFA solution for 10 minutes. Cells 

used in hypoxia experiments were taken out of the hypoxic chamber after fixation. Fixed 

cells were centrifuged at 250 g for 5 minutes, followed by PBS wall. 7 µL of cell pellet 

was mixed with 7 µL Prolong Gold Antifade Reagents with DAPI and mounted on slides, 

which were left to dry overnight in the dark at 40C. Slides were imaged under Eclipse 

Nikon Ni-E microscope using DAPI camera at 40x magnification with oil. Morphologies 

of at least 100 cells per condition were analysed using Image J software (version 1.54) to 

obtain an average percentage of apoptotic cells per biological replicate. 



Chapter 2 – Materials and Methods 

 82 

2.9 Cell Survival Assay – Clonogenics 

100-15000 cells were plated per well on a 6-well plate depending on the cell line 

and radiation dose. Following treatment, cells were left to incubate undisturbed for 7-14 

days. The cells were then gently washed in PBS and stained with 1mL crystal violet 

solution (2.5 g/L, 20% methanol). Plates were washed in water bath twice before being 

left to dry overnight. Stained colonies consisting of more than 50 cells were manually 

counted under CNW 325 010X colony counter (Gallenkamp) and survival fraction was 

calculated using the formula below: 

 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛

=  
𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 × 𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100% 

 

Survival fractions for each radiation dose were plotted, the formula for the line of best fit 

was derived, with  representing the linear component and  representing the quadratic 

component. Survival curves were then plotted and extrapolated using the following linear 

quadratic model: 

 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = exp((− × dose) − (  × 𝑑𝑜𝑠𝑒2)) 
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2.10 Cell Viability Assay – MTT Assay 

Cells at 70% confluency were seeded at density of 3000 – 8000 per well of a 96-

well plate depending on cell line and treatment. 5mg/mL thiazolyl blue tetrazolium 

bromide (MTT reagent) was prepared by dissolving MTT powder in sterile PBS, followed 

by sonication and passing through a 0.22 µM filter (Santa Cruz Biotechnology). At the 

end of treatment timepoint, 10 µL of MTT reagent was added per 100 µL media and cells 

were incubated for 2 hours at 370C protected from light. Then, media containing MTT 

reagent were aspirated and replaced with 100 µL DMSO to solubilise crystals. Plates were 

incubated for 5 mins before absorbance values at 570 nm were measured on POLARstar 

plate reader. 
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2.11 Enzyme-linked immunosorbent assay (ELISA) 

hSV40 cells at 70% confluency were seeded in 15 cm dishes at a density of 2 x 

106 per dish. Just before treatment with 2 M Avacopan, supplemented media was 

replaced with fresh serum-free media. Cells were irradiated 24 hours after addition of 

Avacopan, and culture media was collected 24 hours post-irradiation. Media was 

centrifuged at 250 g for 5 minutes at RT, supernatant was passed through a 0.22 M filter 

to remove cells. Media was transferred to centrifugal concentrator tubes inserted with 

3000 Dalton molecular cutoff filter which was pre-activated with deionised water (Merck, 

#UFC900308). After centrifugation at 3400 g for 45 minutes at RT, concentrated media 

was collected and used for ELISA immediately.  

ELISA was carried out using the human IL-1 uncoated ELISA kit (Thermo 

Scientific, #88-7261-22) according to manufacturer’s instruction. In brief, 96-well 

ELISA plate was coated with 100 L capture anti-IL1 antibody (diluted in PBS) and 

incubated overnight at 40C. Next day, wells were washed in wash buffer (1x PBS, 0.05% 

Tween-20) three times with at least one minute soaking time, plate was blotted on 

absorbent paper to ensure removal of any residual buffer. 200 L ELISA/ELISPOT 

diluent (in deionised water) was added to each well for one hour at RT for blocking. After 

washing with wash buffer twice, 100 L of samples and standards were added to each 

well, and there were two technical replicates for each condition. For standards, 150 pg/mL 

IL-1 protein was reconstituted in deionised water, and two-fold serial dilutions were 

performed for a total of 7 concentrations, ELISA/ELISPOT diluent was added to one set 

of wells for blanking. Plate was sealed and incubated for two nights at 40C. After five 

washes with the wash buffer, 100 L detection antibody was added to the wells and 

incubated for one hour at RT. Wells were washed again for five times, followed by 
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incubation with 100 L Avidin-HRP concentrate (diluted in ELISA/ELISPOT diluent) 

for 30 minutes at RT. After seven washes with the wash buffer, 100 L TMB solution 

was added to each well for 15 minutes incubation at RT, and lastly, 100 L 1 M 

phosphoric acid was added as stop solution. Absorbance values at 450 nm were measured 

on POLARstar plate reader, and protein concentration of the unconcentrated sample was 

determined using the standard curve generated from measurements of the standards. 

 

2.12 Analysis and Schematics 

All statistical analysis and graphs were performed and plotted on Prism software 

(Version 10.4.2, GraphPad). A p value of ≤0.05 was considered statistically significant. 

Clonogenic survival curves were plotted on Microsoft Excel (Version 2408). Protein 

bands from Western blotting were quantified on LiCor Odyssey software. All schematics 

were created on biorender.com. 
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Chapter 3 C5aR1 inhibition under hypoxic stress 
 

3.1 Introduction 

Hypoxia is a key feature of the TME across many cancer types, including in HGG, 

where it is associated with tumour progression, therapeutic resistance and poor patient 

outcomes (Blandin et al., 2019; Said et al., 2007; Yeom et al., 2015).  Hypoxic stress 

alters multiple cellular programmes that promote adaptation and survival, often by 

engaging stress response pathways and pro-survival signalling cascades. Our group has 

previously demonstrated that expression of C5aR1 is regulated by ER stress in other 

cancer context (Suwa et al., 2025). We therefore investigated whether hypoxia also 

modulates C5aR1 expression in HGG, and whether the changes in expression differ 

between GBM and DMG. Importantly, C5aR1, as a GPCR, is known to activate pro-

survival pathways such as NF-B and MAPK signalling (Beach et al., 2023; Li et al., 

2020b; Schraufstatter et al., 2009; Song et al., 2018). We sought to determine whether 

C5a-C5aR1 signalling is required for glioma cell survival under hypoxic stress, and if 

genetic silencing and pharmacological inhibition of C5aR1 could compromise this 

adaptive advantage. 
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3.2 Results 

3.2.1 Elevated C5aR1 expression in HGGs 

First, we confirmed whether C5aR1 is expressed in HGGs. Analysis of The 

Cancer Genome Atlas (TCGA) database shows that there is higher C5aR1 expression in 

GBM compared to normal brain tissue, and it is associated with reduced overall patient 

survival (Figure 3.1A-B). Publicly available transcriptomic data on DMG is limited, 

however, RNA sequence data on a cohort of 221 paediatric HGG patients from our 

collaborator Prof Chris Jones (Institute of Cancer Research, UK) is available. As 

illustrated in Figure 3.1C, all paediatric high-grade tumours express elevated C5aR1 

mRNA levels compared to healthy controls. Among all, H3.3K27M tumours express the 

highest level of C5aR1, which is the mutation found in majority of DMG cases. These 

findings support C5aR1 as a potential therapeutic target in both DMG and GBM, as 

targeting C5aR1 potentially have less direct impact on surrounding healthy tissues. 
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Figure 3.1 Elevated C5aR1 expression in HGGs 

(A) Number of C5aR1 transcripts in GBM patient samples vs normal tissue. T=GBM 

tumour sample (n=163), n=normal tissue (n=207). Data obtained from TCGA database. 

(B) Survival curves of GBM patients with high and low C5aR1 expression. Data obtained 

from TCGA database. (C) C5aR1 mRNA expression of paediatric high-grade gliomas 

(H3.3_G34RV, H3.3_K27M, H3.1_K27M, WT) and normal tissue.  
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3.2.2 Upregulation of C5aR1 under severe hypoxia 

We then questioned whether the upregulation of C5aR1 in HGG is driven by 

hypoxic conditions. Given that hypoxia can broadly promote and suppress transcription 

of a wide range of genes, we assessed the mRNA expression of C5aR1 and C5 (the gene 

encoding its ligand) following 16 hours exposure to three oxygen concentrations: 21% 

(normoxia), 1% (mild hypoxia) and <0.1% (severe hypoxia). The effectiveness of 

hypoxia treatment was validated by increased expression of CAIX, a downstream target 

of HIF-1 (Figure 3.2A, D). In both SF8628 and LN229 cell lines, exposure to <0.1% 

oxygen resulted in a 6 to 8-fold increase in C5aR1 mRNA expression, whereas no 

significant changes were observed under 1% (Figure 3.2B, E). However, severe hypoxia 

resulted in a significant reduction of C5 mRNA level only in SF8628, but not in LN229 

cells (Figure 3.2C, F). 
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Figure 3.2 Upregulation of C5aR1 under severe hypoxia 

mRNA expression of CAIX, C5aR1 and C5 were assessed by qPCR in (A-C) LN229 and 

(D-F) SF8628 cells following 16 h exposure to 21%, 1% or <0.1% O2. All mRNA levels 

were normalised to 18S and expressed as fold change relative to the level of expression 

at 21%. Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis 

was performed on unnormalised values using one-way ANOVA with Dunnett’s test. 

*p≤0.05, *p≤0.01, ***p≤0.001. 
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To confirm whether the observed upregulation of C5aR1 mRNA under severe 

hypoxia is also reflected at the protein level, flow cytometry analyses were conducted.  

Although GPCRs are predominantly localised to the cell membrane, C5aR1 could also 

be expressed intracellularly (Ding et al., 2020; Suwa et al., 2025) . Therefore, our samples 

were permeabilised with methanol to enable detection of both cell surface and 

intracellular C5aR1 proteins. By permeabilising cell membrane, we were able to assess 

both cell surface and total (cell surface + intracellular) C5aR1 levels. In LN229 cells, 

exposure to severe hypoxic conditions (<0.1% O2) led to an increase in total C5aR1 

protein expression, consistent with the qPCR result (Figure 3.3A). Notably, this increase 

was restricted to intracellular C5aR1, as no upregulation of cell surface C5aR1 was 

detected. In contrast, SF8628 cells showed no significant changes in either cell surface or 

total C5aR1 protein levels, diverging from the earlier qPCR result (Figure 3.3B). This 

discrepancy suggests a potential post-transcriptional regulatory mechanism influencing 

C5aR1 expression in this cell line. To rule out the possibility that the mRNA-protein 

discrepancy being caused by delayed protein translation or accumulation, hypoxia 

exposure was extended to 24 hours. However, SF8628 continued to show no significant 

changes in C5aR1 protein expression (Figure 3.3C).  
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Figure 3.3 Hypoxia upregulates intracellular C5aR1 protein in LN229, but not 

SF8628 

Cell surface and total protein expression of C5aR1 were assessed in (A) LN229 and (B-

C) SF8628 cells via flow cytometry following 16 or 24 h exposure to 21% or <0.1% O2. 

CD88-specific fluorescence intensity expressed as fold change relative to the 

fluorescence intensity at 21%. Data presented as mean ± SEM of biological replicates. 

n=3. Statistical analysis used two-way ANOVA with Šidák’s test. *p≤0.05. 

 



Chapter 3 – C5aR1 inhibition under hypoxic stress 

 93 

Our group has previously reported hypoxia-induced C5aR1 occurring in a UPR-

dependent manner in colorectal cancer (Suwa et al., 2025). Here, we decided to 

investigate the mechanisms underlying the upregulation of C5aR1 in HGG under severe 

hypoxia. Two major pathways we explored were HIFs and UPR activation, both with 

well-established role in regulating gene transcription under hypoxia. To dissect the 

potential contribution of these pathways individually, we used specific chemical inducers 

to activate each pathway independently. HIF signalling was induced by the addition of 

cobalt (II) chloride (CoCl2), a pan-HIF activator, as evidenced by the upregulation of 

CAIX (Figure 3.4A). To activate UPR, we used Tunicamycin (Tuni) and Thapsigargin 

(Thap) which are ER stressors that trigger the UPR pathways via different mechanisms. 

Expression of two UPR downstream target genes, CHOP and XBP1, were used as 

controls to confirm pathway activation by Tuni and Thap and ensure coverage of all three 

UPR branches (Figure 3.4B-C).  

 

Figure 3.4 Validation of HIF and UPR inducers 

mRNA expression of (A) CAIX, (B) CHOP and (C) XBP1 were assessed by qPCR in 

LN229 cells following 16 h treatment with vehicle (water or DMSO), CoCl2, Tuni or 

Thap.  All mRNA levels were normalised to 18S and expressed as fold change relative to 

the level of expression of vehicle-treated cells. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis was performed on unnormalised values 

using one-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, ***p≤0.001. 
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Given the differential regulation of C5aR1 protein levels observed between 

LN229 and SF8628 cells, we first focused on further characterising the underlying 

mechanisms in the GBM cell line LN229. Both mRNA and protein expression levels of 

C5aR1 were studied following stimulation with HIF and UPR inducers. Our data 

demonstrate that HIF activation alone did not alter C5aR1 mRNA or protein expression 

in LN229 cells, in line with the lack of induction at 1% O2 which is the level at which 

HIF would be most active (Figure 3.5A-C). In contrast, activation of the UPR resulted in 

C5aR1 upregulation. Both Tuni and Thap treatment led to a significant increase in C5aR1 

mRNA and protein levels, consistent with our previous study (Suwa et al., 2025). Notably, 

as previously observed under severe hypoxia, this C5aR1 protein induction was limited 

to the intracellular level and no increase in cell surface C5aR1 expression was detected 

following UPR activation. 
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Figure 3.5 Hypoxia-induced C5aR1 upregulation is UPR-dependent 

LN229 cells were treated with vehicle (water, DMSO), CoCl2, Tuni or Thap. 

  

(A) mRNA expression of C5aR1 was assessed by qPCR in LN229 cells following 16 h 

treatment. All mRNA levels were normalised to 18S and expressed as fold change relative 

to the level of expression of vehicle-treated cells. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis was performed on unnormalised values 

using one-way ANOVA with Šidák’s test.  *p≤0.05, **p≤0.01.  

  

(B) Protein expression of C5aR1 were assessed via flow cytometry following 24 h 

treatment with HIF and UPR inducers. Data presented as mean ± SEM of biological 

replicates. n=3. Statistical analysis used one-way ANOVA with Šidák’s test. *p≤0.05, 

**p≤0.01. 
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To further confirm the involvement of UPR activation in upregulating C5aR1, we 

examined the effects of silencing XBP1, ATF4 and ATF6, which are major downstream 

transcription factors representing the three branches of the UPR pathway. Our previous 

study showed that knockdown of any single UPR component was insufficient to suppress 

C5aR1 upregulation under hypoxia (Suwa et al., 2025). Therefore, to achieve 

comprehensive inhibition of the UPR activation, we concurrently silenced XBP1, ATF4 

and ATF6 in LN229 cells by using triple knockdown (KD) si-Mixture (Figure 3.6A-C). 

Under the lack of UPR activation, C5aR1 upregulation in response to severe hypoxia was 

abrogated, indicating that complementary activity of all three UPR pathway is required 

to induce C5aR1 upregulation under severe hypoxia (Figure 3.6D).  
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Figure 3.6 Triple knockdown of XBP1, ATF4 and ATF6 abrogates C5aR1 

induction under severe hypoxia 

LN229 cells were transfected with siScr or si-Mixture (XBP1, ATF4, ATF6) siRNA and 

exposed to 21% or <0.1% O2 for 16 h. mRNA expression of (A) XBP1, (B) ATF4, (C) 

ATF6 and (D) C5aR1 were assessed by qPCR. All mRNA levels were normalised to 18S 

and expressed as fold change relative to the level of expression of 21% siScr. Data 

presented as mean ± SEM of biological replicates. n=3. Statistical analysis was performed 

on unnormalised values using two-way ANOVA with Fisher’s LSD test. *p≤0.05, 

**p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Having established that UPR activation induces C5aR1 expression in LN229 cells, 

we next tested whether a similar mechanism operates in the DMG cell line SF8628, which 

previously showed increased mRNA expression, but no protein expression changes in 

C5aR1 under hypoxia. SF8628 cells were initially treated with HIF and UPR inducers for 

16 hours. Although successful activation of HIF and UPR pathways were confirmed, as 

shown in Figure 3.7A-C, C5aR1 mRNA levels remained unchanged compared to vehicle-

treated controls (Figure 3.8A). To minimize the possibility of delayed C5aR1 

transcription, the duration of treatment was extended to 24 hours. Under this condition, a 

modest increase in C5aR1 mRNA was observed; however, this change did not reach 

statistical significance due to considerable variability between replicates (Figure 3.8B). 

Therefore, we acknowledge that UPR-induced C5aR1 upregulation differ between our 

GBM and DMG models.  

 

 

Figure 3.7 Induction of HIF and UPR in SF8628 

mRNA expression of (A) CAIX, (B) CHOP and (C) XBP1 were assessed by qPCR in 

SF8628 cells following 16 h treatment with vehicle (water or DMSO), CoCl2, Tuni or 

Thap. All mRNA levels were normalised to 18S and expressed as fold change relative to 

the level of expression of vehicle-treated cells. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis was performed on unnormalised values 

using one-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, ****p≤0.0001. 
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Figure 3.8 UPR activation does not upregulate C5aR1 in SF8628 

(A-B) mRNA expression of C5aR1 were assessed by qPCR in SF8628 cells following 16 

h and 24 h treatment with vehicle (water or DMSO), CoCl2, Tuni or Thap. All mRNA 

levels were normalised to 18S and expressed as fold change relative to the level of 

expression of vehicle-treated cells. Data presented as mean ± SEM of biological 

replicates. n=3. Statistical analysis was performed on unnormalised values using one-way 

ANOVA with Šidák’s test. 

 

(C) Protein expression of C5aR1 were assessed via flow cytometry following 24 h 

treatment with HIF and UPR inducers. Fluorescence Intensities normalised to the 

intensity of vehicle-treated cells. Data presented as mean ± SEM of biological replicates. 

n=3. 
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Given the differential UPR responses observed between SF8628 and LN229 

affecting their corresponding effects on C5aR1 expression, we further examined this 

relationship across a panel of HGG (SF8628, LN229, H4, A172, U118-MG) and 

microglia cell lines (hSV40, BV2, IMG). Cells were treated with the same concentration 

of Thap for the same duration of time, and mRNA expression levels of C5aR1 and the 

UPR marker XBP1 were measured. Across the panel, we observed a strong positive 

correlation between Thap-induced XBP1 induction and the corresponding upregulation 

of C5aR1 mRNA expression (R2 = 0.8069) (Figure 3.9). These results further supported 

our earlier findings, suggesting the magnitude of UPR activation is one of the key 

determinants of C5aR1 transcriptional upregulation in HGG cells. 

 

Figure 3.9 Strong correlation between UPR activation and C5aR1 mRNA 

upregulation 

SF8628, LN229, A172, U-118 MG, H4, hSV40, IMG and BV2 cells were treated with 

Thap for 16 h. mRNA expression of C5aR1 and XBP1 were assessed by qPCR. All 

mRNA levels were normalised to 18S and expressed as fold change relative to the level 

of expression in vehicle-treated cell. Each data point represents the mean of biological 

replicates. n=3. 
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In addition to glioma cells, we also assessed C5aR1 and C5 expression in 

microglia models under mild (1%) and severe (<0.1%) hypoxic conditions as microglia 

constitutes up to 30% of tumour mass. The induction of hypoxia was validated after 6 

hours by increased expression of HIF-target genes, CAIX and GLUT1. (Figure 3.10A-C). 

In hSV40 microglia-like cells, no statistical differences in C5aR1 expression were 

detected under hypoxia, although a trend towards upregulation was observed after 16 

hours of exposure (Figure 3.10D). In contrast, C5aR1 expression was markedly 

suppressed in IMG cells under severe hypoxia, and in BV2 cells under both mild and 

severe hypoxia (Figure 3.10E-F). This hypoxia-induced changes in C5aR1 expression 

differ across microglia models. Interestingly, there was a trend of increased C5 mRNA 

expression in hSV40 cells after 16 hours of mild hypoxia treatment, though it did not 

reach statistical significance due to variability between replicates (Figure 3.10G). No such 

changes were observed in either IMG or BV2 cells, where C5 expression remained stable 

across all oxygen concentrations (Figure 3.10H-I). 
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Figure 3.10 Hypoxia suppresses C5aR1 expression in IMG and BV2 microglia only 

mRNA expression of (A) CAIX, (B-C) GLUT1, (D-F) C5aR1 and (G-I) C5 were 

assessed by qPCR in hSV40, IMG and BV2 cells following 6 h and16 h exposure to of 

21%, 1% or <0.1% O2.  All mRNA levels were normalised to 18S and expressed as fold 

change relative to the level of expression at 21%. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis was performed on unnormalised values 

using one-way ANOVA with Dunnett’s test. *p≤0.05, **p≤0.01, ***p≤0.001, 

****p≤0.0001. 
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3.2.3 The pro-survival role of C5aR1  

We next investigated the functional role of C5aR1 in the context of severe hypoxia, 

specifically whether its expression was critical for cancer cell survival. Firstly, we utilised 

siRNA to silence C5aR1, achieving approximately 70% reduction in mRNA expression 

in both SF8628 and LN229 cells (Figure 3.11A-B). Under normoxic conditions, C5aR1 

knockdown (KD) led to a modest increase in apoptosis in LN229 cells. Silencing C5aR1 

under hypoxia further amplified apoptotic cell death compared to scramble (Scr) controls 

in both SF8628 and LN229 cell lines, suggesting a more prominent anti-apoptotic role of 

C5aR1 under hypoxic stress (Figure 3.11C-D). 

 

Figure 3.11 Silencing C5aR1 results in higher apoptotic count under hypoxia 

Cells were transfected with Scr or C5aR1 siRNA. mRNA expression of C5aR1 in (A) 

SF8628 and (B) LN229 cells were assessed by qPCR. mRNA levels were normalised to 

GAPDH and 18S respectively. Data presented as mean ± SEM of biological replicates. 

n=3. Statistical analysis was performed on unnormalised values using unpaired t-test.  

(C-D) Following siRNA treatment, SF8628 and LN229 cells were exposed to 21% or 

<0.1% O2 for 16 h. At least 100 cells per condition were analysed via apoptosis assay. 

Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

two-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, ****p≤0.0001.  
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We then evaluated the role of C5aR1 on cell survival under hypoxia using 

clonogenic assays. Silencing C5aR1 under normoxic conditions already led to a 

pronounced reduction in cell survival, in both SF8628 and LN229 cells. As a result, 

subsequent exposure of C5aR1 KD cells to hypoxic stress did not further decrease 

survival, likely due to an already compromised baseline viability (Figure 3.12A-B). To 

further study cell survival, we generated C5aR1-overexpressing (OE) cells via DNA 

plasmid transfection, validated by a marked increase in C5aR1 mRNA expression (Figure 

3.12C). Under hypoxia, C5aR1 OE cells exhibited a significantly higher survival fraction 

compared to cells treated with empty vector (EV) controls (Figure 3.12D). Collectively, 

these finding support a critical role for C5aR1 in supporting cell survival in both HGG 

models, irrespective of oxygen availability.   
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Figure 3.12 C5aR1 plays a crucial pro-survival role in HGGs 

(A-B) SF8628 and LN229 cells were transfected with Scr or C5aR1 siRNA before 

exposure to 21% or <0.1% O2 for 16h. Cell survival was assessed via clonogenic assay. 

Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

two-way ANOVA with Šidák’s test. 

(C) mRNA expression of C5aR1 in SF8628 cells treated with empty vector or C5aR1 

overexpression plasmids were assessed by qPCR. mRNA levels were normalised to 18S. 

Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

unpaired t-test. (D) SF8628 cells were treated with empty vector or C5aR1 

overexpression plasmids, then exposed to 21% or <0.1% O2 for 16h. Cell survival was 

assessed via clonogenic assay. Data presented as mean ± SEM of biological replicates. 

n=3. Statistical analysis was performed on unnormalised values using two-way ANOVA 

with Šidák’s test. **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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To investigate the mechanism by which C5aR1 promotes HGG survival, we 

examined whether it was mediated through its canonical signalling. As a GPCR, C5aR1 

engagement with its ligand C5a initiates intracellular signalling cascades, especially pro-

survival signalling pathways. We first focused on the NF-B pathway, an established 

downstream effector of C5aR1 activation (Beach et al., 2023; Song et al., 2018). To 

assess NF-B activity in HGG cells, we added recombinant human C5a and measured 

expression of phosphorylated RelA (pRelA) at Ser536 as a readout of NF-B activation. 

Upon C5a stimulation, we observed a trend toward increased pRelA expression but 

consistent total RelA expression, indicating activation of NF-B signalling as a result of 

C5a-C5aR1 signalling (Figure 3.13).  

 

 

 

Figure 3.13 C5a-C5aR1 signalling activates NF-B pathway 

Recombinant C5a proteins at the described concentrations were added to SF8628 cells 

for 2 h. Western blotting was carried out with the antibodies indicated. Total RelA was 

used as loading control. n=3 
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 Functionally, adding human-derived C5a proteins for 2 hours increased survival 

of LN229 cells, and the addition of C5aR1 antagonists, PMX205 and Avacopan 

abrogated the pro-survival benefits of C5a-C5aR1 signalling (Figure 3.14). This finding 

further supports our hypothesis that C5aR1 interaction with its ligand is important in 

HGG survival. Of note, the anti-survival effects of C5aR1 antagonists were only observed 

in the presence of recombinant C5a proteins, and not without stimulation of receptor 

signalling.  

 

Figure 3.14 C5aR1 antagonists abrogates C5a-induced pro-survival effects 

LN229 cells were treated with 0 or 20 nM recombinant C5a proteins, together with 

vehicle, PMX205 or Avacopan for 2 h. Cell survival was assessed via clonogenic assay. 

Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

two-way ANOVA with Tukey’s test. *p≤0.05, **p≤0.01. 
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 To further validate the role of NF-B signalling in the pro-survival phenotype 

mediated by C5aR1, we examined whether overexpression of RelA could compensate for 

the loss of C5aR1 activity induced by C5aR1 antagonists. As expected, overexpression 

of RelA via plasmid transfection led to marked increase of both pRelA and total RelA 

protein expression (Figure 3.15A). However, treatment with the C5aR1 antagonists 

PMX205 and Avacopan slightly attenuated this increase in RelA OE cells, indicating that 

C5aR1 inhibition interferes with the full activation of NF-B signalling. Functionally, 

inhibition of C5aR1 in RelA OE cells led to a modest increase in apoptosis (15-20%) 

compared to vehicle-treated controls, although this did not reach statistical significance 

(Figure 3.15B). While RelA OE alone significantly enhanced cell survival, consistent 

with its anti-apoptotic role, treatment with C5aR1 antagonists at baseline (0 Gy) had a 

modest reduction in this pro-survival effects exerted by RelA (Figure 3.16A). Given the 

established role of RelA in promoting cell survival under cellular stress, we were also 

intrigued by how the antagonists would react when combined with irradiation in RelA 

OE cells. As shown in Figure 3.16B, Avacopan significantly reduced cell survival under 

irradiation at 4 Gy, particularly in RelA OE cells, with PMX205 also exerting an anti-

survival effect. Under irradiation, survival fractions of RelA OE cells treated with C5aR1 

antagonists were not significant different compared to those treated with EV. If SF8628 

cells were fully dependent on NF-B signalling, RelA OE cells treated with C5aR1 

antagonists would be expected to show higher survival than EV-treated cells. Collectively 

these data suggest that C5aR1 inhibition partially reverses the pro-survival effects of 

RelA overexpression under irradiation. 
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Figure 3.15 C5aR1 inhibition reduce RelA levels under RelA overexpression 

SF8628 cells were transfected with EV or RelA OE plasmids for 24 hours before the 

addition of vehicle, PMX205 or Avacopan for 48 h treatment.  

(A) Western blotting was carried out with the antibodies indicated. H3 was used as 

loading control. n=3 

(B) At least 100 cells per condition were analysed via apoptosis assay. Data presented 

as mean ± SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA 

with Tukey’s test. ***p≤0.001. 
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Figure 3.16 C5aR1 inhibition partially reverses the pro-survival effects of RelA 

overexpression under irradiation 

SF8628 cells were transfected with EV or RelA OE plasmids for 24 hours before the 

addition of vehicle (DMSO), PMX205 or Avacopan for 48 h treatment. Cells were then 

irradiated at (A) 0 Gy or (B) 4 Gy. Cell survival was assessed via clonogenic assay. Data 

on both graphs were derived from the same experiment. Data presented as mean ± SEM 

of biological replicates. n=3. Statistical analysis used two-way ANOVA with Tukey’s 

test. *p≤0.05, **p≤0.01, ***p≤0.001. 
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In addition to NF-B, we also assessed another pro-survival signalling pathway, 

MAPK, by examining levels of phosphorylated ERK (pERK) at site Thr202/Tyr204.  The 

MAPK pathway is also a downstream target of GPCR, and 12% of DMG patients carry 

the BRAF mutation that results in sustained MAPK signalling (Schüller et al., 2021). To 

assess the involvement of MAPK signalling upon C5aR1 activation, we treated cells with 

the MEK inhibitor Selumetinib alone, or in combination with the C5aR1 antagonist 

Avacopan to test if dual targeting could further suppress MAPK activity. As shown in 

Figure 3.17A, Selumetinib consistently reduced pERK expression regardless of radiation 

dose, whereas Avacopan reduced pERK levels only under irradiated conditions, possibly 

reflecting increased reliance of C5aR1 signalling under cellular stress. Interestingly, we 

previously did not detect the direct induction of pERK with recombinant C5a, perhaps 

due to timing of sample collection, but here we observed reduced MAPK activation 

following C5aR1 inhibition with Avacopan. Next, we measured the viability of cells 

treated with Selumetinib and Avacopan via MTT assay. MTT assay measures the activity 

of mitochondrial dehydrogenases in living cells, which reduce MTT reagent into purple 

formazan crystals. Crystals are subsequently solubilised, and the absorbance is directly 

proportionate to the number of viable cells. As shown in Figure 3.17B, combination 

treatment with Selumetinib and Avacopan did not elicit additional suppression of pERK, 

or further reduce cellular viability compared to Avacopan or Selumetinib alone at both 0 

and 9 Gy, suggesting that the two inhibitors act via overlapping signalling pathways. 

These findings support that C5aR1 engages with MAPK signalling. The lack of additive 

effects with dual inhibition in our viability assay implies that C5aR1 contributes to cell 

survival at least partially through MAPK signalling, and potentially in parallel with NF-

B signalling. 
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Figure 3.17 Involvement of MAPK signalling with C5aR1 activation 

SF8628 cells were treated with vehicle (DMSO), 4 M Avacopan (48 h), 0.125 M 

Selumetinib (24 h) or combo (Avacopan + Selumetinib) before 0 or 9 Gy irradiation. 

Samples harvested 24 h post-irradiation.  

 

(A) Western blotting was carried out with the antibodies indicated. H3 was used as 

loading control. n=3 

(B) Cell viability was assessed using MTT assay and normalised to the 0 Gy vehicle 

control. Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis 

used two-way ANOVA with Šidák’s test.  
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3.2.4 C5aR1 signalling under hypoxia 

Having characterised the role of C5a-C5aR1 signalling under normoxic 

conditions, we continued to investigate its role under hypoxic stress. Previous studies 

have reported that HIF-1 can either enhance or suppress NF-B or MAPK signalling 

depending on cellular context and the duration of hypoxic exposure (Kučera et al., 2017; 

Walmsley et al., 2005). To investigate this in HGG, LN229 and SF8628 cells were 

subjected to severe hypoxia for 16 hours upon genetic silencing of C5aR1. Successful 

hypoxic induction was confirmed by marked elevation of HIF-1 levels. When we 

compared the effect of hypoxia treatment alone, level of pRelA in SF8628 cells was 

reduced under hypoxia, suggesting suppression of NF-B activity (Figure 3.18A). We 

anticipated the expression of pRelA and pERK would decrease with C5aR1 KD, however, 

this was not always observed as the changes in these proteins were inconsistent among 

biological replicates (quantification of bands shown in Appendix A, Figure A.1). 

Therefore, we could not draw definite conclusion on the impact of C5aR1 silencing on 

signalling modulations under these experimental conditions.  

In LN229 cells, hypoxia treatment appeared to reduce pERK levels slightly, 

indicating modest diminished MAPK signalling (Figure 3.18B). While C5aR1 KD had 

limited effect on NF-κB activation under either normoxia or hypoxia, it evidently 

attenuated MAPK signalling, as shown by a significant decrease in pERK expression at 

both oxygen conditions. Collectively, these results suggest that C5aR1-mediated MAPK 

signalling is preserved under hypoxia, whereas NF-κB signalling may be suppressed by 

the hypoxic environment itself. Importantly, the impact of C5aR1 silencing in LN229 

cells under hypoxia appears comparable to its effects under normoxia. However, we do 
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acknowledge that there were differences in cell signalling changes observed between the 

two cell lines.  

 

Figure 3.18 Silencing C5aR1 attenuated MAPK signalling in LN229 cells at both 

normoxia and hypoxia 

(A) SF8628 and (B) LN229 cells were transfected with siScr or siC5aR1 for 72 hours 

before 16 h of exposure to 21% or <0.1% O2. Western blotting was carried out with the 

antibodies indicated. -actin was used as loading control. n=3. 
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We next evaluated the effects of the pharmacological C5aR1 antagonist, 

Avacopan, on pro-survival signalling under hypoxic stress. Hypoxia alone led to a 

reduction in pRelA levels in both cell lines, suggesting that NF-B activity was 

suppressed under hypoxic conditions (Figure 3.19A-B). Although we previously 

observed attenuation of NF-B signalling with Avacopan treatment in RelA OE cells 

under irradiation, Avacopan treatment did not alter the pRelA expression compared to 

vehicle controls under both normoxia and hypoxia in this case. This indicates limited 

involvement of C5aR1 in modulating NF-B signalling under hypoxia, likely due to an 

already attenuated signalling state. A similar pattern was observed with MAPK signalling, 

where hypoxia alone also reduced pERK expression in SF8628 cells, but not in LN229 

cells. Notably, Avacopan did not appear to alter either NF-B or MAPK signalling in 

SF8628 cells under normoxic or hypoxic conditions, contrasting with earlier results when 

RelA was overexpressed (Figure 3.19A). In contrast, Avacopan consistently attenuated 

MAPK signalling in LN229 cells under both normoxia and hypoxia, as reflected by the 

reduction in pERK levels (Figure 3.19B). C5aR1-mediated MAPK signalling remains 

functionally active in these cells despite hypoxic stress. These data suggest cell line-

specific difference in signalling dynamics, where NF-B may be more susceptible to 

hypoxic suppression, and MAPK signalling through C5aR1 was preserved in LN229 but 

not in SF8628 cells. Avacopan appears to exert different modulatory effects on cell 

signalling between the two cell lines. 
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Figure 3.19 Avacopan attenuated MAPK signalling under hypoxia in LN229 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (48 h) and (B) LN229 

cells (24 h) before 16 h of exposure to 21% or <0.1% O2. Western blotting was carried 

out with the antibodies indicated. -actin was used as loading control. n=3. 
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Severe hypoxia is known to impair cell viability, and consistent with this, we 

observed a significant increase in apoptotic cell death under hypoxic conditions compared 

to normoxia (Figure 3.20A-B). In SF8628 cells, Avacopan treatment did not further 

elevate apoptosis under both oxygen concentrations, aligning with the absence of 

Avacopan-mediated modulation of pro-survival signaling in this cell line (Figure 3.20A). 

In contrast, Avacopan induced a modest, but statistically significant increase in apoptosis 

in LN229 cells, with a more pronounced effect under hypoxic stress compared to 

normoxia (Figure 3.20B). These findings suggest that the pro-apoptotic effects of 

Avacopan may be downstream effects of MAPK signalling and are potentiated in hypoxic 

conditions, at least in GBM-derived LN229 cells.   

 

Figure 3.20 Avacopan promotes apoptosis in LN229 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cell (48 h) and (B) LN229 cells 

(24 h) before being exposed to 21% or <0.1% O2 for 16 h. At least 100 cells were 

analysed per condition via apoptosis assay. Data presented as mean ± SEM of biological 

replicates. n=3. Statistical analysis used two-way ANOVA with Fisher’s LSD test. 

*p≤0.05, **p≤0.01, ***p≤0.001. 
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Another well-documented cellular response to hypoxic stress is autophagy which 

could lead to cell death depending on context and duration. To test whether C5aR1 

inhibition influences autophagy under hypoxia, we assessed key autophagic markers in 

HGG cells. We first analysed the expression of microtubule-associated protein 1A/1B-

light chain 3B (LC3B) which undergoes post-translational modification during autophagy. 

The cytosolic form, LC3B-I (top band), is converted to its lapidated form LC3B-II 

(bottom band) upon autophagosome formation. Western blotting revealed that exposure 

to <0.1% oxygen for 16 hours led to increased LC3B-II expression in LN229 cells, 

suggesting autophagy induction (Figure 3.21A). Notably, Avacopan treatment did not 

result in any significant changes in LC3B expression in these cells. However, to our 

surprise, in SF8628 cells, hypoxia unexpectedly led to a decrease in both isoforms, which 

may suggest impaired autophagosome formation, or cell line-specific regulatory 

mechanisms (Figure 3.21B).  

 

To further validate these observations, we also assessed the levels of 

sequestosome 1 (p62/SQSTM1), a selective autophagy substrate that binds to LC3 and is 

degraded during autophagic flux. In both cell lines, hypoxia led to a decrease in p62 

reduction, suggesting active autophagic degradation. Interestingly, the reduction in p62 

in SF8628 cells occurred despite the decrease in LC3B-II, suggesting possible differences 

in autophagy dynamic. Importantly, Avacopan treatment, under hypoxia, only resulted in 

a very modest reduction of p62 in SF8628 cells, and had no effect in LN229 cells under 

either normoxic or hypoxic conditions. These data suggest that Avacopan exerts minimal 

influence on autophagy and that any cytotoxic effects, particularly in LN229 cells under 

hypoxia, are likely driven predominantly by promotion of apoptosis (or other forms of 

cell death). Collectively, these findings suggest that C5aR1 inhibition via Avacopan 
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selectively enhances apoptotic pathways without broadly affecting autophagy, at least in 

LN229 cells, within the experimental conditions and time frame assessed. 

 

 

 

Figure 3.21 Avacopan has minimal impact on autophagy 

Vehicle (DMSO) or Avacopan was added to (A) LN229 cells (24 h) and (B) SF8628 cells 

(48 h) before being exposed to 21% or <0.1% O2 for 16 h. Western blotting was carried 

out with the antibodies indicated. -actin was used as loading control. Experiment shown 

here is part of the same experiment shown in Figure 3.19. n=3. 
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Aligning with the lack of changes in pro-survival signalling or cell death, 

Avacopan also had no significant impact on cell survival in SF8628 cells (Figure 3.22A). 

In contrast, in LN229 cells, Avacopan treatment under hypoxic conditions led to a modest, 

but statistically significant reduction in cell survival, while no effect was observed under 

normoxia (Figure 3.22B). All these results suggest that the cytotoxic effects of Avacopan 

are more pronounced in the GBM cell line compared to DMG-derived SF8628, possibly 

reflecting the differences in canonical C5aR1 signalling dynamics. Nonetheless, the 

overall impact of Avacopan on cell viability remains relatively modest when compared 

to C5aR1 gene knockdown, highlighting the stronger and more consistent anti-survival 

effect of genetic silencing over pharmacological inhibition under hypoxic stress.  

 

 

 

 

 

 

 

 

 

Figure 3.22 Modest reduction in LN229 cell survival under hypoxia following 

Avacopan treatment 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cell (48 h) and (B) LN229 cells 

(24 h) before exposure to 21% or <0.1% O2 for 16 h. Cell survival was assessed via 

clonogenic assay. Data presented as mean ± SEM of biological replicates. n=3. Statistical 

analysis used two-way ANOVA with Šidák’s test. *p≤0.05. 
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3.3 Discussion 

Our initial observation that severe hypoxia (<0.1%) selectively induced C5aR1 

protein expression in LN229 cells, but not SF8628 cells prompted a more detailed 

investigation into the regulatory mechanisms driving this differential response. Despite 

induction of C5aR1 mRNA expression under hypoxia, this transcriptional induction was 

not consistently reflected at the protein level across all cell lines, suggesting the presence 

of post-transcriptional control mechanism. These may include protein translational 

inefficiencies or post-translational regulations such as proteasomal degradation, 

contributing to the observed cell line-specific differences in C5aR1 protein abundance. 

Using chemical inducers of HIF and UPR pathways, we found that C5aR1 induction in 

LN229 under hypoxic stress is driven by UPR, rather than HIF signalling. The magnitude 

of UPR-mediated C5aR1 induction varied significantly between cell lines, with LN229 

cells exhibiting significant upregulation, while SF8628 cells showed only modest 

transcriptional changes and negligible protein-level induction. Regarding using chemical 

inducers to active HIF signalling, it should be noted that CoCl2 induces multiple HIF 

isoforms and lacks specificity for HIF-1 (Fang et al., 2016). Triple knockdown of UPR 

downstream effectors further supported the involvement of all three UPR branches in 

C5aR1 upregulation under hypoxia. Moreover, we observed a strong correlation between 

XBP1 and C5aR1 mRNA induction across multiple HGG and microglia cell lines, and a 

positive correlation between C5aR1 and UPR signatures in patient samples available on 

the TCGA database (Suwa et al., 2025). 

Mechanistically, recombinant C5a stimulation increased pRelA expression, 

implicating NF-κB activation as a downstream consequence of C5aR1 signalling. 

Although MAPK pathway activation was more difficult to detect following recombinant 
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C5a addition, this may reflect technical limitations such as transient activation windows 

or delayed sample collection. Nevertheless, our experiments using RelA OE and dual 

inhibition with Selumetinib and Avacopan suggested that C5aR1 activation engages both 

NF-κB and MAPK signalling axes, in line with other reports (Beach et al., 2023; Li et al., 

2020b; Schraufstatter et al., 2009). In SF8628 cells, dependence on MAPK signalling 

appeared greater than on the NF-κB pathway, despite the absence of reported mutation in 

BRAF, RAS or MEK that would typically drive constitutive MAPK activation. 

Under severe hypoxia, NF-κB signalling was diminished in both cell lines, 

indicating direct repression by hypoxic stress and consequently, further inhibition via 

C5aR1 blockade did not further suppress this pathway. This is different to another study 

that reported NF-κB pathway activation under hypoxia within 30 minutes, which is much 

earlier than our sample collection after 16 hours of hypoxic culture (Culver et al., 2010). 

In contrast, MAPK signalling was more consistently attenuated via C5aR1 gene silencing 

and pharmacological inhibition, particularly in LN229 cells, underscoring a predominant 

reliance on the MAPK survival signalling under hypoxic conditions. Our functional 

assays further support a pro-survival role for C5aR1 in HGGs, aligning with previous 

report that highlights complement proteins as drivers of GBM aggressiveness 

(Roumenina et al., 2019). Although C5aR1 knockdown had no significant effects on 

apoptosis under normoxia, it resulted in a significant reduction in cell survival, suggesting 

involvement of non-apoptotic death mechanisms such as necrosis, which requires further 

investigation. The use of pharmacological C5aR1 antagonist, Avacopan induced modest, 

but statistically significant apoptosis in LN229 cells under hypoxia, while SF8628 cells 

remained unresponsive. Clonogenic assays followed this trend, with mild reduction in 

LN229 survival after Avacopan treatment, but no significant effect in SF8628. The lack 

of response in SF8628 maybe be attributed by the lack of C5aR1 upregulation and 
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reduced levels of C5 ligand in this cell line under hypoxia. These findings underscore the 

context-specific nature of C5aR1 signalling, and suggest that therapeutic efficacy of 

C5aR1 inhibition may vary across HGG subtypes. 

Collectively, our data suggest that hypoxia-induced C5aR1 upregulation,  

mediated via the UPR, promotes glioma cell survival through activation of pro-survival 

signalling pathways. While genetic silencing of C5aR1 exerts more pronounced anti-

survival effects than pharmacological inhibition, antagonist such as Avacopan retain 

some therapeutic potential under hypoxia, particularly in GBM. The differential response 

to C5aR1 inhibition highlights the complexity of C5aR1 signalling in HGG and 

emphasises the need for context-dependent therapeutic approaches. Future studies could 

further explore combination strategies that pair C5aR1 inhibition with UPR-enhancing 

agents or stress modulators to maximise tumour-selective cytotoxicity. 
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Chapter 4 C5aR1 inhibition and radiotherapy 
 

4.1 Introduction 

Radiotherapy is the standard-of-care treatment for HGG, however, the overall 

survival remains relatively low, with no improvement in 5-year survival rate since the 

approval of TMZ + radiotherapy used in GBM (Frosina, 2023). Radioresistance remains 

as key challenge in HGG, contributing to tumour recurrence after initial therapy, 

affecting >90% of GBM and almost 100% of DMG patients (Navarria et al., 2016; Vanan 

and Eisenstat, 2015). One of the major barriers to radiotherapy efficacy is the highly 

immunosuppressive nature of the TME, characterised by limited T cell infiltration. Our 

previous studies demonstrated that C5aR1 plays a key role in promoting colorectal cancer 

cell survival  under irradiation, even in the context of a depleted immune milieu (Beach 

et al., 2023). Mechanistically, this radiosensitising effect was attributed to NF-B 

signalling, a well-established driver of radioresistance in cancer cells (Bhat et al., 2013). 

Given the immunosuppressive nature of HGGs, we hypothesised that C5aR1 may 

function as a regulator of radioresistance in glioma as well, due to its role in modulating 

canonical pro-survival signalling.  

Given that hypoxic regions have been reported in HGGs, and hypoxia has been 

widely implicated in promoting radioresistance, it is essential to investigate how oxygen 

availability influences cellular responses to irradiation in HGG. We first assessed the 

impact of C5aR1 inhibition in combination with irradiation under normoxic conditions 

by evaluating changes in pro-survival signalling and potential subsequent effects in 

apoptosis, cell proliferation and survival. This allowed us to isolate irradiation-specific 

changes before introducing the added variable of hypoxic stress. We then examined the 
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role of C5aR1 under combined hypoxia and irradiation to evaluate its potential 

contribution to hypoxia-driven radioresistance and its suitability as a therapeutic target in 

oxygen-deprived tumour regions. 
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4.2 Results 

4.2.1 C5aR1 expression under irradiation 

 

Firstly, we focused on the effect of radiation alone, under normoxic conditions. 

To assess C5aR1 expression under both non-irradiated and irradiated conditions, a single 

radiation dose of 9 Gy was selected based on our prior studies conducted in colorectal 

cancer models. C5aR1 mRNA expression was measured at two time points – 4 hours and 

24 hours post-irradiation, to capture potential temporary changes in expression. Across 

all HGG cell lines tested, no statistically significant changes in C5aR1 mRNA levels were 

observed at either time point following irradiation, except for the GBM cell line H4 

(Figure 4.1A-D). Although there was a transient downregulation of C5aR1 expression in 

H4 cells 4 hours post-irradiation, followed by a rebound, there was no statistical 

difference between 0 Gy control and 24 hours post-irradiation (Figure 4.1D). In addition, 

we also tested the mRNA expression of C5, the ligand for C5aR1. Similar to C5aR1, C5 

expression remained largely unaltered upon radiation across the tested HGG cell lines, 

except for a transient downregulation observed in SF8628 cells 4 hours post-irradiation 

(Figure 4.1E-F). 
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Figure 4.1 C5aR1 mRNA expression remains unchanged 24 h following irradiation 

mRNA expression of (A-D) C5aR1 and (E-F) C5 were assessed by qPCR in SF8628, 

LN229, A172 and H4 cells at 4 h and 24 h following 0 or 9 Gy irradiation. All mRNA 

levels were normalised to GAPDH and expressed as fold change relative to the level of 

expression at 0 Gy. Data presented as mean ± SEM of biological replicates. n=3. 

Statistical analysis was performed on unnormalised values using one-way ANOVA with 

Tukey’s test. *p≤0.05, **p≤0.01. 
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To validate C5aR1 expression at the protein level, flow cytometry was performed 

on SF8628 and LN229 cell lines. Consistent with the mRNA expression data in Figure 

4.1A, irradiation did not result in significant changes in C5aR1 protein levels in SF8628 

(Figure 4.2A). However, LN229 cells demonstrated a slight increase in both cell surface 

and total C5aR1 protein expression upon IR (Figure 4.2B). Additionally, we also directly 

compared C5aR1 protein levels between SF8628 and LN229 cells which revealed no 

statistically significant differences regardless of radiation dose (Figure 4.2C). 

 

 

Figure 4.2 Modest upregulation of C5aR1 protein expression in LN229 post-

irradiation 

Cell surface and total (intracellular + surface) protein expression of C5aR1 was assessed 

in SF8628 and LN229 cells via flow cytometry 24 h after 0 or 9 Gy irradiation.  

 

(A-B) Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis 

used two-way ANOVA with Fisher’s LSD test. *p≤0.05, **p≤0.01. 

(C) Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

two-way ANOVA with Šidák’s test. 
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4.2.2 Genetic silencing of C5aR1 under irradiation 

To assess whether C5aR1 may regulate NF-B and MAPK signalling following 

irradiation, we began with genetic silencing of C5aR1 to assess its role under irradiation 

stress, prior to examining the effects of pharmacological antagonists. Figure 4.3A-B 

shows that knockdown of C5aR1 in both SF8628 and LN229 cells resulted in a significant 

reduction in pRelA and pERK levels, regardless of radiation dose, suggesting attenuation 

of both NF-B and MAPK signalling pathways. Interestingly, in our previous C5aR1 KD 

experiments conducted under normoxic conditions (21% O2), no significant changes in 

NF-B signalling were observed in either cell lines, and MAPK signalling remained 

unchanged in SF8628. These discrepancies may be caused by differences in the timing of 

sample collection. Moreover, although C5aR1 KD resulted in reduced levels of pRelA in 

SF8628 cells, decrease in total RelA expression was also observed consistently. This 

complicates the interpretation of NF-B signalling activity, as it is unclear whether the 

reduction of pRelA reflects true pathway attenuation or is simply a consequence of 

diminished total protein levels. It is difficult to conclude whether C5aR1 KD suppresses 

NF-B pathway activation in SF8628 cells. Nonetheless, our data suggest that under 

irradiation, C5aR1 plays a role in the activation of both NF-B and MAPK signalling 

pathways, at least in LN229 cells. 
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Figure 4.3 Silencing C5aR1 attenuates both NF-B and MAPK signalling with or 

without irradiation 

(A) SF8628 and (B) LN229 cells were transfected with Scr or C5aR1 siRNA before 0 or 

9 Gy irradiation. Samples were harvested 24 h post-irradiation. Western blotting was 

carried out with the antibodies indicated. -actin was used as loading control. n=3 

 



Chapter 4 – C5aR1 inhibition and radiotherapy 

 131 

We continued to investigate the functional consequences of C5aR1 gene silencing 

in radiation treatment by assessing its impact on cell proliferation and apoptosis. C5aR1 

KD in LN229 cells led to a reduction in cell proliferation even in the absence of irradiation 

(0 Gy), likely reflecting the suppression of NF-B and MAPK signalling which are both 

known to promote cell proliferation (Figure 4.4A) (Huang et al., 2015; Zhang et al., 2017). 

Importantly, the anti-proliferative effect of C5aR1 inhibition was more significant under 

irradiated conditions, with much slower cell growth in siC5aR1 cells at 9 Gy, compared 

to siScr controls at 9 Gy. In fact, there was almost no cell growth observed in the siC5aR1 

+ 9 Gy treated cells. In addition to reduced proliferation, the combination of C5aR1 

silencing and irradiation also resulted in higher apoptotic counts than irradiation alone in 

both SF8628 and LN229 cells (Figure 4.4B-C). Irradiation alone already resulted in 

significantly more apoptosis events but combining it with C5aR1 KD enhances apoptosis 

even further, highlighting the importance of C5aR1 in protecting cells from radiation 

damage. 
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Figure 4.4 C5aR1 inhibition exerts greater anti-proliferation and anti-apoptosis 

effects under irradiation 

SF8628 and LN229 cells were transfected with Scr or C5aR1 siRNA before 0 or 9 

Gy irradiation.  

(A) LN229 cells were counted after irradiation, and represented as fold change in 

relative to the cell number on day 0. Data presented as mean ± SEM of biological 

replicates. n=3 Statistical analysis used two-way ANOVA with Tukey’s test for cell 

number on the final day of counting.  

(B-C) At least 100 cells were analysed per condition via apoptosis assay 24 h post-

irradiation. Data presented as mean ± SEM of biological replicates. n=3 and n=4 

respectively. Statistical analysis used two-way ANOVA with Fisher’s LSD test. 

*p≤0.05, **p≤0.01, ****p≤0.0001. 
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Irradiation is well known to exert anti-survival effects in a dose-dependent manner. 

In our study, we found that C5aR1 inhibition functions as a potential radiosensitiser in 

HGGs. In both SF8628 and LN229 cells, C5aR1 KD significantly reduced the surviving 

fractions of cells compared to siScr controls at matched radiation dose (Figure 4.5A-B). 

Conversely, C5aR1 overexpression conferred a radioprotective effect, in which it 

enhanced cell survival, with the effect being more prominent under irradiated conditions 

(Figure 4.5C). To isolate the effects of C5aR1 gene silencing under irradiation, survival 

fractions at each radiation dose were normalised to the respective 0 Gy control for each 

siRNA treatment. Of note, a radiation dose of 4 Gy was selected for clonogenic assays 

instead of 9 Gy which was used for most other experiments, due to the practical 

limitations associated with colony formation at higher radiation doses in this cell line. 

Taken together, these findings support the potential of C5aR1 inhibition in enhancing 

radiosensitivity in HGGs. 
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Figure 4.5 C5aR1 knockdown enhances cell radiosensitivity 

(A-B) SF8628 and LN229 cells were transfected with Scr or C5aR1 siRNA, then 

irradiated at 0 or 9 Gy. Cell survival was assessed via clonogenic assay. Data point 

presented as mean ± SEM of biological replicates, with extrapolated line of best fit. n=3. 

Statistical analysis used two-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01.  

 

(C) SF8628 cells were transfected with empty vector or C5aR1 overexpressing plasmids. 

Cell survival was assessed via clonogenic assay. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis used two-way ANOVA with Šidák’s test. 

*p≤0.05, **p≤0.01.  
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4.2.3 Pharmacological C5aR1 inhibition under irradiation 

Our previous work in colorectal cancer models showed that PMX205 exerts its 

effects more effectively when administered prior to irradiation, acting as a priming agent 

that enhances susceptibility to radiation damage (Beach et al., 2023). Building upon these 

findings, we optimised the timing of PMX205 pre-treatment in HGG cells, ranging from 

1 to 72 hours before irradiation (Appendix A, Figure A.2). The most pronounced effects 

were observed when PMX205 was administered 72 hours prior to irradiation. Despite its 

role as a C5aR1 antagonist, PMX205 had no significant impact on NF-B signalling in 

both SF8628 and LN229 cells in this setting (Figure 4.6A-B). In contrast, PMX205 

resulted in a marked reduction in pERK levels, both in the presence and absence of 

irradiation in LN229 cells, suggesting attenuation of MAPK signalling. Unexpectedly, no 

consistent changes in MAPK signalling were observed in SF8628 cells (quantification of 

bands are shown in Appendix A, Figure A.3). Although we cannot exclude the possibility 

of missed changes in pRelA levels due to timing of sample collection, our current data 

suggest that the primary mode of action of PMX205 involves attenuation of the MAPK 

signalling pathway, rather than NF-B modulation, at least in LN229 cells. 
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Figure 4.6 PMX205 attenuates MAPK signalling with or without irradiation 

Vehicle (water) or PMX205 was added to (A) SF8628 and (B) LN229 cells for 72 h 

before 0 or 9 Gy irradiation. Samples were harvested 24 h post-irradiation. Western 

blotting was carried out with the antibodies indicated. -actin was used as loading 

control. n=3 
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Functionally, given that PMX205 did not alter pro-survival signalling in SF8628 

cells, we also did not observe any significant apoptotic changes with PMX205 treatment 

in SF8628 cells, as expected (Figure 4.7A). In LN229 cells, PMX205 treatment resulted 

in only a modest increase in apoptotic count, which appeared to be independent of 

irradiation dose, mirroring the attenuation of MAPK signalling previously observed with 

PMX205 treatment (Figure 4.7B). A similar trend was observed when cell survival was 

assessed via clonogenic assays: PMX205 treatment resulted in a slight reduction in 

surviving fraction of LN229 cells at both 0 and 9 Gy, while no significant effects were 

observed in SF8628 cells (Figure 4.8A-B). Collectively, these findings suggest that 

PMX205 exerts modest anti-survival effects in HGGs, with limited capacity to enhance 

radiation-induced cytotoxicity even after prolonged treatment duration.  

 

Figure 4.7 Modest pro-apoptotic effects of PMX205 in LN229 

Vehicle (water) or PMX205 was added to (A) SF8628 and (B) LN229 cells for 72 h before 

irradiation at 0 or 9 Gy. At least 100 cells were analysed per condition via apoptosis assay 

24 h post-irradiation. Data presented as mean ± SEM of biological replicates. n=3. 

Statistical analysis used two-way ANOVA with Fisher’s LSD test. *p≤0.05.  
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Figure 4.8 PMX205 improves radiosensitivity of LN229 

Vehicle (water) or PMX205 was added to (A) SF8628 and (B) LN229 cells for 72 h 

before irradiation at 0 or 4 Gy. Cell survival was assessed via clonogenic assay. Data 

presented as mean ± SEM of biological replicates. n=3. Statistical analysis used two-

way ANOVA with Šidák’s test. **p≤0.01. ***p≤0.001. 
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Due to the limited functional effects observed with PMX205 in combination with 

irradiation, particularly in DMG cells, we extended our investigation to another selective 

C5aR1 antagonist, Avacopan, under radiation stress. Again, we used pRelA and pERK 

expression as downstream readouts of C5aR1 inhibition. While PMX205 had no 

significant effects on NF-B signalling, Avacopan exhibited context-dependent 

modulation on this pathway. In SF8628 cells, Avacopan treatment led to an increase in 

pRelA level at 0 Gy; however, upon irradiation, it resulted in a slight reduction in pRelA 

level, and a marked suppression of pERK compared to vehicle controls, suggesting that 

Avacopan attenuated pro-survival signalling only when combined with irradiation in this 

cell line (Figure 4.9A).  

In LN229 cells, Avacopan consistently reduced pERK expression regardless of 

irradiation dose, indicating significant attenuation of MAPK signalling (Figure 4.9B). 

Although a decrease in pRelA was also observed under both non-irradiated and irradiated 

conditions in some instances, this effect was not reproducible, implying that in both HGG 

cells lines, Avacopan primarily modulates the MAPK signalling pathway. Quantification 

of bands are shown in Appendix A, Figure A.4. Of note, a higher concentration of 

Avacopan and an extended pre-treatment duration were required to detect changes in pro-

survival signalling in SF8628 cells compared to LN229 cells. Yet, changes in MAPK 

signalling were more prominent in LN229 cells, further highlight the potential of cell 

line-specific differences in drug sensitivity or C5aR1 signalling dynamics.  
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Figure 4.9 Avacopan attenuates both NF-B and MAPK in a context-dependent 

manner 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 (48 h) and (B) LN229 (24 h) 

before irradiation at 0 or 9 Gy. Samples were harvested 24 h post-IR. Western blotting 

was carried out with the antibodies indicated. -actin was used as loading control. n=3 
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MAPK signalling plays a key role in cell cycle progression through regulating 

cyclin D1 expression (Lavoie et al., 1996). Interestingly, despite the observed attenuation 

of MAPK signalling following Avacopan treatment, no changes in cell cycle distribution 

were observed in both DMG and GBM cell lines (Figure 4.10A-B). To quantify cell cycle 

phases, cells were stained with propidium iodide (PI), which binds to DNA. Subsequent 

flow cytometry analysis enables assessment of DNA content across G1, S and G2 phases. 

As expected, exposure to 9 Gy irradiation induced cell cycle arrest, as shown by marked 

increased in the G2 population. However, Avacopan treatment did not lead to significant 

shifts in the population of cells within G1, S, or G2 phases when compared to vehicle-

treated cells, irrespective of irradiation dose. 

 

 

Figure 4.10 Avacopan does not alter the cell cycle 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (48 h) and (B) LN229 cells 

(24 h) before irradiation at 0 or 9 Gy. Cell cycle was analysed via flow cytometry 16 h 

post-irradiation. Data presented as mean ± SEM of biological replicates. Statistical 

analysis used one-way ANOVA with Tukey’s test. n=3.  
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To assess whether Avacopan modulates cell proliferation similarly to C5aR1 KD, 

we performed 7-8 days growth analyses combined with or without irradiation. At baseline 

(0 Gy), Avacopan treatment unexpectedly exhibited a trend towards increased 

proliferation, particularly between day 6-8 of measurement in both SF8628 and LN229 

cells (Figure 4.11A-B). However, this effect did not reach statistical significance. 

Irradiation alone resulted in a pronounced suppression of cell growth, reflected by a 

plateaued proliferation curve. Under irradiated conditions, repeated dosing with 

Avacopan resulted in a modest, yet statistically significant reduction in cell proliferation 

on the final day of measurement, suggesting that its effects may be potentiated by 

radiation stress. Avacopan treatment therefore recapitulated the anti-proliferative trend 

observed with C5aR1 gene silencing. 
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Figure 4.11 Modest reduction in cell proliferation with Avacopan treatment 

under irradiation 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 (48 h) and (B) LN229 cells  

(24 h) on day 0, with subsequent dosing coinciding with each cell counting time point. 

Cells were irradiated at 0 or 9 Gy on day 2 for SF8628 cells, and on day 1 for LN229 

cells. Cell number was counted on the following dates. Data presented as mean ± SEM 

of biological replicates. n=3. Statistical analysis used two-way ANOVA with Tukey’s 

test. *p≤0.05, ***p≤0.001. 

 



Chapter 4 – C5aR1 inhibition and radiotherapy 

 144 

We continued to evaluate the functional effects of Avacopan in HGG models by 

performing apoptosis assays under irradiated and non-irradiated conditions. As expected, 

irradiation alone significantly increased apoptotic count by around 25%. Notably, the 

combination of irradiation with Avacopan treatment resulted in a further increase in 

apoptotic count across all cell lines tested (Figure 4.12A-D). Although the increases in 

apoptosis were modest, they were significant. Importantly, this pro-apoptotic effect of 

Avacopan was only observed under irradiated conditions, as treatment under 0 Gy did not 

elicit significant changes in cell death. These findings indicate that Avacopan did not act 

as a direct cytotoxic agent but rather potentiated radiation-induced apoptosis. 
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Figure 4.12 Pro-apoptotic effect of Avacopan was only evident under irradiation 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (48h), (B-D) LN229, H4 

and A172 cells (24 h) before irradiation at 0 or 9 Gy. At least 100 cells were analysed 

per condition via apoptosis assay 24 h post-irradiation. Data presented as mean ± SEM 

of biological replicates. n=3. Statistical analysis used two-way ANOVA with Fisher’s 

LSD test. *p≤0.05, **p≤0.01, ****p≤0.0001. 
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Next, we investigated the anti-survival of Avacopan using two approaches. First, 

a dose-response MTT cell viability assay was performed across a range of Avacopan 

concentrations. In Figure 4.13A-B, data for each condition were normalised to the 

corresponding 0 M control within each radiation dose group (e.g. 0 Gy 0 M vs 0 Gy 4 

M; 4 Gy 0 M vs 4 Gy 4 M) to isolate drug-specific effects. Under non-irradiated 

conditions, Avacopan treatment up to 8 M did not significantly impact cell viability in 

either SF8628 or LN229 cells (Figure 4.13A-B). In contrast, under irradiation, Avacopan 

significantly decreased cell viability in a dose-dependent manner from 1-2 M onwards, 

indicating that its anti-survival effect is potentiated by radiation, and is otherwise 

negligible in non-stressed condition, at least for doses below 8 M. 

To evaluate the sustained effects of Avacopan treatment, clonogenic survival 

assays were also performed using fixed concentrations tailored to each cell line. In 

alignment with earlier viability data, Avacopan alone did not significantly affect cell 

survival under non-irradiated conditions in SF8628 and LN229 cells (Figure 4.14A-B). 

However, when combined with irradiation, Avacopan treatment resulted in a significant 

reduction in cell survival in both cell lines. A comparable trend was also observed in 

another GBM cel line H4, which similarly exhibited reduced in survival when Avacopan 

was combined with irradiation treatment (Figure 4.14C).  These findings all support the 

role of Avacopan as a radiosensitiser in HGGs, enhancing cellular susceptibility to 

radiation-induced cytotoxicity. 
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Figure 4.13 Avacopan reduces cell viability at a lower concentration under 

irradiation 

0-16 uM Avacopan was added to (A) SF8628 and (B) LN229 cells for 24 h before 0 

or 9 Gy irradiation. Cell viability was assessed using MTT assay 24 h post-irradiation 

and normalised to the corresponding 0 uM control for each radiation condition. Data 

presented as mean ± SEM of biological replicates. n=3. Statistical analysis between 

each condition and the corresponding 0 uM control was performed using two-way 

ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Figure 4.14 Avacopan improves radiation sensitivity of HGGs 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (48 h), (B) LN229 and 

(C) H4 (24 h) before 0-6 Gy irradiation. Cell survival was assessed via clonogenic 

assay. Data point presented as mean ± SEM of biological replicates, with extrapolated 

line of best fit. n=3. Statistical analysis used two-way ANOVA with Šidák’s test. 

*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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4.2.4 Hypoxia and Radioresistance 

Having established the potential role of C5aR1 in modulating radiosensitivity of 

HGG cells, we next aimed to assess if this impact persists under hypoxic stress. Due to 

limited oxygen availability to react with free radicals to exert indirect damage, hypoxia 

is a well-established contributor to cell radioresistance. Given the hypoxic nature of 

HGGs, we first confirmed that both SF8628 and LN229 cells were less sensitive to 

radiation following exposure to <0.1% O2 for 16 hours prior to irradiation (Figure 4.15A-

B) (Evans et al., 2004; Yeom et al., 2015). To maintain hypoxic conditions during 

irradiation, cells were transferred directly from the hypoxia chamber into sealed, airtight 

irradiation boxes, remaining under hypoxia throughout the irradiation process (as 

described in methods section 2.2.6). Following irradiation, cells were returned to 

normoxic (21% O2) conditions for colony formation, due to the technical challenges 

associated with sustaining long-term cell growth under hypoxia. Nevertheless, the 

calculated OER was approximately 2.8 for SF8628 cells and 2.2 for LN229 cells, meaning 

these cells were at least two times more resistant to irradiation under severe hypoxia. 

Figure 4.15 Hypoxia contributes to radioresistance in HGGs 

(A) SF8628 and (B) LN229 cells were exposed to 21% or <0.1% O2 for 16 h, followed 

by 0 or 9 Gy irradiation. Cell survival was assessed via clonogenic assay. Data 

presented as mean ± SEM of biological replicates, with extrapolated line of best fit. 

n=3. Statistical analysis of each radiation dose between two oxygen levels used two-

way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, ****p≤0.0001. 
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Since we previously observed an induction of C5aR1 expression under severe 

hypoxia, as shown in Figure 3.2, we therefore next assessed whether irradiation in a 

hypoxic environment would further modulate C5aR1 levels. SF8628 and LN229 cells 

were irradiated under <0.1% O2 and C5aR1 mRNA levels were measured 24 hours later. 

Surprisingly, no significant changes in C5aR1 expression were observed in either cell line 

under hypoxia + irradiation compared to hypoxia alone, though we might have missed 

any transient changes post-irradiation due to timing of sample collection or re-

oxygenation (Figure 4.16A-B). The combination of hypoxic and irradiation stress did not 

appear to synergistically influence C5aR1 levels. Although LN229 showed a trend 

towards increased C5aR1 expression following irradiation at both 0 Gy and 9 Gy, the 

difference did not reach statistical significance due to biological variability across 

replicates.  

Figure 4.16 C5aR1 expression remains unchanged following irradiation under 

hypoxic conditions 

(A) SF8628 and (B) LN229 cells were exposed to 21% or <0.1% O2 for 16 h, then 

irradiated at 0 or 9 Gy. mRNA expression of C5aR1 were assessed via qPCR 24 h post-

irradiation. All mRNA levels were normalised to 18S and expressed as fold change 

relative to the level of expression of 21% 0 Gy. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis was performed on unnormalised values 

using two-way ANOVA with Šidák’s test. 
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Building on our investigation of C5aR1 expression changes, we next sought to 

determine whether C5aR1 remains functionally important for modulating glioma cell 

responses to irradiation under hypoxia. In both SF8628 and LN229 cells, C5aR1 

knockdown resulted in a modest reduction in pRelA levels following 9 Gy irradiation at 

under <0.1% O2, compared to siScr controls (Figure 4.17A-B). However, this decrease in 

pRelA was accompanied by a concurrent reduction in total RelA expression, 

complicating interpretation of NF-B pathway activity, as it remains unclear whether 

reduced pRelA levels was truly attenuation of NF-B signalling or simply diminished 

protein abundance. A similar trend was observed for MAPK signalling in SF8628 cells, 

where C5aR1 KD reduced both pERK and total ERK levels under hypoxia, making it 

difficult to draw definitive conclusions regarding pathway modulations in this cell line 

(Figure 4.17A).  

  In contrast, LN229 cells exhibited a more consistent, definitive response. C5aR1 

KD robustly attenuated MAPK signalling, as indicated by a significant reduction in pERK 

levels across both normoxic and hypoxic conditions, and independent of irradiation dose 

or oxygen level (Figure 4.17B). Notably, in siScr-treated controls, pERK levels were 

elevated under hypoxia and further increased following irradiation. However, C5aR1 

silencing successfully restored pERK to levels comparable to normoxic siC5aR1-treated 

cells.  These findings suggest that C5aR1 maintains its ability to regulate MAPK 

signalling under combined hypoxic and radiation stress, at least within LN229 cells. 
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Figure 4.17 C5aR1 modulates MAPK signalling in LN229 under combined hypoxic 

and radiation stress 

(A) SF8628 and (B) LN229 cells were transfected with Scr or C5aR1 siRNA before 

exposure to 21% or <0.1% O2 for 16 h. Following hypoxia exposure, cells were irradiated 

at 0 or 9 Gy. Samples were harvested 24 h post-irradiation. Western blotting was carried 

out with the antibodies indicated. -actin was used as loading control. n=3 
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Functionally, 4 Gy irradiation alone had a diminished anti-survival effect on both 

cell lines under hypoxic conditions compared to normoxia, consistent with the known 

role of hypoxia in promoting radioresistance as demonstrated in Figure 4.15. To allow 

direct comparison of treatment effects between 0 Gy and 4 Gy within each oxygen level, 

all data at 21% O₂ were normalized to the 21% 0 Gy Scr control, and all data at <0.1% 

O₂ were normalised to the <0.1% 0 Gy siScr control. This approach enabled clearer 

interpretation by isolating relative changes within each oxygen level, minimising 

confounding effects of baseline differences between normoxic and hypoxic conditions. 

Relative to these controls, Figure 4.18A-B shows that C5aR1 KD significantly reduced 

cell survival across both non-irradiated and irradiated conditions at both oxygen levels. 

These survival effects were consistent with prior findings under normoxia (Figure 4.5) 

and were maintained following hypoxic treatment. Together, these results demonstrate 

that C5aR1 supports glioma cell survival in both normoxic and hypoxic environments, 

and that its silencing enhances radiosensitivity even under conditions typically associated 

with resistance.  

 

 

 

 

 

 

 

Figure 4.18 Radiosensitising effects of C5aR1 silencing retains under hypoxia 

(A) SF8628 and (B) LN229 cells were transfected with Scr or C5aR1 siRNA before 

exposure to 21% or <0.1% O2 for 16 h. Cells were then irradiated at 0 or 4 Gy. Cell 

survival was assessed via clonogenic assay. Data presented as mean ± SEM of biological 

replicates. n=3. Statistical analysis used two-way ANOVA with Tukey’s test. *p≤0.05, 

**p≤0.01, ***p≤0.001. 
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We next explored whether pharmacological inhibition of C5aR1 could similarly 

enhance radiosensitivity and offer a more clinically translatable therapeutic strategy 

compared to genetic knockdown. In SF8628 cells, treatment with PMX205 did not affect 

pRelA expression under normoxia, same as what we previously observed in Figure 4.6. 

At hypoxic conditions, PMX205 treatment resulted in a modest reduction in pRelA levels, 

at both 0 Gy and 9 Gy (Figure 4.19A). However, no comparable decrease was observed 

in LN229 cells, suggesting that PMX205-mediated attenuation of NF-B signalling may 

be cell line-specific in the context of hypoxia and irradiation (Figure 4.19B). In contrast, 

PMX205 treatment resulted in a more pronounced reduction in pERK levels in LN229 

cells when combined with irradiation, especially under hypoxic conditions, resembling 

the MAPK suppression effect seen with C5aR1 KD under hypoxia (Figure 4.17B). While 

this observation supports the potential of PMX205 attenuating MAPK signalling under 

stress conditions, the concurrent reductions in total ERK levels complicates interpretation 

of PMX205-indued modulation of pro-survival signalling pathways in these cells.   

To determine whether the observed modulations of pro-survival pathways 

translate into functional outcomes, we assessed the impact of PMX205 on the survival of 

HGG cells under both hypoxia and irradiation. Despite modest reduction in pRelA levels, 

PMX205 treatment had no significant impact on the survival of SF8628 cells under all 

condition tested (Figure 4.20A). Similarly, despite potential attenuation of MAPK 

signalling in LN229 cells, PMX205 treatment only resulted in a modest reduction in cell 

survival at 0 Gy, under hypoxia only (Figure 4.20B). We also prolonged the pre-treatment 

duration of PMX205, but a similar trend was observed with no significant reduction in 

cell survival (data not included). These findings suggest that the anti-survival effects of 

PMX205 are limited and are insufficient to enhance radiosensitivity in our HGG models. 
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Overall, PMX205 appears to have limited efficacy as a radiosensitiser in the context of 

hypoxia.  

 

Figure 4.19 Modest changes in pro-survival signalling with PMX205 when combined 

with irradiation, under hypoxia 

Vehicle (water) or PMX205 was added to (A) SF8628 and (B) LN229 cells for 32 h before 

exposure to 21% or <0.1% O2 for 16 h. Cells were then irradiated at 0 or 9 Gy and samples 

were harvested 24 h post-irradiation. Western blotting was carried out with the antibodies 

indicated. H3 was used as loading controls. n=3. 
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Figure 4.20 Limited anti-survival effects of PMX205 under hypoxia and 

irradiation  

Vehicle (water) or PMX205 was added to (A) SF8628 and (B) LN229 cells for 32 h 

before exposure to 21% or <0.1% O2 for 16 h. Cells were then irradiated at 0 or 4 Gy 

and incubated at 21% post-irradiation. Cell survival was assessed via clonogenic assay. 

Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis used 

two-way ANOVA with Tukey’s test. *p≤0.05. 
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Given the limited radiosensitising effects observed with PMX205, we turned our 

attention to Avacopan, to evaluate whether a different pharmacological inhibition strategy 

could more effectively impair HGG cell survival under both hypoxic and irradiation stress. 

Although modest reductions in both pRelA and pERK expression were observed in 

SF8628 cells following Avacopan treatment under hypoxic and irradiation, there were 

again concurrent changes at the total protein levels (Figure 4.21A).  To our surprise, no 

major changes in pro-survival signalling were detected in LN229 cells, which was 

different to what we previously observed, at least with irradiation under normoxia, this 

difference was potentially caused by different treatment duration and sampling time 

collection (Figure 4.21B).  

Functionally, in SF8628 cells, dual treatment with Avacopan and irradiation 

reduced cell survival under both normoxic and hypoxic conditions, compared to vehicle-

treated irradiated controls (Figure 4.22A). No anti-survival effects were observed without 

irradiation, consistent with what we previously observed (Figure 4.14). A similar trend 

was observed in the GBM cell lines LN229 (even with the lack of pro-survival signalling 

changes observed) and H4, where the radiosensitising effects of Avacopan under 

normoxia were sustained in hypoxic conditions, despite its association with increased 

radioresistance (Figure 4.22B-C). Collectively, these data indicate that Avacopan can 

enhance radiation-induced cytotoxicity in glioma cells even under hypoxic stress in two-

dimensional (2D) culture, supporting its potential as a radiosensitising agent across 

multiple HGG models.  
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Figure 4.21 Avacopan did not modulate pro-survival signalling in LN229 cells under 

hypoxia irradiation 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (4 M, 32 h) and (B) 

LN229 cells (2 M, 8 h) before exposure to 21% or <0.1% O2 for 16 h. Following 

hypoxia exposure, cells were irradiated at 0 or 9 Gy. Samples were harvested 24 h post-

irradiation. Western blotting was carried out with the antibodies indicated. -actin was 

used as loading control. n=3. 
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Figure 4.22 Avacopan enhances radiation-induced cytotoxicity under both 

normoxic and hypoxic conditions 

Vehicle (DMSO) or Avacopan was added to (A) SF8628 cells (32 h), (B) LN229 and 

(C) H4 cells (8 h) before exposure to 21% or <0.1% O2 for 16 h. Cells were then  

irradiated at 0 or 4 Gy and incubated at 21%. Cell survival was assessed via clonogenic 

assay. Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis 

used two-way ANOVA with Tukey’s test. *p≤0.05. 
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To better mimic the TME in vitro, we attempted to culture HGG cells as three-

dimensional (3D) spheroids, of which the GBM cell line LN229 was successful. 

Spheroids are known to develop hypoxic cores due to diffusion limitations of 3D 

structures. Before assessing radiation responses of these spheroids, we first validated the 

presence of hypoxic regions within spheroids cultured in a normoxic (21% O2) incubator. 

LN229 spheroids of varying diameters were harvested and their sizes were measured just 

before collection. Spheroids were then categorised into four size groups, with monolayer 

cultures (0 m) serving as controls. qPCR analysis confirmed  that the longer the spheroid 

diameter, the higher the hypoxia-associated genes CAIX and XBP1, confirming validity 

of our spheroids as hypoxic models (Figure 4.23A-B). In parallel, C5aR1 mRNA levels 

similarly increased with spheroid size, most notably in spheroids exceeding 500 m in 

diameter (Figure 4.23C). The pattern of C5aR1 upregulation closely mirrored that of 

XBP1, consistent with our earlier findings that C5aR1 transcription is induced via UPR 

activation under hypoxic stress. 

Figure 4.23 Hypoxic signatures and C5aR1 increase as spheroid size increases 

mRNA expression of (A) CAIX and (B) XBP1 and (B) C5aR1 were assessed by qPCR 

in LN229 spheroids of different sizes and monolayer cells. Each biological repeat 

contains 6-7 spheroids harvested together. All mRNA levels were normalised to 18S. 

Data presented as mean ± SEM of biological replicates. n=4. analysis used one-way 

ANOVA with Dunnett’s test. *p≤0.05, **p≤0.01, ***p≤0.001. 
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Unexpectedly, under non-irradiated conditions, treatment with a single dose of 

C5aR1 antagonists PMX205 or Avacopan promoted spheroid growth, despite the use of 

concentrations higher than those applied in 2D monolayer cultures to account for limited 

drug penetration in 3D structures (Figure 4.24A-B). Initially, the antagonists had minimal 

impact on spheroid size for the first few days. However, from approximately day 8 

onward, spheroids treated with either PMX205 or Avacopan began to exhibit increased 

growth rates compared to vehicle-treated controls. By the end of the 18-day observation 

period, spheroid diameters in the PMX205- and Avacopan-treated groups were 

significant larger than vehicle controls, indicating these antagonists enhance tumour cell 

proliferation in 3D culture systems in the absence of radiation. 

 

 

 

 

Figure 4.24 PMX205 and Avacopan promote spheroid growth  

LN229 spheroids were treated with a single dose of vehicle (water or DMSO), (A) PMX205, 

or (B) Avacopan at the indicated concentrations. Diameter of spheroids were measured for 18 

days after drug administration. Data presented as mean ± SEM of biological replicates. n=12. 

Analysis of diameter on day 18 used one-way ANOVA with Dunnett’s test. *p≤0.05, **p≤0.01, 

****p≤0.0001. 
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Given the unexpected growth effects of C5aR1 antagonists in non-irradiated 

spheroids, we next determined whether these inhibitors could sensitise spheroids to 

irradiation. LN229 spheroids were irradiated at 8 Gy, a dose previously established in our 

colorectal cancer studies to model combined hypoxic and irradiation stress in 3D culture. 

As shown in Figure 4.25A-B, irradiation alone markedly inhibited spheroid growth and 

addition of C5aR1 antagonists failed to enhance the anti-growth effect under irradiation 

in the same manner as observed in 2D culture. Instead, 12 M PMX205 sustained 

spheroid growth even in the irradiated settings, mirroring its effects under non-irradiation 

conditions (Figure 4.25C). A similar pattern was observed with 7 M Avacopan, which 

also promoted spheroid expansion following irradiation (Figure 4.25D). These findings 

indicate that, in contrast to their effects in 2D monolayer cultures, both PMX205 and 

Avacopan are insufficient to radiosensentise 3D spheroid models of LN229, and may 

even confer a survival advantage under irradiation depending on the doses of antagonists.  
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Figure 4.25 PMX205 and Avacopan are insufficient to radiosensitise LN229 

spheroids in 3D settings 

LN229 spheroids were treated with vehicle (water or DMSO), PMX205, or Avacopan at 

the indicated concentrations on day 1. Cells were irradiated at (A) 0 or (B) 8 Gy on day 2.  

Diameter of spheroids were measured for 18 days after drug administration. (C-D) part of 

the same experiment as (B). Data presented as mean ± SEM of biological replicates. n=12. 

Analysis of diameter on day 18 used one-way ANOVA with Dunnett’s test. *p≤0.05, 

***p≤0.001. 
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4.3 Discussion 

In this chapter, we demonstrated that C5aR1 is a critical regulator of pro-survival 

signalling and radiation sensitivity in HGG. Through both genetic and pharmacological 

inhibition approaches, we showed that targeting C5aR1 could impair key survival 

pathways and enhances the vulnerability of glioma cells to radiation-induced cytotoxicity, 

even under the challenging conditions of severe hypoxia, at least in 2D monolayer culture. 

Unlike hypoxic stress, irradiation did not significantly modulate the expression of C5aR1 

or C5 at the 24-hour time point. Although a statistically significant increase in C5aR1 

protein levels was observed post-irradiation in LN229 cells, the changes were less than 

50%, suggesting it may lack biological relevance and instead reflect low variability in the 

biological repeats.  

The timing of sample collection remains a challenge when assessing changes in 

pro-survival signalling pathways. For instance, while NF-B activation was not 

consistently altered 72 hours post-siC5aR1 transfection under normoxic conditions, we 

consistently observe a reduction in pRelA level at 0 Gy, 96 hours following siC5aR1 

transfection. These findings highlight the transient and context-depending nature of NF-

B signalling. In addition, while clonogenic assays provided important insights into the 

impact of C5aR1 inhibition on radiosensitivity, extrapolation of survival curves beyond 

available data points was necessary due to limitations in colony formation at higher 

radiation doses (>6 Gy). This introduces a degree of uncertainty in the predicted survival 

at higher doses, and highlights a technical limitation of the assay in these HGG models.   

Among the two pharmacological C5aR1 inhibitors tested, Avacopan exhibited a 

more pronounced radiosensitising effect than PMX205 in 2D monolayer cultures. 
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However, the observed attenuation of NF-B signalling was modest and restricted with 

SF8628 cells, with no detectable effects in LN229 cells under conditions of irradiation in 

hypoxia. This could potentially be due to missed changes in pRelA level due to timing of 

sample collection, but if it is true that there were no changes in NF-B signalling 

activation with Avacopan treatment, it contrasts with the robust suppression observed 

with siRNA-mediated knockdown. Avacopan may exhibit lower efficacy in inhibiting 

C5aR1 compared to genetic knockdown, a finding that aligns with expectations. 

Nevertheless, it was encouraging that both genetic and Avacoapn-induced C5aR1 

inhibition enhanced radiosensitivity of HGGs under hypoxic stress in 2D culture, which 

are conditions that more closely resemble the hypoxic TME. Importantly, the 

radiosensitising effects of C5aR1 inhibition were preserved even within the hypoxic 

microenvironment which is typically associated with therapeutic resistance. This 

sustained impact implies that C5aR1 may mediate survival through hypoxia-compatible 

signalling mechanisms, such as MAPK activation or UPR-linked stress adaptation, which 

remain targetable despite oxygen deprivation.  

Unfortunately, these promising effects did not translate into our 3D spheroid 

model. In LN229 spheroids, both PMX205 and Avacopan not only failed to enhance 

radiation response, but unexpectedly promoted spheroid growth, even under irradiation. 

These results raise concerns regarding the translational potential of C5aR1 inhibition as 

a radiosensitising agent in HGGs, and highlight the need for further investigation using 

more physiologically relevant models. Overall, while C5aR1 remains a mechanistically 

interesting target, its role as a therapeutic radiosensitiser may be limited by context-

specific factors such as 3D architecture and drug penetration in HGG cells.
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Chapter 5 Microglia and glioma 

5.1 Introduction 

Microglia and macrophages in HGG, collectively known as TAMs constitute up 

to 30% of tumour mass, forming a major component to the glioma TME and modulating 

tumour behaviours (Bowman et al., 2016; Müller et al., 2015). Both glioma and microglia 

cell populations are known to express C5aR1 and engagement with C5aR1 have been 

reported to upregulate release of pro-inflammatory TNF- and IL-6 in microglia, which 

play dual roles in supporting phagocytosis to inhibit tumour growth, while also promoting 

therapy resistance (An et al., 2018; Ren et al., 2023; Wei et al., 2021; Zhang et al., 2024). 

TAMs promote HGG progression by supporting glioma proliferation, migration 

and invasion through secretion of factors such MMP, TGF-, IL-1 and IL-6  (Liu et al., 

2021; Markovic et al., 2005; Wesolowska et al., 2007; Zhang et al., 2012).  A previous 

study reported that GBM releases TGF- to activate resting microglia into a specific 

subtype termed as HGG-associated microglia (HGG-AM) (Liu et al., 2021). These HGG-

AM cells are characterised by elevated expression of apolipoprotein E (APOE), a protein 

linked to pro-inflammatory activity through its interaction with the nucleotide-binding 

domain, leucine-rich-containing gamily, pyrin domain-containing-1 (NLRP1) 

inflammasome. Activated pro-inflammatory HGG-AM then secrete IL-1, which feeds 

back into GBM to stimulate GBM proliferation and growth. A schematic adapted 

description of this study is shown in Figure 5.1. Given the abundance of TAM, the high 

expression of C5aR1 in these cells, and their role in shaping tumour growth and treatment 

resistance, this chapter focuses on understanding the impact of targeting C5aR1 in 

microglia and how this might impact treatment response of HGG. 
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Figure 5.1 Schematic representation of reported GBM-microglia interaction  

Adapted from Ling et al., (2023). GBM activates resting microglia into pro-

inflammatory HGG-AM, which in turn stimulates proliferation of GBM, forming a 

positive feedback loop. Figure created on biorender.com. 
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5.2 Results 

5.2.1 Microglia supports HGG viability 

Before investigating the direct effects of C5aR1 inhibition on microglia, we first 

investigated the importance of microglia and macrophages in supporting HGG. Indirect 

co-culture experiments were performed using conditioned media (CM) to assess if 

microglia secrete any chemokines that favour glioma survival. CM was collected from 

hSV40 microglia-like cells and M differentiated from peripheral blood mononuclear 

cells (PBMCs) derived from healthy patients. As illustrated in Figure 5.2A, both 

microglia and M were subjected to 0 or 9 Gy irradiation, then the resulting CM was 

collected and transferred to SF8628 and LN229 glioma cells for 24 hour, followed by 

assessment of cell viability. In comparison to unconditioned media, CM collected from 

both irradiated and non-irradiated microglia and M significantly enhanced glioma cell 

viability, independent of irradiation dose (Figure 5.2B-E). These data suggest that 

microglia and macrophages contribute to a microenvironment favourable for HGG 

survival by releasing certain soluble factors. 
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Figure 5.2 Microglia promotes HGG viability 

(A) Graphical representation of the experiment. hSV40 and M were irradiated at 0 or 

9 Gy. CM was collected 24 h post-irradiation and transferred to SF8628 and LN229 

cells. (B-E) Cell viability was assessed via MTT assays. Viability was normalised to the 

level at unconditioned media. Data presented as mean ± SEM of biological replicates. 

n=3. Statistical analysis used one-way ANOVA with Tukey’s test. *p≤0.05, **p≤0.01, 

***p≤0.001. 
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Next, we investigated how treating microglia with C5aR1 inhibitors might affect 

the viability of HGG cells, given that if PMX205 or Avacopan is administered in vivo, 

microglia will inevitably also receive inhibitor treatment. Graphical representation of the 

experiment workflow is illustrated in Figure 5.3A. Under non-irradiated conditions, CM 

collected from microglia-like cells treated with PMX205 or Avacopan did not result in 

significant changes in HGG viability compared to vehicle controls. However, when 

combined with 9 Gy irradiation, C5aR1 inhibition in hSV40 reduced the viability of both 

SF8628 and LN229 glioma cells to a level comparable to cells treated with unconditioned 

media (Figure 5.3B-E). A comparable trend was also observed in the same experiment 

setup utilising our M model (Figure 5.4A-D). These findings support the hypothesis 

that, in both microglia and macrophages, alterations in the profile of soluble factors 

following C5aR1 inhibition under irradiation conditions modulate the microenvironment 

in a manner that influences HGG survival. Potential microglia-derived components 

contributing to this effect will be discussed later.  
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Figure 5.3 C5aR1 inhibition in irradiated microglia reduces viability of HGGs 

(A) Graphical representation of the experiment. Part of the same experiment as Figure 

5.1. hSV40 cells were treated with vehicle (water or DSMO), (B-C) PMX205 (48 h) or 

(D-E) Avacopan (24 h) before 0 or 9 Gy irradiation. CM was collected 24 h post-

irradiation and transferred to SF8628 and LN229 cells. Cell viability was assessed 24 h 

later via MTT assays. Data presented as mean ± SEM of biological replicates. n=3. 

Statistical analysis used one-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001. 
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Figure 5.4 C5aR1 inhibition in irradiated macrophages reduces HGG cell viability 

Part of the same experiment as Figure 5.2. M were treated with vehicle (water or 

DMSO), (A-B) PMX205 (48 h) or (C-D) Avacopan (24 h) before 0 or 9 Gy irradiation. 

CM was collected 24 h post-IR and transferred to SF8628 and LN229 cells. Cell viability 

was assessed 24 h later via MTT assays. Data presented as mean ± SEM of biological 

replicates. n=3. Statistical analysis used one-way ANOVA with Šidák’s test. *p≤0.05, 

**p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Next, we confirmed that C5aR1 inhibition resulted in the anticipated attenuation 

of NF-B and MAPK signalling in our microglia model. As shown in Figure 5.5, 

treatment with the C5aR1 antagonists PMX205 and Avacopan effectively abrogated C5a-

induced upregulation of pRelA and pERK proteins, validating receptor engagement and 

inhibition of downstream signalling. We then further assessed whether C5aR1 

pharmacological inhibition impacted the viability or survival of microglia cells, in the 

same manner as observed in HGGs. In IMG cells, PMX205 did not reduce microglial cell 

survival under either irradiated or non-irradiated conditions following 48 or 72 h pre-

treatment (Figure 5.6A). Interestingly, PMX205 slightly enhanced microglial survival 

under irradiation following 72 h pre-treatment, a response opposite from the reduction in 

survival previously observed in GBM, shown in Figure 4.8. Due to inability of hSV40 

cells to form colonies, MTT assays were used to assess the effects of Avacopan on cell 

viability, in an alternative microglia-like model. In hSV40 cells, Avacopan at doses 

equivalent to those effective in glioma cells (2 M 24 h and 4 M 48 h) did not 

significantly alter cell viability either at baseline or under irradiated conditions (Figure 

5.5B-C). A slight reduction in cell viability was observed with 7 M Avacopan, although 

this concentration exceeded that which was used in our glioma models. These findings 

suggest that the anti-survival effects of C5aR1 antagonists observed in HGG cells are not 

recapitulated in our microglia-like cells, indicating a differential cellular response to 

C5aR1 targeting.  
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Figure 5.5 Attenuation of C5a-induced signalling changes by C5aR1 inhibitors 

in microglia-like cells 

Recombinant C5a, PMX205 (12 M) and Avacopan (2 M) were added to hSV40 

cells for 2 h. Western blotting was carried out using the indicated antibodies. H3 

was used as loading control. n=2. 
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Figure 5.6 C5aR1 antagonists at glioma-effective doses did not affect microglial 

survival or viability 

(A) Vehicle (water) or PMX205 was added to IMG cells for 48 or 72 h before 0 or 4 Gy 

irradiation. Cell survival was assessed via clonogenic assay. Data presented as mean ± 

SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA with 

Tukey’s test. *p≤0.05. 

 

(B) 0-7 M Avacopan was added to hSV40 cells for 24 or 48 h before 0 or 9 Gy 

irradiation. Cell viability was assessed using MTT assay 24 h post-irradiation and 

normalised to the corresponding 0 Gy 0 M vehicle control. Data presented as mean ± 

SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA with 

Tukey’s test. *p≤0.05. 
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5.2.2 Inflammatory profile of microglia with C5aR1 inhibition  

Having established that C5aR1 antagonists do not significantly affect microglia 

survival and viability, we next investigated how C5aR1 antagonism modulates the 

inflammatory phenotype of microglia, and the potential released soluble mediators 

contributing to altered HGG viability. Microglial activation and polarisation are 

characterised by the expression of specific markers and the secretion of cytokines 

associated with either pro- or anti-inflammatory states (Jurga, Paleczna and Kuter, 2020). 

To assess how C5aR1 antagonists influence the inflammatory profile of microglia, we 

performed qPCR for a panel of inflammation-related genes specific to microglia (Figure 

5.7). Lipopolysaccharide (LPS) was used as control due to its established role in 

promoting a pro-inflammatory phenotype (Appendix B, Figure B.1).  

At baseline (0 Gy), PMX205 treatment significantly altered the expression of only 

one marker, cluster of differentiation 163 (CD163), which codes for a receptor typically 

associated with an anti-inflammatory M2-like polarisation. In the context of irradiation, 

9 Gy alone resulted in changes of several inflammatory markers in IMG cells, although 

most did not reach statistical significance when analysed using two-way ANOVA with 

Fisher’s LSD test. Of which, only CD163 expression was significantly downregulated, 

while both IL1 (pro-inflammatory) and CD206 (anti-inflammatory) were significantly 

upregulated following irradiation (Figure 5.5B-D). Notably, PMX205 treatment in 

irradiated microglia suppressed the expression of both IL1 and CD206 compared to 

vehicle controls, suggesting that PMX205 modulates specific inflammatory responses in 

IMG cells post-irradiation. Given that among those genes that were altered, both pro- and 

anti-inflammatory markers were affected by the combination of PMX205 and irradiation, 
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no clear pattern emerged to indicate whether PMX205 promotes a specific microglial 

polarisation state. 

 

 

Figure 5.7 PMX205 does not polarise microglia into pro- or anti-inflammatory 

phenotype 

IMG cells were treated with vehicle (water) or PMX205 for 72 h before 0 or 9 Gy 

irradiation. mRNA expression of the indicated genes were assessed by qPCR 24 h post-

irradiation. All mRNA levels were normalised to ACTB and expressed as fold change 

relative to the expression of 0 Gy Vehicle. Data present as mean of biological replicates. 

n=3. 
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Next, we investigated how the other C5aR1 antagonist Avacopan influences 

inflammatory gene expression in hSV40 microglia-like cells. A similar panel of 

inflammatory markers used in the IMG cell experiment was applied here, with LPS 

included as a control (Appendix B, Figure B.2). Under non-irradiation conditions, 

Avacopan treatment significantly downregulated only two markers: IL6 (pro-

inflammatory) and CD163 (anti-inflammatory) when analysed via two-way ANOVA 

with Fisher’s LSD test (Figure 5.8).  

As shown in Figure 5.8, exposure to 9 Gy irradiation induced a pronounced pro-

inflammatory response, significantly upregulating nearly all pro-inflammatory genes 

tested, except for CCL2 and ionised calcium binding adapter protein (IBA1). Conversely, 

most anti-inflammatory markers were downregulated post-irradiation except for TGF 

and IL10 which were significantly upregulated, potentially due to compensatory feedback 

mechanisms. These results showed that irradiation alone polarises hSV40 microglia-like 

cells toward a pro-inflammatory phenotype, though more inflammatory markers could be 

used to support this. 

Under irradiated conditions, Avacopan treatment effectively suppressed the 

radiation-induced upregulation of all tested pro-inflammatory genes. Of which, the most 

prominent downregulated pro-inflammatory genes observed were TNF, IL1, cluster of 

differentiation 80 (CD80) and cluster of differentiation 86 (CD86). CD80 and CD86 

together are surface markers typically used to characterise the pro-inflammatory M1-like 

phenotype. Despite this reduction of pro-inflammatory gene expression under irradiation, 

Avacopan did not conversely upregulate any anti-inflammatory markers relative to 

vehicle-treated controls, and most remained downregulated when compared to baseline. 

In fact, anti-inflammatory TGF, IL10 and CD163 were further downregulated following 
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Avacopan treatment at 9 Gy, suggesting that microglia were not polarised toward an M2-

like anti-inflammatory phenotype. Taken together, these findings indicate that while 

Avacopan suppresses the radiation-induced pro-inflammatory shift in microglia, it may 

not actively promote a compensatory anti-inflammatory phenotype.  

 

 

Figure 5.8 Avacopan suppresses the pro-inflammatory microglia phenotype 

induced by radiation 

hSV40 cells were treated with vehicle (DMSO) or 2 M Avacopan for 24 h before 0 or 

9 Gy irradiation. mRNA expression of the indicated genes were assessed by qPCR 24 h 

post-irradiation. All mRNA levels were normalised to ACTB and expressed as fold 

change relative to the expression of 0 Gy Vehicle. Data presented as mean of biological 

replicates. n=3. 
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To further validate the effects of C5aR1 inhibition in microglial inflammatory 

phenotype, we utilised siRNA to silence C5aR1 in hSV40 cells. qPCR analysis confirmed 

an approximately 30% reduction in C5aR1 mRNA expression, which although modest, 

was statistically significant compared to Scr controls (Figure 5.9A). At baseline, C5aR1 

KD did not significantly alter the expression of most pro-inflammatory genes, as assessed 

by two-way ANOVA, consistent with the effects observed following Avacopan treatment 

(Figure 5.9B). A general trend towards upregulation of anti-inflammatory genes was 

observed upon C5aR1 silencing, but only interleukin 4 (IL4) reached statistical 

significance.  

Following irradiation, all pro-inflammatory genes assessed were markedly 

upregulated. Notably, siC5aR1 treatment successfully attenuated this radiation-induced 

upregulation, with the most pronounced changes observed with IL1. The changes in pro-

inflammatory markers suggest a shift toward a less pro-inflammatory phenotype, 

mirroring the trend observed with Avacopan treatment. In contrast, there was a trend in 

downregulation of anti-inflammatory markers upon irradiation treatment, opposing the 

pro-inflammatory response. However, none of these changes reached statistical 

significance due to variability between biological replicates. Following irradiation, 

C5aR1 KD appeared to restore the expression of most anti-inflammatory genes to 

baseline levels, with the exception of CD163, though these effects also did not reach 

statistical significance. Collectively, our siC5aR1 data recapitulate the trend observed 

with Avacopan treatment, in which C5aR1 inhibition alone does not substantially alter 

inflammatory gene expression at 0 Gy. Irradiation alone drives microglial polarisation 

toward an M1-like pro-inflammatory state, and C5aR1 inhibition mitigates this radiation-

induces pro-inflammatory shift without inducing a fully anti-inflammatory phenotype.  
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Figure 5.9 Silencing C5aR1 mitigates radiation-induces pro-inflammatory shift in 

microglia-like cells 

hSV40 cells were transfected with Scr or C5aR1 siRNA.  

 

(A) mRNA expression of the C5aR1 was assessed by qPCR. All mRNA levels were 

normalised to -actin and expressed as fold change relative to the expression of siScr-

treated cells. Data presented as mean of biological replicates. n=4. Statistical analysis 

was performed on unnormalised values using unpaired t-test. **p≤0.01 

 

(B) Following transfection, cells were irradiated at 0 or 9 Gy. mRNA expression of the 

indicated genes were assessed by qPCR 24 h post-irradiation. All mRNA levels were 

normalised to ACTB and expressed as fold change relative to the expression of 0 Gy 

Vehicle. Data presented as mean of biological replicates. n=3. 
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The significant upregulation of pro-inflammatory markers in microglia upon 

irradiation mirrored the trend observed in HGG-AM, which have been reported to exhibit 

a pro-inflammatory phenotype (Liu et al., 2021). Based on these findings, we then 

examined whether C5aR1 inhibition modulates APOE expression in our hSV40 cells, as 

APOE has been identified by Liu et al. as a key driver of pro-inflammatory cytokine 

secretion in microglia. As shown in Figure 5.10A, irradiation significantly increased 

APOE gene expression, a response not previously reported in existing literature. Notably, 

Avacopan treatment under irradiation effectively brought the APOE expression down to 

levels comparable to untreated controls. LPS was included as a positive control which 

showed marked APOE upregulation (Figure 5.10B). To confirm that these transcriptional 

changes were reflected at the protein level, western blot analysis performed by Dr. Lolita 

Singh from our group revealed a similar pattern of intracellular APOE protein expression, 

consistent with the qPCR results (Figure 5.10C). These results therefore suggest that 

Avacopan suppresses radiation-induced intracellular APOE upregulation in microglia, 

potentially limiting the establishment of a pro-inflammatory, glioma-supportive 

microglial phenotype under irradiation. 
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Figure 5.10 Avacopan suppresses radiation-induced APOE upregulation 

hSV40 cells were treated with (A) vehicle (DMSO) or Avacopan for 24 h before 0 or 9 

Gy irradiation. Cells were harvested 24 h post-IR. (B) hSV40 cells were treated with LPS. 

mRNA expression of APOE was assessed by qPCR. All mRNA levels were normalised 

to 18S. Data presented as mean ± SEM of biological replicates. n=3. Statistical analysis 

on unnormalised values were performed using one-way ANOVA with Fisher’s LSD test 

and unpaired t-test respectively. **p≤0.01, ***p≤0.001.  

(C) 24 h post-irradiation, western blotting was carried out using the indicated antibodies. 

-actin was used as loading control. n=2. 

 



Chapter 5 –Microglia and glioma 

 184 

The qPCR heatmaps in Figure 5.7-5.9 prompted further investigation into which 

secreted cytokines may mediate the pro-viability effects of microglia on glioma cells 

observed in Figure 5.3. Among the candidates, IL-1 emerged as a key focus, given its 

significant downregulation upon C5aR1 inhibition under irradiation in both cell lines, and 

its previously reported role in promoting GBM proliferation (Liu et al., 2021).  Therefore, 

we further evaluated the regulation of IL-1 in our microglial model. To determine 

whether these transcriptional changes translate into altered cytokine secretion, we 

quantified IL-1 protein levels in the culture media using enzyme-linked immunosorbent 

assay (ELISA). As shown in Figure 5.11A, the ELISA results corroborated the qPCR data, 

in which irradiation alone led to a significant increase in IL-1 secretion, while Avacopan 

treatment suppressed this radiation-induced elevation. Treatment with LPS served as a 

positive control (Figure 5.11B). These findings further validated the role of C5aR1 

inhibition in mediating radiation-induced IL-1 release from microglia and suggest that 

Avacopan attenuates this cytokine response. 
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Figure 5.11 Avacopan suppresses radiation-induced secretion of IL-1 

(A) hSV40 cells was treated with vehicle (DMSO) or Avacopan for 24 h before 0 or 9 Gy 

irradiation. Media collected 24 h post-irradiation. (B) hSV40 cells were treated with LPS 

for 24 h. IL-1 level was detected via ELISA. Data presented as mean ± SEM of 

biological replicates. n=3. Statistical analysis used two-way ANOVA with Fisher’s LSD 

test and unpaired t-test respectively. *p≤0.05, **p≤0.01, ***p≤0.001. 
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5.2.3 IL-1 regulates proliferation and radiosensitivity of gliomas 

Following confirmation of IL-1 secretion from microglia, we next sought to 

directly test its functional role in promoting glioma growth. Upon inflammasome 

activation, pro-IL-1 is cleaved into its biologically active form mainly by caspase-1 and 

active IL-1 is subsequently secreted (Thornberry et al., 1992). To mimic this signalling, 

we supplemented the culture media of HGG cells with recombinant cleaved IL-1, 

thereby identifying its direct effects on glioma cells. As shown in Figure 5.12A-B, the 

addition of recombinant IL-1 significantly enhanced proliferation of both LN229 and 

SF8628 glioma cells after repeated dosing, consistent with the pro-proliferative role of 

IL-1 previously reported by Liu et al., (2021), though a higher concentration was needed 

to observe significant effects in LN229 cells. These results confirm that IL-1β is a soluble 

factor capable of directly stimulating glioma growth, thereby linking microglial cytokine 

secretion to glioma progression.  

Figure 5.12 IL-1 promotes glioma proliferation 

(A) LN229 and (B) SF8628 cells were treated with 0-10 nM recombinant IL-1 and cell 

number was counted cell every two days from day 0-8. Data presented as mean ± SEM 

of biological replicates. n=3. Statistical analysis of cell number on day 8 was performed 

using one-way ANOVA with Dunnett’s test. *p≤0.05, **p≤0.01. 
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Having established the role of IL-1 in glioma proliferation, we next investigated 

whether this cytokine also modulates glioma radiosensitivity. We first focused on just the 

general effects on CM collected from microglia-like cells under different treatment 

conditions, before investigating specific microglia-derived factors. A schematic overview 

of the experimental design is shown in Figure 5.13A. hSV40 microglia-like cells were 

treated with Avacopan, followed by exposure to 0 or 9 Gy irradiation. The resulting CM 

was then transferred to HGG cells, a setup similar to that described in Figure 5.3A. 

Clonogenic assays were performed to assess glioma cell survival. 

As demonstrated in Figure 5.13B-C, CM collected from hSV40 cells significantly 

enhanced glioma cell survival compared to unconditioned media, consistent with our 

earlier findings that microglia-derived factors support HGG viability. However, unlike 

the reduction in glioma viability previously observed with CM from Avacopan + 

irradiation treated microglia (Figure 5.3B-C), no significant changes in long-term 

clonogenic survival were detected with Avacopan treatment in this experiment, 

irrespective of irradiation dose.  
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Figure 5.13 Avacopan treatment in microglia-like cells does not affect glioma cell 

survival 

(A) Graphical representation of the experiment. hSV40 cells were treated with vehicle 

(DMSO) or Avacopan before 0 or 9 Gy irradiation. CM was collected 24 h post-

irradiation and transferred to (B) LN229 and (C) SF8628 cells. Cell survival was analysed 

via clonogenic assays. Data presented as mean ± SEM of biological replicates. n=3. 

Statistical analysis used one-way ANOVA with Šidák’s test. *p≤0.05, **p≤0.01. 
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Although we did not observe any changes in glioma survival at baseline (0 Gy) 

when microglia-like cells were treated with Avacopan, we proceeded to investigate 

whether microglia could affect radiosensitivity of glioma cells. A similar set up to our 

previous experiment was designed, but HGG cells were exposed to irradiation after 

receiving CM, and assays were performed to assess glioma cell survival under irradiation. 

A schematic overview of the experimental design is shown in Figure 5.14A. This design 

simulates the HGG microenvironment, where therapeutic radiation inevitably impacts 

both glioma and adjacent microglial cells. Our set up enabled us to test if soluble factors 

released from irradiated microglia affects radiosensitivity of nearby glioma cell, making 

them more sensitive or resistant to irradiation. Of note, 4 Gy was selected for microglia 

to match the radiation dose applied to glioma cells in clonogenic assays, while 9 Gy was 

included to remain consistent with prior experiments (e.g. viability assays, qPCR).  

As shown in Figure 5.14B-C, CM from Avacopan treatment had no significant 

impact on LN229 or SF8628 survival when microglia were not irradiated (0 Gy). 

However, CM collected from Avacopan-treated microglia that were irradiated at either 4 

or 9 Gy significantly reduced the glioma survival fraction following irradiation. These 

findings suggest that C5aR1 inhibition in irradiated microglia alters the secretome in a 

manner that sensitises glioma cells to radiation-induced cytotoxicity.  
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Figure 5.14 Avacopan treatment in microglia-like cells improves radiosensitivity of 

HGG cells 

(A) Graphical representation of the experiment. hSV40 cells were treated with vehicle 

(DMSO) or Avacopan before 0 or 9 Gy irradiation. CM was collected 24 h post-

irradiation and transferred to (B) LN229 and (C) SF8628 cells. Glioma cells were 

irradiated at 4 Gy and cell survival was analysed via clonogenic assays. Data presented 

as mean ± SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA 

with Šidák’s test. *p≤0.05, **p≤0.01. 
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To investigate the effect of IL-1 in contributing to the observed changes in 

glioma radiosensitivity, we supplemented the microglia-derived CM with recombinant 

IL-1. A schematic of the experimental design is shown in Figure 5.15A. CM was 

collected from hSV40 microglia-like cells treated with Avacopan and irradiation (the 

condition which was previously shown to have reduced IL-1 levels). We then added 

recombinant IL-1 to this CM prior to transfer to SF8628 and LN229 cells, which were 

subsequently irradiated at 4 Gy. 

As shown in Figure 5.15B-C, supplementation with IL-1 significantly restored 

survival of glioma cells cultured in irradiated CM, reversing the radiosensitising effects 

conferred by Avacopan treatment under irradiation. Interestingly, adding recombinant IL-

1 alone did not affect glioma cell survival across a dose range of 0 – 6 Gy in both cell 

lines (Figure 5.16). Collectively, our findings demonstrate a key role for microglia-

derived IL-1, and potentially in conjunction with other microglia-derived factors in 

promoting glioma radioresistance.  Targeting C5aR1 in microglia may enhance the 

therapeutic efficacy of radiotherapy in HGGs. 
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Figure 5.15 Reduction in IL-1 secreted by Avacopan-treated microglia post-

irradiation is responsible for the radiosensitising effects exerted on HGGs 

(A) Graphical representation of the experiment. hSV40 cells were treated with vehicle 

(DMSO) or Avacopan before 0 or 9 Gy irradiation. CM was collected 24 h post-

irradiation, with or without addition of recombinant IL-1 and transferred to (B) LN229 

(10 ng/mL IL-1)  and (C) SF8628 cells (1 ng/mL IL-1). Glioma cells were irradiated 

at 4 Gy and cell survival was analysed via clonogenic assays. Data presented as mean ± 

SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA with 

Tukey’s test. *p≤0.05, **p≤0.01, ***p≤0.001. 
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Figure 5.16 Recombinant IL-1 alone does not modulate glioma radiosensitivity 

Vehicle (water) or recombinant IL-1 was added to (A) LN229 cells (10 ng/mL) and 

(B) SF8628 cells (1 ng/mL) for 16 h before 0-6 Gy irradiation. Cell survival was 

assessed via clonogenic assay. Data presented as mean ± SEM of biological replicates, 

with extrapolated line of best fit. n=3.  
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5.3 Discussion 

In this chapter, we investigated the bidirectional communication between 

microglia and glioma cells, with a particular focus on the role of C5aR1 modulating 

microglial function and glioma response to radiation. We first demonstrated that 

irradiated microglia and MΦ significantly promote glioma viability, highlighting their 

pro-tumorigenic role. It was surprising that CM from irradiated cells retained the pro-

viability effect despite the expected presence of DAMPs and PAMPs resulted from 

irradiation. Importantly, when microglia were pre-treated with Avacopan prior to 

irradiation, the CM significantly sensitised glioma cells to radiation-induced cytotoxicity. 

However, we cannot rule out the possibility that the radiosensitising effect observed was 

due to residual Avacopan in the CM, rather than the soluble factors released by microglia.  

Using a panel of inflammatory markers, we observed that irradiation alone 

induced a predominantly pro-inflammatory transcriptional response in both microglia 

models. This is in line with previous findings describing radiation-induced pro-

inflammatory phenotypes of microglia (Han et al., 2016; Karimi Roshan et al., 2024; Li 

et al., 2015; Voshart et al., 2024; Xue et al., 2014). Interestingly, Avacopan effectively 

suppressed several of these pro-inflammatory genes following irradiation without 

concurrently promoting markers of a classic anti-inflammatory M2-like phenotype. These 

results suggest that C5aR1 inhibition may broadly dampen the M1-like activation of 

microglia post-irradiation, rather than redirecting them towards an alternative polarisation 

state. While qPCR provided valuable insights into transcriptional changes, future studies 

quantifying cytokine secretion of protein-level expression of inflammatory mediators will 

be necessary to fully characterise microglial inflammatory profile. Notably, the radiation-

induced pro-inflammatory signature was more prominent in hSV40 compared to IMG 
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cells, indicating potential differences in radiosensitivity between microglial models, or it 

could be caused by quicker recovery time from irradiation in IMG cells. With its rapid 

doubling rate, we could have analysed the inflammatory markers of IMG at an earlier 

timepoint to capture potential transient changes of inflammation gene transcription.  

Among the several cytokines affected by C5aR1 inhibition under irradiation, IL-

1β emerged as one of the key players in modulating microglia-glioma interactions. We 

showed that recombinant IL-1β not only enhanced glioma proliferation but also reversed 

the radiosensitising effects of Avacopan-treated microglia on glioma cells. This 

reinforces the role of IL-1β as a critical mediator of microglia-induced glioma 

radioresistance, and that modulating microglial IL-1β secretion via C5aR1 inhibition 

could potentially enhance radiosensitivity in HGGs. However, given that recombinant IL-

1β does not modulate radiosensitivity of glioma cells, the observed radiosensitising effect 

could be a result parallel, or in combination with other microglia-derived factors in the 

CM.  

Mechanistically, we found that irradiation upregulated APOE expression in 

microglia cells, which was suppressed by Avacopan treatment. While APOE can be 

secreted or remain intracellular, our study focused on its potential role in activating 

intracellular inflammasome, and only cell lysates were analysed by western blotting using 

pan-APOE antibody, not specific APOE isoforms. Further studies into the direct link 

between APOE and IL-1β would be beneficial to investigate if C5aR1 beaks the crosstalk 

between APOE and IL-1β, as well as inflammasome activation.  



Chapter 5 –Microglia and glioma 

 196 

Taken together, our findings reveal a complex, but potentially targetable 

interaction between glioma cells and microglia that is regulated by C5aR1 signalling. 

C5aR1 inhibition in microglia suppresses IL-1β secretion and other inflammatory 

mediators to mitigate their tumour-promoting role under irradiation. A schematic 

summary is shown in Figure 5.17. These effects underscore the therapeutic potential of 

targeting C5aR1 to disrupt the glioma–microglia crosstalk and enhance radiosensitivity 

in HGGs. 

 

Figure 5.17 Schematic summary of microglia-glioma interactions under 

irradiation and C5aR1 inhibition 

Illustration of the bidirectional communication between microglia and glioma cells. (Left) 

Upon irradiation, microglia upregulate APOE expression, leading to a shift toward a pro-

inflammatory state and increased secretion of IL-1β. IL-1β acts on HGG cells to enhance 

their proliferation, viability, and resistance to radiation. (Right) Inhibition of C5aR1 in 

microglia attenuates radiation-induced IL-1β production, thereby enhancing the 

radiosensitivity of glioma cells. When combined with the direct radiosensitising effects 

of C5aR1 antagonists on HGGs, this dual mechanism contributes to an overall increase 

in glioma cell sensitivity to radiation.  
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Chapter 6 General Discussion 

With the poor outcomes of HGG patients, novel therapeutic agents are needed to 

improve efficacy of standard of care treatments such as radiotherapy. The HGG TME is 

relatively hypoxic, and we found that intracellular C5aR1 expression was upregulated 

under severe hypoxia in our GBM model, but not in DMG. Both genetic silencing and 

pharmacological inhibition of C5aR1 demonstrated that C5aR1 is crucial for glioma cell 

survival under both normoxic and hypoxic condition. We then showed that targeting 

C5aR1 could potentiate radiation-induced cytotoxicity, thereby improving the 

radiosensitivity of HGGs. Interestingly, the anti-survival effects exerted by C5aR1 

inhibitors were not observed in microglia. Instead, C5aR1 inhibition modulated the 

microglial inflammatory profile under irradiation, which in turned affected glioma 

radiosensitivity thorough secreting microglia-derived factors. 

  While our findings demonstrate that C5aR1 mRNA expression in glioma cells is 

upregulated at oxygen levels below <0.1%, the physiological relevance of such severe 

hypoxia warrants consideration. Not all regions of DMG and GBM tumours experience 

oxygen levels this low, instead, there is a gradient of oxygen levels within the tumour 

(Evans et al., 2004). As such, using a single oxygen level may not accurately reflect the 

typical heterogenous oxygen gradients found within gliomas. Nonetheless, <0.1% O2 

remains a useful experimental model to study cellular behaviours under hypoxic stress 

response and radiation response under hypoxia.  

C5aR1 mRNA expression was found to be specifically upregulated at <0.1% O2, 

but not 1%, aligning with our previous findings that its induction is driven by UPR, rather 

than HIF signalling (Suwa et al., 2025). HIF is said to be most active at 1% O2, a condition 
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that does not typically activate UPR, hence, no changes in C5aR1 expression were 

observed. In contrast, <0.1% O2 strongly induces ER stress, leading to UPR activation. 

To our surprise, we observed differential C5aR1 protein expression between our DMG 

and GBM models under severe hypoxia. We observed increased intracellular C5aR1 

protein levels in LN229, but not in SF8628. Chemical induction of the UPR failed to elicit 

C5aR1 protein induction in SF8628 cells, even after timing optimisation (Figure 3.8). 

This discrepancy prompted us to question why C5aR1 mRNA was upregulated without 

corresponding protein upregulation. One possible explanation is post-transcriptional 

regulation, such as enhanced proteasomal degradation which may vary between cell lines. 

Under severe hypoxia, global translation repression is an adaptive mechanism that limits 

energy expenditure and protein accumulation. However, UPR activation selectively 

permits translation of proteins critical for survival under hypoxic stress. The absence of 

C5aR1 protein induction in SF8628 may reflect cell line- or glioma subtype-specific 

prioritisation of survival pathways, where C5aR1 is either less essential or subject to 

stricter translational control. It would be interesting to study if the absence of C5aR1 

protein upregulation under severe hypoxia is also observed in other DMG cell lines. 

C5aR1 receptor expression in SF8628 remains unchanged under severe hypoxia, 

accompanied with downregulated C5 ligand expression, which might explain the lack of 

significant changes in cell survival observed with Avacopan treatment under hypoxia, as 

opposed to the modest anti-survival effects observed in LN229 cells. This differential 

response between cell lines highlights heterogeneity in therapeutic response across HGG 

subtypes and underscores the importance of patient stratification when considering 

C5aR1-targeted therapies. Of note, when cell survival was assessed via clonogenic assays, 

cells were initially subjected to <0.1% O2, followed by incubation at 21% O2 for 10-14 

days due to experimental constraints. This reoxygenation step introduces an additional 



Chapter 6 – General Discussion 

 199 

layer of cellular stress, potentially influencing cellular behaviours. Therefore, further 

investigation into the impact of reoxygenation in hypoxic HGG cells would be beneficial.  

To assess C5aR1 receptor activation/inhibition, we used western blotting to detect 

changes in activation of NF-B or MAPK pathways which are downstream of C5aR1, as 

shown in our previous study (Beach et al., 2023). Although we acknowledge that these 

pathways are not exclusive to C5aR1, pRelA and pERK represent appropriate readouts 

for receptor activation. Another alternative to assess C5aR1 activation is via cyclic 

adenosine monophosphate (cAMP) assay which monitors production of cAMP resulted 

from GPCR activation. However, cAMP is also relatively non-specific to C5aR1 as it 

could be produced by any GPCRs.  

A major challenge in detecting pRelA and pERK changes was optimising the 

timing of sample collection. Although we explored a range of timepoints during 

optimisation, the selected intervals may not have captured all potential signalling changes, 

and some event could have been missed. With that said, although NF-B and MAPK 

signalling changes could occur within an hour after irradiation, we ultimately chose to 

harvest protein 24 h post-irradiation based on previous observations, and since significant 

signalling events are known to persist if initiated earlier (Hagan et al., 2000; Sharma et 

al., 2010). Another key limitation in interpreting our data lies in the concurrent 

downregulation of total and phosphorylated forms of RelA and ERK. The reduced total 

protein levels confound interpretation of phosphorylation changes as indicators of 

signalling activity. RNA-sequencing and pathway analysis in C5aR1 knockout colorectal 

cancer cells revealed broad suppression of protein translation pathways when C5aR1 is 

lost, which may also apply to HGG cells, though further validation is required. 
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We observed attenuation of both NF-B and MAPK signalling pathways upon 

genetic silencing of C5aR1. However, pharmacological inhibition using C5aR1 

antagonists predominantly attenuated MAPK activation, with minimal or inconsistent 

effects on NF-B signalling. This differential downstream signalling implies that the 

mode of C5aR1 inhibition, genetic versus pharmacological, may elicit distinct signalling 

bias. Such functional selectivity has been found in GPCRs, including C5aR1, where 

different ligands or inhibitors could stabilise unique receptor conformations, leading to 

biased activation or suppression of downstream intracellular signalling pathways  

(Kenakin, 2011; Feng et al., 2023). Specifically, C5aR1 could signal through various 

effector proteins, including heterotrimeric G proteins and -arrestin, which can initiate 

separate cascades such as MAPK, NF-B or PI3K/AKT signalling. The recruitment of 

specific effectors often depends on ligand structure, receptor conformation and duration 

of engagement. For example, recombinant C5a robustly activated NF-B without altering 

MAPK, whereas Avacopan and PMX205 selectively attenuated MAPK signalling.  These 

observations support the hypothesis that biased signalling at C5aR1 may underlie 

functional divergence observed with different inhibitor modalities. Future structural and 

proteomic studies could elucidate the mechanisms underpinnings of this pathway-

selective modulation.  

Due to limited availability of recombinant C5a, its use was mainly restricted to 

experiments specifically investigating C5a-C5aR1 signalling. Incorporating recombinant 

C5a as a control in more experiments, particularly under hypoxic or irradiation stress 

would have been beneficial. Upon addition of exogenous C5a proteins, NF-B signalling 

changes were detectable within 2 hours. In contrast, a much longer pre-treatment duration 

was needed for our experiments with C5aR1 antagonists when we did not supplement the 
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culture media with recombinant or human C5a. One potential explanation would be the 

relatively low level of C5a present in our HGG culture. In the brain, sources of C5a 

include tumour cells, TAM, and other infiltrating immune cells. However, in our in vitro 

model, C5a is solely produced by glioma cells, and the reduced ligand availability may 

explain the need to prolong antagonist exposure before encountering hypoxic or 

irradiation stress to observe functional effects. Although we have not yet quantified the 

C5a protein level in our culture media due to technical challenges, intracellular C5 mRNA 

and protein were successfully detected in our cell lysates. We acknowledge that 

measuring C5a levels in the culture media, particularly in the conditioned media used for 

microglia experiments, would be important to confirm that C5a-C5aR1 signalling in the 

primary contributor to the effects we observed.  

For irradiation studies, a single dose of 9 Gy was selected based on our prior work; 

however, clonogenic assays revealed physical limitations in colony formation above 6 

Gy, raising concerns about the physiological relevance of the chosen dose. We 

subsequently confirmed via western blotting that 4 Gy irradiation elicited comparable 

Avacopan-induced signalling changes, thereby validating our experimental design. 

Nonetheless, future studies should consider including a lower irradiation dose that is 

uniform across different experiments, or fractionated doses to resemble clinical settings. 

In this study, we demonstrated the importance of C5aR1 in HGG survival and that 

Avacopan and PMX205 sensitise HGG cells to irradiation, even under hypoxia. However, 

expanding the panel of glioma models, particularly including more DMG cell lines, will 

be critical for assessing intertumoral variability. Due to culturing difficulties, we 

acknowledge that DMG cell lines were underrepresented in this study. Exploring C5aR1 

inhibition in more HGG models may help identify responsive patient subsets, especially 

by incorporating cell lines with diverse mutation profiles, particularly those harbouring 
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MGMT or BRAF alterations that drive sustained NF-B and MAPK signalling, to help 

assess how mutation status influences the efficacy of C5aR1 inhibition. 

Another approach of modelling the hypoxic microenvironment is to utilise 3D 

spheroid cultures with hypoxic cores. Under severe hypoxia, Avacopan reduced cell 

survival in 2D cultures, but this effect was absent in LN229 spheroids despite confirmed 

hypoxic regions. This could be due to difference in oxygen levels. We could not measure 

the oxygen concentration within the spheroids and therefore could not verify if the core 

of spheroids reached <0.1% O2. Given that C5aR1 is upregulated only at <0.1% O2, the 

absence of response in spheroids may be attributed by insufficient hypoxic stress, and 

partial UPR activation. The divergent response observed between 2D monolayer cultures 

and 3D spheroid models underscore the importance of physiologically relevant TME 

models in preclinical assessment of therapeutic agents. While both PMX205 and 

Avacopan demonstrated radiosensitising effects in 2D cultures under normoxic and 

hypoxic conditions, these effects were not recapitulated in the 3D spheroid model. On the 

contrary, both inhibitors unexpectedly promoted spheroid growth, even under irradiation. 

This discrepancy may be attributed to the complex architecture of spheroids, which more 

accurately mimic the TME, including hypoxic gradients, limited drug penetration, and 

cell–cell interactions that could influence drug response. We did not validate whether the 

C5aR1 antagonists were functionally effective in 3D culture, and we could have 

optimised the dosage and treatment regimen. Furthermore, the pre-treatment duration 

before irradiation in 3D spheroids was shorter than our 2D models due to experimental 

constraints. Spheroids under different treatment conditions had to be irradiated when they 

were approximately the same size and we therefore could not leave the antagonists on for 

an extended period, in case they affected cell proliferation before irradiation. This shorter 

pre-treatment duration might also be part of the reason why different growth effects were 
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observed in between 2D and 3D cell models. The enhanced spheroid growth observed 

with C5aR1 blockade suggests that under certain conditions, C5aR1 may exert context-

dependent effects, potentially restraining proliferation in hypoxia-adapted 3D tumour 

structures. However, there are other components in the glioma TME that express C5 and 

C5aR1, such as microglia and macrophages, which could influence the overall response 

to C5aR1 antagonists, and they are not present in our 3D model. Therefore, incorporating 

other TME components, and using in vivo models are necessary to more reliably predict 

physiologically relevant therapeutic efficacy.  

After investigating the potential radiosensitisation role of C5aR1 in HGGs, we 

shifted our focus to microglia, which also express C5aR1. When assessing C5aR1 

inhibition in irradiated microglia, we observed no significant changes in clonogenic 

survival, unlike what we observed in glioma cells which suggest a cell type-specific effect 

of PMX205 and Avacopan, and could be validated by genetic silencing of C5aR1. A piece 

of data we did not show in this study reveals that C5aR1 inhibition in glioma cells actually 

protect microglia from radiation-induced cytotoxicity due to certain glioma-derived 

proteins in the CM, meaning C5aR1 potentially has a radioprotective effects in microglia 

when they are in contact with HGG cells. The identity of potential glioma-derived 

proteins contributing to this radioprotective effect remains unclear and requires further 

exploration. 

Our results show that microglia can support HGG viability via secretion of soluble 

factors, which aligns with previous reports (Liu et al., 2021; Si et al., 2024). However, 

Liu et al., (2021) specified that this pro-GBM function may be specific to HGG-

associated microglia, a subpopulation not replicated in our culture system. Our hSV40 

cells were not cultured in direct contact with glioma cells or glioma-conditioned media, 
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which are necessary for inducing HGG-MG phenotypes. Our model may therefore 

represent either resting or irradiation-activated microglia, rather than true-HGG-MG 

(Han et al., 2016). Irradiation-activated microglia could act differently to actual HGG-

MG and that microglia-promoted GBM growth could be different in vivo, when cells are 

in direct contact. Therefore, future studies incorporating direct co-culture systems could 

better replicate the glioma TME.  

Upon irradiation, hSV40 microglia-like cells adopted a pro-inflammatory 

phenotype, similar to the phenotype described in HGG-AM (Liu et al., 2022; Han et al., 

2016; Acharya et al., 2016). C5aR1 inhibition in microglia successfully suppressed this 

radiation-induced inflammation, as evident by downregulation of several pro-

inflammatory markers, which we expected from blocking anaphylatoxin signalling. 

These findings mirror studies in Alzheimer’s Disease, where absence or inhibition of 

C5aR1 delays microglial polarisation to a pro-inflammatory phenotype (Gomez-

Arboledas et al., 2022; Hernandez et al., 2017; Schartz et al., 2023). This suppression of 

inflammatory responses suggests a shift away from the M1-like phenotype, and 

potentially reduced phagocytic activity, as phagocytosis is enhanced by inflammation 

(Neher et al., 2011). This is supported by the work from Dr Lolita Singh in our group, 

which demonstrates significant reduction in phagocytosis in irradiated IMG cells upon 

PMX205 treatment (data not included). Reduction in phagocytosis had also been 

previously reported upon C5aR1 ablation (Hernandez et al., 2017; Carvalho et al., 2022). 

However, the exact mechanisms involved remain poorly defined, particularly in the 

context of HGG.  
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APOE has been implicated in inflammasome regulation, particularly the NLRP1 

complex, leading to IL-1 secretion (Liu et al., 2021). We observed increased APOE 

expression in irradiated microglia, which was then suppressed by C5aR1 inhibition. 

Previous spatial transcriptomics from our group comparing expression changes in 

irradiated intestines between WT and C5aR1 KO mice also revealed downregulation of 

APOE gene expression when C5aR1 is absent, further supporting the link with C5aR1 

and APOE, which has not been reported in existing literature. APOE is overexpressed by 

many cancer types, including GBM, where it drives glioma progression and therefore we 

should investigate the novel link between C5aR1 and APOE expression in the future 

(Huang et al., 2025; Nicoll et al., 2003). However, the role of APOE in microglia 

polarisation is context- and isoform-dependent. In Alzheimer’s disease, APOE4 promotes 

neurotoxicity and pro-inflammation responses of microglia by increasing the level of 

NLRP3 inflammasome and ROS (Liu et al., 2024; Friedberg et al., 2020). In contrast, in 

the context of GBM, APOE appears to foster an immunosuppressive M2-like TAM 

phenotype with anti-inflammatory properties, though no specific isoforms have been 

identified as the main contributor (Kemp et al., 2021; Hui et al., 2022; Huang et al., 2025). 

In our model, APOE upregulation in irradiated microglia was associated with increased 

pro-inflammatory gene expression, and APOE downregulation in Avacopan-treated 

microglia was accompanied with concurrent suppression of many pro-inflammatory 

markers. Although we did not investigate the direct correlation between APOE and these 

inflammatory genes, our data suggests APOE appears to associate with inflammation, 

aligning with the studies in Alzheimer’s disease rather than GBM. However, the role of 

APOE in these previous cancer-related studies utilised APOE knockout mice or gene 

silencing in cancer cells, rather than direct APOE modulation in microglia. Future studies 

employing direct APOE induction or silencing in microglia, ideally within co-culture 
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systems together with HGG cells, are needed to clarify its role in glioma-associated 

inflammation. 

Currently, the link between APOE and nucleotide-binding domain, leucine-rich-

containing gamily, pyrin domain-containing protein 3 (NLRP3) activation is more well-

established than with NLRP1. There is strong evidence in Alzheimer’s Disease that 

APOE in microglia activates NLRP3, resulting in secretion of pro-inflammatory caspase-

1 mediated IL-1 (Liu et al., 2024; Jin et al., 2022; Li et al., 2022). It is worth noting that 

both NLRP1 and NLRP3 leads to IL-1 secretion, and IL-1 also elevates the expression 

of APOE, forming a positive feedback loop (Liu et al., 2011b). We therefore attempted 

to investigate if irradiation also activates NLRP3 in hSV40 cells. However, NLRP3 

proteins were not detected in our hSV40 cells via western blotting under any tested 

conditions, so it is unlikely to be responsible for the secretion of IL-1. Additionally, 

changes in NF-B activity in microglia may also modulate 1 secretion and should be 

investigated in the future, as this pro-survival signalling pathway is often upregulated by 

irradiation (Kang et al., 2021).  

Despite the uncertainties linking APOE and IL-1, we detected an increase in IL-

1 secretion in irradiated microglia, which was suppressed by Avacopan. Addition of 

exogenous IL-1 promoted HGG cell proliferation and radioresistance, supporting its role 

in HGG progression. Our results support numerous studies reporting the pro-tumorigenic 

role of IL-1 in GBM (Shen et al., 2021; Liu et al., 2021; Fathima Hurmath, Ramaswamy 

and Nandakumar, 2014; Si et al., 2024). To our knowledge, there is no existing literature 

reporting IL-1 as a radioresistance mediator in brain tumours, though there is one study 

which described IL-1 expression as indicator of cellular radioresistance in head and neck 

squamous cell carcinoma (Tiwari et al., 2022). The exact mechanisms on how IL-1 
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affects radiosensitivity remain unknown, but it could activate key pro-survival signalling 

pathways such as PI3K/AKT, NF-B and MAPK, all of which have established roles in 

radioresistance (Shen et al., 2021; Kulawik et al., 2017; Hai Ping et al., 2016; Pei et al., 

2016).  It would be worth studying if IL-1 mediates radioresistance in HGGs by 

regulating these canonical signalling pathways. Moreover,  genetic loss of IL-1 has been 

reported to reduce exhausted CD8+ T cells and improves survival of GBM-bearing mice, 

highlighting an area worth exploring if we are to explore how C5aR1 inhibition could 

affect adaptive immunity (Chen et al., 2023). However, it is important to note that the 

concentration of IL-1 detected in our microglia culture media was substantially lower 

than the effective concentration of recombinant IL-1 added to HGG cells, and we did 

not observe any radioresistance effects when recombinant IL-1 was added directly to 

unconditioned media. The overall pro-survival effects observed with our media co-culture 

system were more likely the result of a combination of multiple soluble factors secreted 

by microglia, rather than being mediated by IL-1 alone.  

One thing to note is that we originally used hSV40 cell line as our human 

microglia model. However, both our group and our collaborator discovered that hSV40 

as a microglia-like cell line lacks expression of typical myeloid markers such as 

TMEM119 and CD11b at the protein level. Due to these inconsistencies, hSV40 cells are 

best considered microglia-like rather than true microglia. Microglia culture might lose 

certain typical myeloid surface markers after repeated passages, flow cytometry at earliest 

available passages (passage 8) was attempted to detect classic M1/M2-like surface 

markers but also failed. More importantly, upon completion of the experiments included 

in this study, we discovered that the hSV40 cell line was of mouse origin rather than 

human, despite confirmation from the supplier. Given that Avacopan theoretically binds 
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to human C5aR1 with much higher affinity than mouse C5aR1, the species discrepancy 

limits the interpretation of the Avacopan data obtained using hSV40 cells. To address this 

limitation, we also utilised PBMC-derived M as another TAM model they yielded 

results similar to those in hSV40 cells. However, these PBMCs were collected from 

healthy patients and differentiated into M  in the lab, therefore they might behave 

differently to the specific TAMs found in the HGG TME. We also have not yet tested 

Avacopan on these human M. A better human microglia model would be highly 

beneficial for this study, and we are currently repeating key microglia experiments using 

human induced pluripotent stem cells-derived microglia, particularly given the human-

specific activity of Avacopan. In general, C5aR1 knockout cell lines or mice would also 

be beneficial to study any potential off-target effects observed with C5aR1 antagonists. 

Overall, our studies demonstrated a potential role in C5aR1 inhibition in 

enhancing the radiosensitivity of HGG cells. However, our findings are limited to in vitro 

models. While studies on cell lines offer valuable mechanistic insights, they do not 

account for the full complexity of the TME that exist in vivo, especially considering that 

C5aR1 is expressed on many immune cells. Future in vivo studies using orthotopic glioma 

models would be beneficial to validate the therapeutic relevance of C5aR1 inhibition in 

improving radiosensitivity of HGGs.  
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Appendices 

Appendix A 

 

A.1 Quantification of Western Blot analysis of C5aR1 knockdown in 

SF8628 cells under hypoxia 

 

 

 

 

 

Figure A.1 Variable effects of C5aR1 knockdown on pro-survival signalling in 

SF8628 

 

SF8628 cells were transfected with siScr or siC5aR1 for 72 hours before 16 h of 

exposure to 21% or <0.1% O2. Western blotting was carried out using antibodies 

against pRelA, total RelA, pERK and total ERK. Band intensities were quantified 

and are presented in two ways: as the ratio of phosphorylated to total protein (left 

panel) and as fold change relative to control (right panel). Data presented as mean ± 

SEM of biological replicates. n=3. Statistical analysis used two-way ANOVA with 

Fisher’s LSD test. *p≤0.05. 
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A.2 Optimisation of PMX205 treatment time  

 

 

 Figure A.2 Optimisation of PMX205 treatment time before irradiation with pro-

survival signalling changes 

 

Vehicle (water) or PMX205 was added to LN229 cells for 24, 48 or 72 h before 0 or 

9 Gy irradiation. Samples were harvested 24 h post-irradiation. Western blotting was 

carried out with the antibodies indicated. -actin was used as loading control. Band 

intensities were quantified and presented as the ratio of phosphorylated to total protein.  
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A.3 Quantification of Western Blot analysis of PMX205 treatment in 

SF8628 cells under irradiation 

 

Figure A.3 PMX205 treatment had no significant impact on pro-survival 

signalling in SF8628 

 

Vehicle (water) or PMX205 was added to SF8628 cells for 72 h before 0 or 9 Gy 

irradiation. Samples were harvested 24 h post-irradiation. Western blotting was 

carried out using antibodies against pRelA, total RelA, pERK and total ERK. Band 

intensities were quantified and are presented in two ways: as the ratio of 

phosphorylated to total protein (left panel) and as fold change relative to control (right 

panel). Data presented as mean ± SEM of biological replicates. n=3. Statistical 

analysis used two-way ANOVA with Fisher’s LSD test. 
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A.4 Quantification of Western Blot analysis of Avacopan treatment in 

LN229 cells under irradiation 

 

 

Figure A.4 Variable effects of Avacopan treatment on NF-B signalling in 

LN229 

 

Vehicle (DMSO) or Avacopan was added to LN229 cells for 24 h before 0 or 9 Gy 

irradiation. Samples were harvested 24 h post-irradiation. Western blotting was 

carried out using antibodies against pRelA, total RelA, pERK and total ERK. Band 

intensities were quantified and are presented in two ways: as the ratio of 

phosphorylated to total protein (left panel) and as fold change relative to control (right 

panel). Data presented as mean ± SEM of biological replicates. n=3. Statistical 

analysis used two-way ANOVA with Fisher’s LSD test. *p≤0.05. 
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Appendix B 

 

B.1 Validation of LPS as a control for inflammatory marker expression 

in IMG cells 

 

 

 

 

 

 

Figure B.1 Validation of LPS as a control for inflammatory marker expression in 

IMG cells 

IMG cells were treated with vehicle (water) or LPS for 24 h before 0 or 9 Gy irradiation. 

mRNA expression of the indicated genes were assessed by qPCR 24 h post-irradiation. 

All mRNA levels were normalised to 18S and expressed as fold change relative to the 

expression of Vehicle. Data present as mean of biological replicates. n=3. Statistical 

analysis was performed on unnormalised values using unpaired t-test. *p≤0.05, 

**p≤0.01, ***p≤0.001. 
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B.2 Validation of LPS as a control for inflammatory marker expression 

in hSV40 cells 

 

Figure B.2 Validation of LPS as a control for inflammatory marker expression in 

hSV40 cells 

hSV40 cells were treated with vehicle (water) or LPS for 24 h before 0 or 9 Gy irradiation. 

mRNA expression of the indicated genes were assessed by qPCR 24 h post-irradiation. 

All mRNA levels were normalised to 18S and expressed as fold change relative to the 

expression of vehicle. Data present as mean of biological replicates. n=3. Statistical 

analysis was performed on unnormalised values using unpaired t-test. *p≤0.05, **p≤0.01. 
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