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Abstract  

 
Despite available treatment options for glioblastoma (GBM), GBM has one of the poorest 

prognosis, resist treatment, and recur aggressively in the majority of cases. Intra-tumoral 

heterogeneity and phenotypic plasticity are major factors contributing to treatment 

resistance and underlie tumor escape in GBM. Several potential therapeutic agents 

showing promising therapeutic effects against GBMs at the preclinical level failed to 

translate into effective therapies for GBM patients. This is partly attributed to the inadequacy 

of preclinical models to fully recapitulate the complex biology of human GBMs. This project 

aimed to characterize the transcriptomic heterogeneity and understand the dynamic GBM 

ecosystem in patient-derived xenograft (PDOX) models at the single-cell level. To achieve 

this aim, I established cell purification and cryopreservation protocols that enable the 

generation of high-quality single-cell RNA seq data from PDOX models including 

longitudinal and treated PDOXs. Different computational strategies were used to interrogate 

the transcriptomic features as well as the interactions between GBM cells and the 

surrounding microenvironment. This work critically analyzed and discussed key 

components contributing to intra-tumoral heterogeneity and phenotypic plasticity within the 

GBM ecosystem and their potential contributions to treatment resistance. Here, we provide 

evidence that PDOX models retain histopathologic and transcriptomic features of parental 

human GBMs. PDOX models were further shown to recapitulate major tumor 

microenvironment (TME)  components identified in human GBMs. Cells within the GBM 

ecosystem were shown to display GBM-specific transcriptomic features, indicating active 

TME crosstalk in PDOX models. Tumor-associated microglia/macrophages were shown to 

be heterogeneous and display the most prominent transcriptomic adaptations following 

crosstalk with GBM cells. The myeloid cells in PDOXs and human GBM displayed a 

microglia-derived TAMs signature. Notably, GBM-educated microglia display immunologic 

features of migration, phagocytosis, and antigen presentation that indicates the functional 

role of microglia in the GBM TME. Taking advantage of a cohort of longitudinal PDOXs and 

treated PDOX models, I demonstrated the utility of PDOX models in elucidating longitudinal 

changes in GBM. We show that temozolomide treatment leads to transcriptomic adaptation 

of not only the GBM tumor cells but also adjacent TME components. Overall, this work 

further highlights the importance and the clinical relevance of PDOX models for the testing 

of novel therapeutics including immunotherapies targeting certain tumor TME components 

in GBM.  
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1.1  Cancer: a general overview 

Cancer stands out as the number one leading cause of death in Luxembourg and most 

other European countries (Sung et al., 2021). In Luxembourg, four different cancer types 

account for 4 out of the 10 top diseases with the highest mortality rates across all ages in 

2019. According to the World Health Organization (WHO), cancer is currently the number 

one leading cause of premature deaths in people below the age of 70 worldwide (Sung et 

al., 2021). About 19.3 million new cancer cases and 10 million cancer-related deaths are 

estimated to have occurred worldwide in 2020 according to the global cancer data (Sung et 

al., 2021). By the year 2040, the global cancer burden is estimated to rise to about 28.4 

million cases. In Europe alone, over 4.2 million cancer cases were estimated to have 

occurred with about 2 million deaths in 2020. Luxembourg had an estimated 3,271 cancer 

cases with an estimated 1,121 deaths due to cancer in 2020 (Sung et al., 2021).  

 

1.1.1   Tumors of the central nervous system 

Tumors arising from the brain and the spinal cord are generally referred to as ‘the central 

nervous system (CNS)’ tumors (Lapointe et al., 2018). The incidence rate of the tumors 

arising from the CNS excluding cases of metastasis is highly variable from 0 cases to over 

20 cases in people aged 0 to 100 years per 100,000 population globally (Patel et al., 2019). 

In 2020 an estimated 308,102 cases of central nervous system tumors occurred globally 

resulting in an estimated 251,329 deaths. This translates to a mortality-to-incidence ratio 

(MIR) of 80% (Sung et al., 2021). These estimates are comparable to the most recently 

compiled data on the global brain and nervous system tumors incidence and mortality (Patel 

et al., 2019). The global MIRs estimates also reflect the rates in Europe. Luxembourg, with 

an estimate of 39 new cases of brain and nervous system tumors resulting in an estimated 

33 deaths in 2020, had a MIR similar to the global and European ratio (Sung et al., 2021).  

Metastasis of cancer cells from their primary organ or tissue to the brain is a common 

complication of most cancers (Nayak et al., 2012). These tumors are seeded by 

metastasizing cancer cells that compromise and extravasate through the blood-brain barrier 

(BBB). Upon the successful crossing of the BBB barrier, the brain microenvironment is then 

conditioned by the metastatic cells to enhance their integration, survival, and growth in the 

brain (Srinivasan et al., 2021). Epidemiological evidence indicates an incidence rate of  7.3 

cases per 100,000 cancer patients in the United States, with primary lung cancers 

accounting for 80% of these metastases. Melanoma and breast cancer account for 3.8% 

and 3.7% of all brain metastases respectively, while kidney and renal pelvis cancers 
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account for 3.0%. Other cancers such as that of the esophagus, colon, and rectum have 

also been reported to contribute to the brain metastasis burden although fewer cases have 

been reported (Singh et al., 2020). The increasing trend of metastatic brain tumors reported 

is likely influenced by improved treatment options and increased survival of patients with 

non-brain cancer types. 

Primary brain tumors arise de novo without any evidence of a less malignant precursor 

lesion while secondary brain tumors arise from a lower grade brain tumor. While primary 

tumors mostly manifest in elderly patients, secondary tumors are mostly seen in young 

patients (Ohgaki and Kleihues, 2013). Malignant transformation of the different cell types 

within the CNS gives rise to a diverse range of primary brain tumors. These tumors are 

either malignant or non-malignant (benign) (Lapointe et al., 2018). Malignant primary brain 

tumors are aggressive, highly invasive, and fatal. They account for about 30% of all primary 

tumors arising from the CNS while the non-malignant tumors are less aggressive, mostly 

non-invasive, and less fatal. Non-malignant brain tumors account for the majority of the 

primary brain and CNS tumors (Miller et al., 2021; Ostrom et al., 2020) (Figure 1). 

Glioblastoma (GBM), a malignant brain tumor, and meningioma (non-malignant) are the 

most common types of primary brain tumors, with the GBMs accounting for about half 

(48.6%) of the malignant tumors and meningiomas accounting for over half of the non-

malignant tumors (Miller et al., 2021; Tan et al., 2020). Malignant brain tumors are reported 

at a higher rate in the male population, while non-malignant tumors are more common in 

females (Miller et al., 2021; Patel et al., 2019). Whilst the overall survival (OS) of patients 

with malignant brain tumors varies according to tumor type and age, the prognosis of these 

tumors is worse. On the contrary, patients with non-malignant brain tumors have a better 

OS with a narrower margin of difference in OS between young and old patients (95% - 84%) 

(Miller et al., 2021). The average number of annual deaths due to primary malignant brain 

and CNS tumors is 4.42 deaths in 100,000 patients in the USA (Ostrom et al., 2020).  

Globally brain and CNS tumors result in a substantial number of deaths and both the 

number of new cases and deaths have increased between 1990 and 2016 (Patel et al., 

2019). Several factors have been attributed as risk factors for developing brain tumors. 

These include exposure to ionizing radiation in children, hereditary and environmental 

factors as well as receiving prior cranial radiation treatment (Miller et al., 2021). A systematic 

review recently linked brain tumor occurrence with exposure to pesticides used in farming 

(Gatto et al., 2021).  
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Figure 1. Distribution of different types of primary brain and CNS tumors diagnosed in the 
USA between 2013 to 2017. Brain and CNS tumors are mainly grouped into malignant and 
non-malignant types. Glioblastoma accounts for almost 50% of all malignant primary brain 
tumors (Data sourced from Miller et al., 2021). 

 

1.1.2   Gliomas 

Gliomas are malignant tumors generally thought to arise from the glial cells in the brain 

although, the definitive cell of origin of gliomas is still under intense discussion (Alcantara 

Llaguno and Parada, 2016). The recent WHO classification of CNS tumors has revised the 

previous broad categorization of diffuse gliomas into “adult-type diffuse gliomas” and 

“pediatric-type diffuse gliomas” to account for the differences in glioma subtypes observed 

in these populations (Louis et al., 2016, 2021). The pediatric-type diffuse low-grade gliomas 

consist of diffuse astrocytoma, angiocentric glioma, and polymorphous low-grade 

neuroepithelial tumor of the young as distinct tumor types within this sub-group. While the 

pediatric-type diffuse high-grade gliomas sub-group consists of diffuse midline glioma, 

diffuse hemispheric glioma, diffuse pediatric-type high-grade glioma, and Infant-type 

hemispheric glioma as tumor types. The tumor sub-types under the adult-type diffuse 

gliomas with their corresponding Isocitrate dehydrogenase (IDH) status, WHO grades, and 

associated molecular characteristics are depicted in Figure 2 and will be discussed further 

in this thesis. 
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Figure 2. The 2021 WHO classification of adult diffuse gliomas. The WHO grade provides 
information on the clinical nature of the tumors, with grade 1 tumors being curable and fully 
excisable with good prognosis, while grade 4 tumors are incurable and cannot be fully 
excised. The 2021 WHO Classification of Tumors of the Central Nervous System integrates 
histopathologic, genetic, and molecular information to arrive at a more robust description of 
the cellular organization and histological appearance of CNS tumors (Louis et al., 2021). 
Glioblastomas (GBMs) are characterized as grade 4 IDH wildtype gliomas. IDH1/2 mutated 
(IDHmut) GBMs have been classified in 2021 as a separate grade IV entity within IDH-
mutant astrocytomas based on their unique genetic and molecular alterations. 
Oligodendrogliomas are distinguished from astrocytomas based on the 1p/19q deletion 
status; Tumor protein 53 (TP53), Alpha thalassemia/mental retardation syndrome X-linked 
(ATRX), Cyclin-dependent kinase 4/6 (CDKN2A/B), Capicua (CIC), Far Upstream Element 
Binding Protein 1 (FUBP1), Telomerase reverse transcriptase (TERT), Epidermal growth 
factor receptor (EGFR). Adapted from Louis et al., 2021. 

 

1.1.3   IDH mutant gliomas 

Isocitrate dehydrogenase (IDH) is an important metabolic enzyme that catalyzes the 

oxidative decarboxylation reaction that converts isocitrate to α-ketoglutarate (α-KG), a TCA 

cycle intermediate under normal physiological conditions. Gliomas with mutations in the IDH 

genes are referred to as IDH mutant (IDHmut) gliomas. IDH1 and IDH2 are the 2 isoforms 

mainly altered in gliomas. A missense mutation in the IDH gene results in the replacement 

of arginine (R) with histidine (H) in positions 132 (R132H) and 172 (R172H) in IDH1 and 

IDH2 enzymes respectively (Han et al., 2020; Parsons et al., 2008; Yan et al., 2009). IDH 

mutation leads to the production and accumulation of the oncometabolite 2-

hydroxyglutarate (2-HG) a competitive inhibitor of α-KG that fuels tumor growth and 

progression (Dang et al., 2009).  
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The previously known IDHmut GBMs are now regarded as high-grade astrocytomas and 

are considered distinct tumor types independent of IDHwt GBMs (Louis et al., 2021). IDH-

mutant diffuse astrocytic tumors that were previously classified into 3 different tumor types 

in 2016 based on their histologic features as either diffuse astrocytoma, anaplastic 

astrocytoma, or IDHmut glioblastoma are now collectively referred to as Astrocytomas 

irrespective of their histological characteristics. However, the new astrocytomas are 

assigned 2, 3, or 4 WHO grades based on the clinical nature of the disease with WHO grade 

4 astrocytomas being the most aggressive form. In addition to its histological and clinical 

features, the key molecular features of astrocytomas include Tumor protein 53 (TP53) and 

Alpha thalassemia/mental retardation syndrome X-linked (ATRX) mutations as well as 

Cyclin-dependent kinase 4/6 (CDKN2A/B) loss (Louis et al., 2021). Oligodendrogliomas are 

generally classified based on their distinct histological features, IDH1/2 mutations, 

codeletions in chromosomes 1p/19q, a Telomerase reverse transcriptase (TERT) promoter 

mutation as well as mutations in Capicua (CIC) and Far Upstream Element Binding Protein 

1 (FUBP1) genes. NOTCH1 gene mutation is also a key molecular feature characterizing 

oligodendrogliomas (Louis et al., 2021). Oligodendrogliomas were also assigned 2 different 

WHO grades (2 or 3) depending on the clinical course of the tumors (Figure 2) (Louis et 

al., 2021).  

 

1.1.4   Glioblastoma  

Glioblastoma is an aggressive, invasive, and difficult to treat tumor (Aldape et al., 2018). It 

is the most commonly diagnosed malignant brain tumor in the USA (Ostrom et al., 2020). 

GBM is characterized as IDH wildtype (IDHwt) and assigned WHO grade 4 indicating its 

aggressive nature and dismal prognosis (Louis et al., 2021). The typical clinical presentation 

of GBM includes neurological symptoms such as headache, epilepsy, neurocognitive 

impairment, and other signs and symptoms resulting from intracranial pressure imposed by 

tumor growth. The detection of GBM following a magnetic resonance imaging (MRI) scan 

is considered the gold standard for the diagnosis of the tumor. Other diagnostic tools such 

as positron emission tomography (PET) scans and electroencephalography are useful for 

tumor detection and monitoring (Weller et al., 2021; Wen et al., 2020). The use of liquid 

biopsies to detect circulating cell-free tumor DNA in plasma and cerebrospinal fluid is 

emerging but has not been adopted as a standard diagnostic procedure (Weller et al., 

2021). Histopathologically, GBM is characterized by microvascular proliferation and 

pseudopalisading necrosis which are considered the hallmarks of GBM. Other typical 

histologic features of GBM include nuclear atypia, cellular polymorphism, and a high mitotic 
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index (Oronsky et al., 2021; Wen et al., 2020). Pseudopalisades are characterized by tumor 

cells migrating from the nutrient-deprived tumor core and surrounding the necrotic foci. 

Pseudopalisading cells are hypoxic and have been shown to express hypoxia inducible 

factor-1 (HIF-1) and VEGF, which induce microvascular hyperplasia and neovascularisation 

that in turn promotes GBM proliferation (Rong et al., 2006).  

The incidence rate of GBM increases with age, with the highest occurrence seen in people 

older than 75 years. Just like the other types of malignant brain tumors, males are more 

likely to develop GBM than females (Miller et al., 2021; Ostrom et al., 2020; Tan et al., 2020; 

Wang et al., 2021). With only an 8-month median survival rate, GBM has the worst 

prognosis among all primary malignant brain and CNS tumors (Ostrom et al., 2020). The 

incidence rate in males is approximately 6 cases per 100,000 people, while that of females 

is about 4 cases per 100,000 people in the United States. The age-adjusted incidence rate 

in GBM is  3.21 cases per 100,000 people (Ostrom et al., 2020; Tan et al., 2020). Most 

GBMs occur as primary tumors, while a smaller subset of GBMs occurs as secondary 

tumors emanating from lower-grade gliomas. These secondary tumors mostly occur in 

younger patients and are largely characterized as IDHmut Astrocytomas based on WHO 

2021 classification (Ohgaki and Kleihues, 2013).  

Although over the years several lines of aggressive treatments have been offered to 

patients with GBM, survival rates remain very low except in a few cases (Miller et al., 2021; 

Tan et al., 2020). While an appreciable increase from 23% to 36% was recorded in the five-

year relative survival between 1975 to 1977 and 2009 to 2015 in all malignant brain tumors 

combined, in GBM there has been only a slight increase in the relative survival from 4% to 

7% within the same years in reference. This is mainly due to the lack of development of 

new treatment strategies against GBM in the last several decades (Miller et al., 2021; 

Ostrom et al., 2020). 

GBM has a diverse and heterogeneous pattern of occurrence that affects treatment 

response. The incidence and mortality differ based on age, gender, geographical spread, 

race, and ethnicity (Davis, 2016; Lapointe et al., 2018; Miller et al., 2021; Weller et al., 2015). 

GBM affects a significant number of people and the lack of advancement in its treatment 

results in the death of most patients. More research is needed to identify causal/risk factors 

associated with GBM and better disease models to enable the development and testing of 

new treatment options that will improve the quality of life and the OS of GBM patients (Miller 

et al., 2021). 
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1.1.5   Treatment strategies in glioblastoma  

The current clinical management of GBM involves a multimodal approach and usually 

involves 3 stages in most patients, mainly pre-surgical, surgical, and post-surgical 

interventions (Tan et al., 2020). Corticosteroids, usually dexamethasone, are the common 

pre-surgical drugs administered in GBM patients (Lapointe et al., 2018; Wen et al., 2020). 

These drugs are administered to reduce intracranial pressure and accompanying symptoms 

such as headache resulting from the edema around the tumor (Wen et al., 2020). The 

subsequent interventions include a radical surgical approach with extensive tumor resection 

followed by chemotherapy with temozolomide (TMZ) and radiotherapy with ionizing 

radiation which collectively form the standard-of-care treatment in GBM (Davis, 2016; Stupp 

et al., 2005; Weller et al., 2021). Maximal surgical resection of T1-weighted MRI contrast-

enhanced tumors was shown to have a clear benefit with an increased OS of patients when 

compared to patients whose tumors were not maximally resected (Molinaro et al., 2020). 

The use of a biochemical derivative 5-aminolevulinic acid (5-ALA) that labels tumor cells 

under fluorescent light to help in separating normal brain cells from tumor cells has improved 

the ability of surgeons to maximally resect tumor cells during fluorescence-guided surgery 

with minimal damage to the normal brain tissue (Díez Valle et al., 2011; Gandhi et al., 2019). 

As much as 98% resection of the contrast-enhancing tumor volume can be achieved using 

5-ALA (Díez Valle et al., 2011). In addition to having a higher volume of tumor resection in 

patients that received 5-ALA before surgery, an additional 6-month progression-free 

survival was reported in patients that received 5-ALA compared to those who did not and 

had less volume of their tumor resected (Eatz et al., 2022; Stummer et al., 2006). However, 

due to the highly invasive nature of GBM, complete surgical resection is unachievable with 

some invading tumor cells located far away from the primary tumor site (Spiteri et al., 2019; 

Wen et al., 2020) and thus chemo and radiotherapy are needed to target invading tumor 

cells.  

Ionizing radiation (IR) targeted at the tumor region during radiotherapy damages the DNA 

by breaking both strands of the DNA (double-strand breaks) leading to the death of cells 

that are unable to repair or ineffectively repair the damaged DNA (Erasimus et al., 2016). 

The alkylating effect of TMZ induces DNA damage, and in the absence of an effective DNA 

damage repair system such as the mismatch repair (MMR), programmed cell death is 

achieved in TMZ sensitive cells (Lee, 2016).  

Radiotherapy alone or in combination with TMZ has been reported to improve the survival 

of GBM patients (Keime-Guibert et al., 2007; Stupp et al., 2005). Patients that received 

chemo and radiotherapy following surgery were reported to have a median OS of 14.6 
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months and a median survival benefit of 2.5 months when compared to patients that 

received radiotherapy only in addition to surgical resection. In addition, the standard-of-care 

treatment was found to provide GBM patients with a significantly increased 2-year survival 

rate and a better progression-free survival compared to other treatment strategies (Stupp 

et al., 2005). This treatment approach was also reported to increase the 5-year survival rate 

of GBM patients to up to 10% (Stupp et al., 2009). However, the reported benefits are 

dependent on the patient tumor’s O6-methylguanine-DNA methyltransferase (MGMT) 

promoter methylation status, which is known to be a predictive marker of TMZ efficacy (Hegi 

et al., 2005).  MGMT promoter hypermethylation and subsequent MGMT gene silencing, 

inhibit cell-intrinsic DNA repair mechanisms thus conferring a treatment and survival 

advantage to TMZ therapy in this subset of patients (Hegi et al., 2005; Stupp et al., 2005). 

Still, despite concurrent and adjuvant chemo-radiotherapy, a subset of tumor cells escape 

therapy leading to relapse (Spiteri et al., 2019). In these residual cells, functional DNA repair 

mechanisms enable escape from TMZ and IR-induced DNA damage resulting in surviving 

clones with a high mutational burden in some glioma and GBM patient samples (Lee, 2016; 

Touat et al., 2020). GBM tumor recurs aggressively with a median OS of 6 – 11 months due 

to the invasive tumor cells that cannot be fully eliminated by standard-of-care treatment 

(Wen et al., 2020). 

The development of therapeutic agents that target angiogenesis, which is an important 

hallmark of GBM, brought some hope in the quest to find a cure for GBM. Bevacizumab 

(Avastin) was approved for the treatment of recurrent GBM by the United States Food and 

Drug Administration (FDA) following encouraging phase II clinical trials (Kreisl et al., 2009). 

However, the use of bevacizumab alone in newly diagnosed GBM or in combination with 

other chemotherapeutic agents in recurrent GBM only confers a marginal increase in 

progression-free survival. Treatment with bevacizumab alone does not surpass the 

standard-of-care treatment in terms of overall survival (Gilbert et al., 2014; Niclou, 2018; 

Wick et al., 2017).  

Tumor-treating fields (TTFields) emerged as a novel non-invasive and non-toxic treatment 

strategy in GBM. In this treatment modality, transducers delivering low-intensity alternating 

electric fields are attached to the scalp of the patient. The electric fields generated have a 

detrimental effect on tumor cells causing mitotic arrest, impairment of DNA repair process, 

activation of autophagy, and inhibition of cancer cell migration (Rominiyi et al., 2021). The 

clinical benefit of the TTFields was demonstrated in a clinical trial that led to its approval by 

the FDA (Cohen et al., 2005). Patients with primary GBM treated with adjuvant TMZ and 

TTFields had a significantly higher PFS and OS compared to patients that received only the 
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standard-of-care treatment. Interestingly, the addition of TTFields to the treatment regimen 

was not associated with significant adverse events in patients (Kesari et al., 2017; Rominiyi 

et al., 2021; Stupp et al., 2015, 2017). However, no improvements in the OS were detected 

in a clinical trial that compared patients receiving chemotherapy only with those receiving 

chemotherapy and TTFields in patients with recurrent GBMs (Stupp et al., 2012). Moreover, 

the high cost of TTFields and their cumbersome nature limit their clinical use (Fabian et al., 

2019; Liu et al., 2021a). 

In recent years, immunotherapy has emerged as a novel therapeutic option in the treatment 

of solid tumors (Rusch et al., 2018). The primary goal of immunotherapy is to stimulate an 

immune response toward tumor cells and include adoptive cell therapies such as chimeric 

antigen receptor T cell (CAR T cell), T cell receptor (TCR), and tumor-infiltrating lymphocyte 

(TIL) (Lapointe et al., 2018; Lynes et al., 2018). The tumor's immune-suppressed 

environment can also be reversed through the inhibition of immune checkpoint molecules 

such as anti-cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and anti-programmed 

death-1 (PD-1). Tumor vaccination using patients’ dendritic cells (DCs) or peptides (e.g. 

targeting EGFR) are also explored to enhance the immune memory of T cells and induce a 

more effective and sustained elimination of tumor cells (Lynes et al., 2018). Although there 

are ongoing preclinical and clinical studies on different cocktails of immune cells (Lapointe 

et al., 2018), these are yet to be translated into a cure for GBM patients mainly due to the 

heterogeneity and “cold” nature of these tumors with often few targetable mutations which 

facilitates immune escape (Sampson et al., 2020). The use of oncolytic viruses to treat GBM 

is also being explored. Recently, results from phase I clinical trials using recombinant 

oncolytic adenoviruses and a chimera of polio and rhinovirus used to attack GBM cells were 

reported with encouraging results allowing proceeding into phase II clinical trials  

(Desjardins et al., 2018; Fares et al., 2021).  

Whilst there are several drug candidates are at various stages of development and clinical 

trials (Wen et al., 2020), GBM remains refractory to current treatment strategies due to the 

inevitable development of drug resistance. Ultimately, this has led to the stagnation of 

survival outcomes of GBM patients within the last 15 years. 
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1.2   Inter-tumoral heterogeneity and molecular subtypes in glioblastoma 

Inter-tumoral heterogeneity at different levels is a significant barrier to the effective 

treatment of GBM. These differences are mostly due to the molecular peculiarities of tumors 

in each patient and may be translated into variable treatment responses even in patients 

presenting with histologically similar tumors. This underscores the importance of patient 

stratification using various molecular approaches in GBM diagnoses and personalized 

treatment. 

 

1.2.1   Genetic landscape and subtypes in glioblastoma 

Large-scale research efforts such as the cancer genome atlas (TCGA) and others have 

advanced our understanding of the molecular features of GBM (McLendon et al., 2008; 

Parsons et al., 2008; Weinstein et al., 2013). Using next-generation sequencing technology 

demonstrated extensive genomic alterations in GBM (Brennan et al., 2013). GBMs 

commonly carry TERT promoter mutation and copy number changes at chromosomes 7 

and 10 (+7/-10). Genetic alterations such as amplification of Epidermal growth factor 

receptor (EGFR), Platelet-derived growth factor receptor α (PDGFRα), and Cyclin-

dependent kinase 4/6 (CDK4/6), as well as deletions or inactivating mutations in TP53, 

Phosphatase and tensin homolog (PTEN), Neurofibromin 1 (NF1) and loss of Cyclin-

dependent kinase inhibitor 2A/B (CDKN2A/B), are key determinants of inter-patient 

variability (Brennan et al., 2013; Louis et al., 2021; Wen et al., 2020). These genomic 

alterations affect several signaling pathways with important implications for GBM tumor 

initiation and progression. 67.3% of all tumor types analyzed (largely within the category of 

adult diffuse gliomas in the latest WHO 2021 classification), had alterations in at least one 

Receptor tyrosine kinase (RTK) leading to Mitogen-activated protein kinase (MAPK) 

signaling pathway activation. Similarly, 85.3% of these tumors had a dysregulated p53 

pathway, while alterations affecting Rb function were detected in 78.9% of the tumors  

(Brennan et al., 2013; Molinaro et al., 2019). Genetic aberrations provide the basis for the 

inter-patient categorization of GBMs and classify GBMs into 3 major subgroups. One 

subgroup of GBMs is characterized by enhanced amplifications in PDGFRα and CDK4. 

Another by a higher frequency of EGFR amplifications with deep deletions of CDKN2A/B. 

The third subgroup of GBMs is characterized by NF1 loss (Brennan et al., 2013; Verhaak 

et al., 2010; Wen et al., 2020). The identified genetic subgroups were later linked to the 

gene expression and DNA methylation profiles of GBM.  

The genetic and cellular inter-patient difference affects treatment sensitivity and resistance 

in GBM. Skaga et al. demonstrated extensive inter-patient variability in the sensitivity to 
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several anti-cancer drugs response in patient-derived glioma cultures (Skaga et al., 2019). 

Inter-patient MGMT promoter methylation status is a predictive marker for TMZ treatment 

response and survival in GBM (Hegi et al., 2005). Patients’ stratification based on TERT 

mutation and MGMT status have identified clinically relevant subgroups with variable 

treatment outcomes in GBM (Arita et al., 2016). 

 

1.2.2   Gene expression-based subtypes  

The molecular classification of GBM based on the bulk transcriptomic signatures of patient 

tumor samples revealed important inter-patient differences. Initial analysis by Phillips et al., 

using bulk gene expression signatures of high-grade gliomas (mostly fall classified as GBMs 

and high-grade astrocytomas in the latest WHO 2021 classification), identified 3 distinct 

molecular groups namely, proneural, mesenchymal, and proliferative subtypes. These 

molecular subtypes were linked to the disease prognosis (Phillips et al., 2006). Tumors with 

proneural signatures have significantly longer survival compared to those with a 

mesenchymal or proliferative signature. Moreover, these subtypes associated very well with 

glioma tumor grades. Samples histologically classified as WHO grade III were mostly 

proneural and grade IV tumors displayed signatures of 3 subtypes while mesenchymal and 

proliferative signatures were exclusive to grade IV tumors samples with necrosis (Phillips 

et al., 2006).  

Subsequent work by the TCGA consortium (Verhaak et al., 2010), reclassified the molecular 

subgroups using bulk gene expression data of GBMs, considering both IDHwt and IDHmut 

tumors. This resulted in 4 new molecular subtypes namely, proneural, neural, classical, and 

mesenchymal. In addition, these new subtypes were linked to specific genetic alterations, 

with the proneural subtype associated with PDGFRα & IDH1 alterations, while the classical 

and mesenchymal subtypes associated with EGFR and NF1 alterations respectively. In 

addition, this subtype classification provided some insight into the variability in response to 

treatment among the different subtypes (Verhaak et al., 2010). A caveat of this classification 

however contamination of normal brain cells in bulk expression analysis. Further fine-tuning 

of the signatures with the advances in single-cell RNA sequencing (scRNA-seq) allowed 

the selection of tumor-intrinsic genes from single tumor cells and non-neoplastic populations 

in only IDHwt GBMs. This new approach revealed that the initial four subtypes were 

influenced by the signal from non-tumor cells particularly in the tumor microenvironment 

(TME) on the overall bulk transcriptomic profiles. This led to the refinement of the initial 4 

subtypes into 3 tumor intrinsic subtypes, namely, proneural (PN), classical (CL), and 

mesenchymal (MES) (Wang et al., 2017). 
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Although these molecular subtypes based on the transcriptomic profiles of GBM have 

helped in GBM patients’ stratification and prognosis, they have not yet translated into 

therapeutic benefits for patients.  

 

1.2.3   Methylation-based subtypes 

DNA methylation and other epigenetic-based mechanisms of regulating gene expression 

such as chromatin remodeling and histone modification play an important role in shaping 

the gene expression dynamics (Bommarito and Fry, 2018; Chaligne et al., 2021; Johnson 

et al., 2021; Jones and Baylin, 2007; Noushmehr et al., 2010; Wang and Wu, 2018). DNA 

methylation occurs when a methyl group (-CH3) is added at position 5 of the cytosine ring 

in the CpG site of the DNA sequence by a group of enzymes known as DNA 

methyltransferases (DNMTs) (Moore et al., 2013). DNA methylation at the regulatory 

regions leads to alterations in gene expression without a permanent change to the 

nucleotide sequence of the cell, often translating into a corresponding change in the 

phenotype of the affected cell(s) (Wang and Wu, 2018). The general pattern of DNA 

methylation in cancer is the presence of a global genome hypomethylation with 

hypermethylation of CpG islands located at the promoter region of specific genes often 

involved in cell differentiation (Jones and Baylin, 2007). Hypermethylation at these CpG 

islands results in the silencing of gene expression of the gene whose promoter is affected 

(Bommarito and Fry, 2018; Wang and Wu, 2018).  

Gene signatures defining GBM transcriptional subtypes are regulated at the epigenetic level 

and can be predicted from methylation patterns. DNA methylation profiles were used to 

effectively delineate the heterogeneity of GBMs and to stratify them based on their distinct 

methylation profiles into several subclasses that correlate with transcriptomic subtypes 

(Capper et al., 2018; Ceccarelli et al., 2016; Noushmehr et al., 2010). In the framework of 

the TCGA project, gliomas were initially classified based on DNA methylation alterations 

observed in the promoter regions known as the glioma CpG island methylator phenotype 

(G-CIMP). Two subgroups were identified in the adult diffused gliomas analyzed, namely, 

G-CIMP positive and G-CIMP negative tumors (Noushmehr et al., 2010). Comparison 

between the G-CIMP positive tumors with the glioma molecular subtypes (Verhaak et al., 

2010) revealed that G-CIMP positive tumors mostly correspond to proneural GBMs and 

other lower-grade gliomas with IDH mutation, while the G-CIMP negative represent mostly 

classical and mesenchymal GBMs (Noushmehr et al., 2010).  
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The integration of several layers of “omics” data comprising DNA methylation, whole-

genome sequencing (WGS), gene expression, and protein expression data further allowed 

the refinement of DNA methylation subclasses in both IDHwt and IDHmut GBM separately 

(Ceccarelli et al., 2016). Analyses of the DNA methylation profiles of GBM revealed inter-

tumoral differences based on bulk DNA methylation profiles of these samples (Capper et 

al., 2018; Ceccarelli et al., 2016). This new DNA methylation classification grouped IDHmut 

GBM into LGm1, LGm2, LGm3 subtypes, and the IDHwt GBM also into 3 subtypes, namely 

LGm4, LGm5, LGm6 (Ceccarelli et al., 2016). As previously described, the LGm1-3 

subclasses are mostly G-CIMP positive and display genome-wide hypermethylation, unlike 

the LGm4-6 subclasses that are mostly G-CIMP negative with a hypomethylated genome. 

Still, the IDHwt subclasses LGm4 and LGm5 are enriched for classical- and mesenchymal-

like features respectively, while the third subclass LGm6 comprises GBM and pilocytic 

astrocytoma-like tumors (Ceccarelli et al., 2016). 

Using a machine learning algorithm, Capper et al., developed a new DNA methylation-

based classification of the CNS tumors termed the “Heidelberg” subtypes (Capper et al., 

2018). In this new classification, IDHwt GBMs were classified into 8 subtypes namely: GBM 

RTK I, GBM RTK II, GBM RTK III, and GBM MES. These DNA methylation classes are 

broader and readily applicable for routine diagnosis (Capper et al., 2018). A comparison 

between the Capper et al. and the pan-glioma DNA methylation subtypes of IDHwt GBMs 

revealed an overlap between LGm4 and GBM RTK II as well as an overlap between LGm5 

and GBM MES and GBM RTK I classes (Capper et al., 2018).  

Although inter-tumoral heterogeneity has highlighted important insights into the molecular 

features of GBM at different levels and aided patients stratification, improvements in the 

resolution of molecular techniques that allows the characterization of individual cells and 

the analysis of multiple biopsies from the same tumors revealed extensive intra-tumoral 

heterogeneity in GBM (Gates et al., 2019; Patel et al., 2014; Sottoriva et al., 2013). This 

indicates that the potential effect of tumor sampling must be considered when defining inter-

patient differences in GBM. 
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1.3   Intra-tumoral heterogeneity and plasticity in glioblastoma 

Genomic instability in cancers as a result of somatic mutations and chromosomal 

aberrations as well as epigenomic instability leads to cellular and phenotypic variations 

often referred to as intra-tumoral heterogeneity (ITH) (Greaves, 2015). ITH favors tumor cell 

propagation and contributes to treatment resistance that ultimately shapes the clinical 

course of the disease (Iacobuzio-Donahue et al., 2020; Turajlic et al., 2019). GBM is 

characterized by complex cellular and molecular features (Puchalski et al., 2018). Based 

on its diversified cellular organization and histological appearance, GBMs have historically 

been considered among the most heterogeneous tumors and were referred to as 

‘multiforme’. GBMs encompass distinct histopathologic features such as diffuse infiltration, 

microvascular proliferation, and necrosis. Tumor cells reside in different TME niches, where 

they display distinct phenotypic features, including abnormal cell morphology and protein 

expression (Figure 3A). ITH in GBM has since been described at various molecular levels, 

including at genetic, transcriptomic, epigenetic, and functional levels (Figure 3). TME as an 

additional layer of ITH contributing to the complex molecular GBM landscape will be 

discussed in a separate section of this thesis.  

 

 

Figure 3. Factors contributing to intra-tumoral heterogeneity in GBM. A. The GBM 
cellular ecosystem comprises diverse tumor cells residing in different TME niches. 
Composition of tumor cells and crosstalk with TME vary across different niches B. GBM 
cells display heterogeneity at different molecular levels: genetic, epigenetic, transcriptomic, 
proteomic, and metabolomic. GBM cells may express diverse cell membrane epitopes and 
intracellular signaling pathways.  
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1.3.1   Intra-tumoral genetic heterogeneity 

Genetic ITH is a well-established phenomenon in high-grade gliomas. The emergence and 

evolution of genetic heterogeneity is known as a hierarchical process that follows the 

general neo-Darwinian principles. Distinct genetic clones arise due to genomic instability 

and continuous clonal evolution, allowing for the diversification of the tumor genetic 

landscape (Turajlic et al., 2019). Genetic events occurring late in clonal evolution are often 

subclonal (Körber et al., 2019) e.g., the EGFRvIII structural variant is present only in a 

subpopulation of GBM cells (Francis et al., 2014). If present in the same tumor, EGFR, and 

PDGFRα gene amplification occur in different subclones, which may be differentially 

distributed across different tumor niches (Szerlip et al., 2012). Genetic heterogeneity is also 

well described for point mutations, including genes such as EGFR and ATRX. Aneuploidy 

is generally a late event in GBM evolution and >35% of GBMs contain clones with different 

ploidy levels and underlying changes in chromosomal content and structure (Stieber et al., 

2014). Genetic analysis of several biopsies from the tumors of 11 patients revealed 

extensive ITH in GBM (Sottoriva et al., 2013). Genome-wide copy number analysis revealed 

the heterogeneous occurrence of key somatic alterations in GBM in different clones of the 

same tumor. Copy number amplifications of PDGFRα and PTEN deletion were variably 

observed in the different fragments of the same tumor. These findings were earlier 

demonstrated when Snuderl et al., observed variability in the amplification of RTK genes 

(PDGFRα, EGFR, MET) by different cells within the same tumor in GBM (Snuderl et al., 

2011). Whole exome sequencing of GBMs also identified PDGFRα amplifications and or 

mutations coexisting with EGFR amplifications in the same tumors (Brennan et al., 2013), 

indicating that these events are not mutually exclusive and can be present in the same 

tumor but different locations.  

Extrachromosomal DNA (ecDNA) carrying oncogenes also contributes to the development 

of ITH in GBM (Kim et al., 2020b; Turner et al., 2017). As ecDNA molecules do not contain 

centromeres, they are randomly distributed to daughter cells, resulting in an additional layer 

of genetic heterogeneity (Verhaak et al., 2019). Genetic heterogeneity based on ecDNA 

carrying EGFRvIII is also rapidly reconstituted from purified cells with or without EGFRvIII 

amplification, further demonstrating the ability of ecDNA to rapidly generate ITH 

(Decarvalho et al., 2018). EcDNA circular amplicons were recently shown to be prevalent 

in many cancer types with GBM showing the highest frequency of occurrence. Interestingly, 

ecDNAs were not detected in normal cells. This emphasizes the role of ecDNA in creating 

and maintaining ITH in cancer (Kim et al., 2020b). 
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1.3.2   Transcriptomic heterogeneity and plasticity 

The advent of single cells sequencing technologies in recent years has advanced our 

understanding of the transcriptomic heterogeneity of cancer cells (Tirosh and Suvà, 2018). 

Bulk transcriptomic analysis of multiple biopsies from the same tumor provided the initial 

indication that GBMs are transcriptionally heterogeneous. Sottoriva et al. showed that 6 out 

of the 10 GBMs analyzed had fractions with different GBM subtypes (Sottoriva et al., 2013). 

As observed in the genetic analyses, this indicated each tumor had an admixture of multiple 

gene expression subtypes and the underlying tumor genetic ITH may dictate transcriptomic 

ITH. 

The identification of the transcriptomic signatures of individual tumor cells using single-cell 

RNA-seq (scRNA-seq) technology provided more insight into the transcriptomic profiles of 

GBM cells. This approach further highlighted the remarkable intra-tumoral heterogeneity in 

GBM, where signatures of different GBM molecular subtypes (proneural, classical, 

mesenchymal) were found to be present within the same tumor (Patel et al., 2014). 

Individual tumor cells were found to possess signatures of different subtypes and thus 

defined as hybrids with intermediary phenotypes, suggesting state transitions between 

subtypes and, a departure from the initial understanding that each tumor has a single 

molecular subtype (Patel et al., 2014). Analysis of signatures linked to stemness, hypoxia, 

and quiescence did not reveal distinct cellular subpopulations (Patel et al., 2014). 

Transcriptomic heterogeneity relied rather on continuous gradients, confirming expression 

profiles detected regularly at the protein level by flow cytometry. Proliferating cells were 

defined in different phenotypic states and the main axis of variation ranged from a proneural 

to a mesenchymal state (Wang et al., 2019). On the contrary, the transcriptomic features of 

IDHmut gliomas required a different set of genes defining phenotypic states and suggested 

a more hierarchical organization. Both tumor types presented proliferating cells mostly in 

the stem-like states, whereas Astro-like and Oligo-like cells rarely contained cells in the cell 

cycle phase (Tirosh et al., 2016; Venteicher et al., 2017). 

Further in-depth single-cell analysis of GBMs revealed the existence of 4 different cellular 

states with distinct gene expression profiles namely: astrocytic (AC)-like, neural progenitor 

cells (NPC)-like, oligodendrocytes progenitor cells (OPC)-like and mesenchymal (MES)-like 

(Figure 4) (Neftel et al., 2019). At least two of the GBM cellular states were present in each 

GBM and always contained a fraction of proliferating cells, arguing against a hierarchical 

organization in GBM. Numerous cells were also defined as intermediary or hybrid cell states 

indicating a transition between transcriptomic states.  
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Although the genetic background of each tumor did not entirely dictate the phenotypic 

states, it contributed to the transcriptomic ITH (Tirosh and Suvà, 2018). GBMs rarely 

contained equal proportions of cellular states (Bhaduri et al., 2020), and ratios were skewed 

by the inter-patient genetic associations, where the most abundant phenotypic state defined 

the overall molecular subtype. In general, the most abundant phenotypic state defined the 

bulk molecular subtype. For example, GBMs dominated by AC-like cells are generally of 

classical subtype and carry EGFR gene amplification; GBMs of predominantly MES-like cell 

state are of a mesenchymal subtype with NF1 locus mutations. The proneural subtype 

characterizes GBMs consisting of predominantly OPC-like or NPC-like cell states, with 

PDGFRα and CDK4 amplifications respectively (Figure 4).  

scRNA-seq allows the correlation of transcriptomic profiles with defined copy number 

alterations. Each genetic clone in GBM and IDHmut gliomas present within the tumor was 

shown to recapitulate phenotypic heterogeneity and exist in different transcriptomic states 

(Filbin et al., 2018; Patel et al., 2014; Venteicher et al., 2017). Interrogation of mutations 

from scRNA-seq data is still tedious due to limited mRNA capture and readout sensitivity.   

Since transcriptomic data only provides a snapshot of the gene expression in a cell at a 

particular point in time, and complete overlap of differentially expressed genes between 2 

gene expression datasets from the same tissue is rarely achieved (Kim et al., 2012), 

pathway analysis allows the inference of other expressed genes and their corresponding 

targets and actions within a cell (Joshi-Tope et al., 2005). Using prior knowledge of gene-

to-gene as well as protein-protein interactions, pathways with more meaningful biological 

information can be reconstructed from the gene expression data (Joshi-Tope et al., 2005). 

Garofano et al., leveraged information from biological pathways and developed a 

classification system that identifies tumor intrinsic biological processes in individual GBM 

cells as well as whole tumor samples using gene expression information obtained from 

scRNA-seq and bulk transcriptomics (Garofano et al., 2021). In this pathway-based 

classification, GBM cells were grouped into 4 main stable subtypes namely: 

glycolytic/plurimetabolic (GPM), mitochondrial (MTC), neuronal (NEU), and 

proliferative/progenitor (PPR) subtypes. Pathways enriched in the GPM subtype include 

hypoxia, immune and mesenchymal activities as well as glucose, amino acids, and fatty 

acids metabolism. In the MTC subtype, mitochondrial activities mainly the tricarboxylic acid 

(TCA) and OXPHOS pathways are enriched (Garofano et al., 2021). The NEU subtype 

represents cells enriched for neuronal activities and importantly the glioma-neuron synapse. 

The PPR subtype is enriched with stem-like progenitor biological pathways as well as cell 

cycle and DNA replication, damage, and repair pathways (Garofano et al., 2021). 
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Correlation analysis between these pathway-based GBM subtypes with transcriptomic-

based cellular states showed a relationship between the NEU and PPR subtypes with NPC-

like and OPC-like cell states mirroring their common involvement in neurodevelopmental 

processes. The GPM and MTC subtypes showed similarities with AC-like and MES-like cell 

states respectively (Garofano et al., 2021). Moreover, the GPM subtype mostly correlated 

with the MES subtypes of both Phillips et al., and Wang et al., while the NEU subtypes fitted 

well with the PN, and CL (Wang et al., 2017), as well as Prolif and PN subtypes (Phillips et 

al., 2006). With the advent of the pathway-based classification of GBM, it remains to be 

seen whether may influence a patient’s prognosis and the choice of therapeutic 

interventions in the clinic.  

As seen earlier in the gene expression and DNA methylation subtypes, single-cell analysis 

has revealed the presence of different phenotypic states representing the different pathway-

based subtypes in a single GBM sample. Gene-expression, DNA methylation, and pathway-

based GBM subtyping identified the transcriptomic MES subtype, the pathway-based  GPM 

subtype and DNA methylation-based subtypes with mesenchymal features (LGm5) have 

been associated with poor survival compared to other subtypes with non-mesenchymal 

features (Ceccarelli et al., 2016; Garofano et al., 2021; Phillips et al., 2006; Wang et al., 

2017).  

Although the dissection of GBM heterogeneity, tumor classification, and patient stratification 

have significantly improved in recent years and significantly improved our understanding of 

GBM, it remains to be seen to what extent the different layers of ITH will impact the outcome 

of precision medicine approaches based on distinct (epi)genetic molecular profiles. 

 

1.3.3   Epigenetic heterogeneity 

Similar to genetic and transcriptomic levels, ITH has also been demonstrated at the 

epigenetic level. For instance, MGMT promoter methylation status, a predictor of the 

response to TMZ, can differ across cells of the same tumors (Meyer et al., 2015). Similarly, 

disparate DNA methylation is found in spatially separated GBM biopsies. Although most 

differences were in less conserved ‘open sea’ regions, 5/12 tumors displayed different DNA 

methylation subclasses in distinct tumor zones (Wenger et al., 2019).  

Using concurrent mapping of chromatin accessibility and DNA methylation (MAPit-patch) at 

single-molecule resolution, Nabilsi et al., revealed ITH both at the DNA methylation and 

chromatin accessibility levels (Nabilsi et al., 2014). Chromatin accessibility controls 
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promoters of genes such as Prominin-1/CD133 (PROM1) and MutL Homolog 1 (MLH1), 

which are not classically regulated by DNA methylation. Single cell-based assay for 

transposase-accessible chromatin using sequencing (scATAC-seq) profiles further 

exposed distinct active DNA regulatory regions in proneural and mesenchymal cells, and 

their partial overlap in intermediate states (Wang et al., 2019). Recent scATAC-seq 

revealed several chromatin accessibility modules in each GBM. While at least 2 chromatin 

accessibility modules were linked to the GBM MES-like state, both NCP- and OPC-like cells 

were found in the same module, whereas AC-like states show heterogeneous accessibility 

profiles across several modules (Guilhamon et al., 2021). This result indicates that 

chromatin accessibility profiles of cells within a similar state may differ, thus highlighting ITH 

at the single cells level both at the transcriptomic state and the chromatin accessibility 

profiles.  

Recent data using combined gene expression, DNA methylation profiling, and genotyping 

of single cells revealed extensive ITH at the DNA methylation level in GBM (Chaligne et al., 

2021; Johnson et al., 2021). Stochastic alterations in DNA methylation patterns observed 

are key drivers of intra-tumoral epigenetic heterogeneity in GBM. GBM exhibits higher DNA 

methylation disorder that facilitates adaptation and cellular heterogeneity, unlike the more 

hierarchically organized IDHmut tumors (Johnson et al., 2021). Lineage trees reconstructed 

from DNA methylation data annotated with cell states inferred from the scRNA-seq data 

confirmed the heritability of DNA methylation alterations and cell states in glioma (Chaligne 

et al., 2021). These data indicate the transferability and evolution of ITH across generations 

in GBM cells. 

Single-cell multi-omics analysis also allowed the fine-tuning of bulk-based DNA methylation 

subtypes in gliomas (Chaligne et al., 2021). By combining scRNA-seq and scDNAme 

(single-cell DNA methylation), Chaligne et al., showed a correlation between cells classified 

as LGm4 with mostly AC-and MES-like GBM cell states while LGm5 correlated with NPC- 

and OPC-like GBM cell states. LGm6 was, however, found to correlate with non-malignant 

glial and immune cells. Overall, this recent data suggests that each tumor is composed of 

a mixture of cells enriched with different DNA methylation features, and that bulk subtypes 

not only suffer from contamination by non-malignant cells present in the analyzed tumors 

but also represent an over-representation of a particular subtype (Chaligne et al., 2021). 
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1.3.4   Cancer stem-like states, phenotypic heterogeneity and plasticity  

Cancer stem cells (CSCs) have long been considered to be the source of ITH in many 

cancers. The initial CSC hypothesis, established over 20 years ago described the so-called 

CSCs, or tumor-initiating cells (TICs), to be exclusively responsible for tumor development 

and maintenance of ITH. CSCs are defined to be cells with the functional “ability to self-

renew and generate differentiated progeny”. In addition, these cells must possess the ability 

to generate tumors with heterogeneous cell types upon transplantation. CSCs progenies 

that are committed to a particular cell fate are referred to as differentiated cells.  (Vescovi 

et al., 2006). Identification of CSCs in GBM has been based on the expression of cell 

membrane antigens, such as CD133, CD15/SSEA, CD44, or A2B5, or intracellular markers 

such as Sox2 and Nestin (Anido et al., 2010; Ogden et al., 2008; Singh et al., 2004; Son et 

al., 2009; Tchoghandjian et al., 2010). However, the presence and distribution of these 

CSCs in GBM patient tumors were shown to be heterogeneous between and within tumors. 

Extensive ITH in the number of cells expressing these putative CSCs markers has been 

shown in patient tumors. Interestingly, one study found that in the total of 6 GBMs analyzed, 

a variable proportion of CSCs was observed and these CSCs also significantly differed in 

the number and type of CSC markers they express (Galdieri et al., 2021). Dirkse et al. 

earlier reported ITH in the expression of an overlapping set of CSC markers in patient-

derived orthotopic xenograft (PDOX) models and stem-like cultures (Dirkse et al., 2019).  

Numerous studies showed that irrespective of CSC marker expression, GBM cells can self-

renew, proliferate indefinitely and form tumors in vivo in experimental models. Cellular 

states appeared non-hierarchical, reversible, and occurred via stochastic state transitions 

of existing populations, evolving towards an equilibrium instructed by the microenvironment 

(Dirkse et al., 2019). The characterization of phenotypic heterogeneity in GBM was further 

enhanced by the ability to link transcriptomic states with cell membrane markers. As the 

transcriptomic states could be linked to the expression of cell membrane epitopes such as 

CD44 and CD24 (Figure 4), these phenotypic states were purified and functionally 

assessed. FACS-purified positive and negative fractions formed tumors in vivo and 

reconstituted transcriptomic heterogeneity. As tumor development time was not 

systematically assessed, it is currently unclear whether transcriptomic states differ in 

tumorigenic potential and if they reconstitute heterogeneity at the same speed (Neftel et al., 

2019). These results led to a novel model explaining phenotypic intra-tumoral 

heterogeneity, which is based strongly on intrinsic tumor plasticity. Only a very limited 

differentiation axis is present in GBM, both CSCs and more differentiated GBM phenotypes 

represent different states that can flexibly interchange while subjected to various stimuli in 
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TME or upon treatment. The evolution of the CSC hypothesis towards the plasticity model 

has been widely discussed in our review manuscript, which is present in Chapter 3.  

 

Figure 4. Transcriptomic heterogeneity in GBM. GBM cells exist in gradients of 
transcriptomic states, with multiple axes of variation. Most defined states lie on the 
proneural (OPC-like and NPC)-like states to mesenchymal (AC-like and MES-like states) 
axis. These states express various CSC-associated markers and display extensive 
phenotypic plasticity. The final equilibrium is dictated by the genetic background (e.g., 
PDGFRα, EGFR and CDK4 amplification, NF1 loss)) and TME cues. Further gradients can 
be defined on additional axes.  
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1.3.5   Glioblastoma tumor niches and functional heterogeneity 

GBM, like other solid tumors, can be considered a complex aberrant organ. GBM cells exist 

in an ecosystem with different non-malignant cell types interacting with the tumor cells and 

forming tumor niches with specific characteristics. These tumor niches are defined by the 

phenotypic features of the cells within each niche as well their modulatory effects allowing 

tumor cells to adjust their metabolic needs, escape immune attacks and enhance invasion 

and tumor cell survival (Hambardzumyan and Bergers, 2015). Initial reports attributed GBM 

cells expressing stem cell markers to specific tumor niches (Flavahan et al., 2013; 

Hjelmeland et al., 2011; Jin et al., 2017), suggesting preselection of GSCs in niches such 

as hypoxic, perivascular, and invasive niches (Hambardzumyan and Bergers, 2015; Prager 

et al., 2019). However, recent data suggest that these cells represent rather reversible 

phenotypes best adapted to the subjected TME niches.  

 

 

1.3.5.1  Tumor core and perivascular niche 

Proliferating tumor cells in the tumor core trigger the development of new blood vessels by 

the secretion of proangiogenic growth factors like the Vascular endothelial growth factor 

(VEGF) to promote angiogenesis and to ensure the continuous supply of oxygen (O2) and 

nutrients. Tumor cells residing close to newly formed or preexisting blood vessels have 

relatively good access to O2 and nutrients. The so-called perivascular niche is also reported 

to be enriched in GBM cells with high expression of stem cell markers (Lathia et al., 2015; 

Quail and Joyce, 2017; Schiffer et al., 2019). Interestingly, the expression of stem cell 

markers such as Nestin, CD34, and CD133 were found to be heterogeneous within different 

microvascular regions in the perivascular niche (Chen et al., 2017a), thus highlighting the 

contribution of the perivascular niche in the development and maintenance of ITH in GBM. 

CD133 expressing CSCs have been shown to reside along the blood vessels and express 

high levels of VEGF. These growth factors inducing angiogenesis lead to the development 

of enlarged aberrant vessels that are leaky (Figure 5). The resulting aberrant blood vessels 

and the activity of invading tumor cells between these vessels and astrocytes that are firmly 

attached to the vessels via their end feet lead to the disruption of the tight junctions of the 

BBB (Hambardzumyan and Bergers, 2015; Schiffer et al., 2019). Disrupted BBB allows the 

infiltration of monocytes into the brain that modulates the TME into an immunosuppressive 

environment as well as triggering immune evasion by tumor cells (Prager et al., 2019; Quail 

and Joyce, 2017). Using intravital two-photon microscopy, several GBM cells within the 

perivascular niche lodging between the astrocytes and endothelial cells in the BBB were 

found to be stagnant for many days. When compared with other GBM cells in the brain 
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parenchyma, cells within the perivascular niche were found to be significantly less dividing, 

implying an activation of a quiescent state (Jung et al., 2021). GBM cells residing in the 

perivascular niche demonstrated stronger treatment resistance against both radiation and 

chemotherapy compared to other cells within the brain parenchyma in xenograft models. 

This resistance was due to the networks of interconnected cells via tumor microtubes as 

well as the activation of the NOTCH pathway (Jung et al., 2021). Quiescent CSC-marker 

expressing GBM cells have previously been shown to be TMZ resistant as well as spurring 

recurrence in GBM (Chen et al., 2012). 

 

 
Figure 5. GBM tumor microenvironmental niches and associated cell types. Tumor cells 

interact with the different cell types within a particular tumor niche.     
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1.3.5.2  Hypoxic niche 

By its distinctive histopathological feature, GBM is described with pseudopalisading 

necrosis resulting from blood supply obstruction and leading to the development of a 

hypoxic niche surrounding the necrotic zone (Rong et al., 2006) (Figure 5). The obstruction 

of blood supply to the tumor core results in the restriction of O2 and nutrient supply to rapidly 

growing tumor cells leading to hypoxia, which is characterized by the upregulation of HIF1α 

expression, acidification, and aerobic glycolysis adopted by tumor cells to escape the 

consequences of low O2 supply and produce the energy needed for protein and lipid 

synthesis. This milieu supports the maintenance of stem-like phenotype, ITH, immune 

evasion, and therapeutic resistance (Terry et al., 2020). Under hypoxic stress, GBM cells 

with stem-like properties express high levels of HIF-1, which promotes VEGF expression 

and angiogenesis (Agnihotri and Zadeh, 2016; Hambardzumyan and Bergers, 2015; Prager 

et al., 2019). Hypoxia and associated decreased pH and glucose levels also induce 

changes in the tumor cell phenotype (Flavahan et al., 2013; Hjelmeland et al., 2011). The 

resulting conditions imposed by hypoxia lead to quiescence and the activation of survival 

mechanisms such as autophagy and invasion (Abdul Rahim et al., 2017; Prager et al., 

2019).  

Hypoxia is a strong modulator of the GBM cells. Using scRNA-seq analysis, Patel et al., 

uncovered a varying degree of hypoxia among GBM cells (Patel et al., 2014). The MES cell 

state in GBM was linked to the strong expression of hypoxia genes such as HILPDA, 

indicating the impact of hypoxic conditions on the development of ITH in GBM (Neftel et al., 

2019). Recently, a hypoxic environment was confirmed to be critical for the establishment 

of the MES GBM cell state. A strong positive correlation between MES and hypoxia 

signatures was observed in cells from patient tumors, xenograft models, and GBM tumor 

organoids (Hara et al., 2021; Johnson et al., 2021; Pine et al., 2020). Furthermore, the 

expression CEBPB and STAT3, key master regulators known to maintain the MES cell state 

were also associated with a hypoxic and necrotic TME (Behnan et al., 2019; Kim et al., 

2021). Cooper et al., demonstrated hypoxia-induced expression of CEBPB in U87MG cell 

lines (Cooper et al., 2012).  

Hypoxic niches consequently promote therapeutic resistance in tumor cells with a reduction 

in O2 levels directly associated with reduced radiosensitivity. In normoxic conditions, ionizing 

radiation reacts with intracellular H2O and O2 to produce free radicals that cause severe 

DNA damage in targeted cells (Amberger-Murphy, 2009). In hypoxic conditions, this effect 

is difficult to achieve due to low O2 levels, and induced DNA damage is easily repaired by 

tumor cells. Moreover, decreased cell proliferation leads to inhibited efficacy of classical 
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chemotherapeutics, including TMZ. Collectively, the acidic environment, limited O2 and 

nutrient availability, as well as therapeutic agents act as selection pressures for tumor 

subpopulations capable of adapting and surviving in these harsh conditions. This ultimately 

promotes a shift towards adaptation to nutrient deprivation and treatment resistance.  

1.3.5.3  Invasive front 

A major feature of adult diffuse gliomas, especially GBM, is the ability of the tumor cells to 

invade from the tumor core into the brain parenchyma. Invading tumor cells can travel to 

the normal brain area along the blood vessels or via the white matter tracts and the 

subarachnoid space (Fabian et al., 2021). GBM cells invade either as single cells or 

collectively through brain parenchyma, along blood vessels and neuronal tracks. Barcoding 

technology showed that multiple cells clones within GBM invade the surrounding brain 

uniformly with similar invasive capacity (Lan et al., 2017). Invasive cells activate several 

mechanisms allowing them to digest the extracellular matrix and migrate with the least 

resistance into the brain parenchyma (Vollmann-Zwerenz et al., 2020). Several proteases, 

particularly matrix metalloproteinases (MMPs) MMP-2 and MMP-9 secreted by invading 

GBM cells have been shown to promote GBM cells invasion (Hatoum et al., 2019). Invasive 

GBM cells also remodel their cytoskeletal structure through the formation of invadopodia 

and lamellipodia to aid their motility during brain invasion (Fabian et al., 2021; Velásquez et 

al., 2019). Recently, Bhaduri et al., using scRNA-seq uncovered the role of outer radial glia-

like GBM cells in the reactivation of normal developmental programs that influence the 

composition of cell types and invasive phenotype in GBM. PTPRZ1 expression was shown 

to mediate mitotic somal translocation in radial glia-like cells thereby increasing their 

invasive capacity. Knockdown of PTPRZ1  in these outer radial glia-like cells significantly 

reduced their invasive capacity in xenograft models (Bhaduri et al., 2020).  

1.3.5.4  Tumor network  

GBM tumor cells communicate with each other via numerous mechanisms, including direct 

cell-cell contacts, paracrine cytokine-based signaling, and exosomes (Monje, 2020). Recent 

studies revealed an extraordinary network, allowing GBM cells to interconnect directly via 

ultra-long tumor microtubes protruding from the cell membranes(Jung et al., 2017; Osswald 

et al., 2015; Weil et al., 2017). These networks are exclusive to IDHwt GBM and IDHmut 

high-grade astrocytomas but absent in 1p/19q co-deleted oligodendrogliomas (Osswald et 

al., 2015). Tumor microtubes form a functional syncytium allowing the transfer of small 

molecules such as Ca2+, secondary messengers, and RNAs (Osswald et al., 2015) via 

connexin 43 (Cx43)- containing gap junctions. Tumor network development depends on 

growth-associated protein 43 (Gap43) (Osswald et al., 2015) and tweety-homolog 1 (Ttyh1), 
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(Jung et al., 2017), key drivers of normal neurite-like membrane protrusions and 

neurodevelopment. Unlike tunneling nanotubes, microtubes are thin, long, and more stable 

(Winkler and Wick, 2018) allowing for interconnections of invasive cells with the tumor core 

over long distances and calcium homeostasis. GBM cells show heterogeneous abilities to 

form microtubule-based connections: while GBM cells in the tumor core remain highly 

connected, those in the perivascular and invasive region remain less connected or do not 

produce any microtubes (Jung et al., 2021). GBM cells with 1-2 microtubes and high Ttyh1 

expression are invasive, whereas highly connected cells (>4 microtubes) are largely 

immobile (Jung et al., 2017). While knockdown of Ttyh1 led to impaired invasion and 

subsequent brain colonization, Ttyh1-deficient cells remained highly connected, highlighting 

heterogeneous functionalities within the network. The self-repair function of the tumor 

network-enabled enhanced tumor cell survival and resistance to radiotherapy (Osswald et 

al., 2015) and chemotherapy (Weil et al., 2017), while the unconnected tumor cells showed 

higher sensitivity to treatment. This suggests an important role played by the tumor network 

in GBM plasticity and survival. Tumor networks have recently been shown to possess 

enhanced stem-like features (Xie et al., 2021). Interestingly, this functional network was 

recently shown to play an active role in phenotypic state transitions during tumor growth, 

invasion, and treatment escape (Jung et al., 2021). NOTCH1 was shown to be the central 

mediator of resistance in perivascular GBM cells and its absence leads to slowed tumor 

growth and rapid formation of tumor networks that enhance resistance while limiting tumor 

invasion. 
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1.4   GBM tumor microenvironment 

Different non-neoplastic cell types play important roles in supporting the survival of tumor 

cells. These cells forming the so-called TME are found intertwined with the core tumor cells 

and serve as a scaffold for the tumor cells to thrive. By their presence and interactions with 

the tumor cells (tumor-TME crosstalk), they can perturb the tumor cells within their vicinity 

and have the capacity to alter the inherent heterogeneity within the tumor cells or even 

trigger a new pattern of tumoral heterogeneity (Hanahan and Weinberg, 2011; Kreso and 

Dick, 2014; Pine et al., 2020).  The use of scRNA-seq has allowed the delineation of the 

different cell types within the TME in GBM, thereby uncovering the abundance, 

heterogeneity, and transcriptomic features associated with these cells types (Bhaduri et al., 

2020; Darmanis et al., 2017; Neftel et al., 2019; Wang et al., 2019; Yu et al., 2020). The 

GBM TME can be broadly classified into two main compartments: (1) the immune 

compartment represented by the myeloid cells (TAMs, dendritic cells (DCs), neutrophils, 

mast cells, and platelets) (De Leo et al., 2021; Pombo Antunes et al., 2021) and the 

lymphoid cells (T cells, B cells, and the natural killer (NK) cells) (Friebel et al., 2020; Pombo 

Antunes et al., 2021; Quail and Joyce, 2017); (2) The non-immune brain-derived cell types, 

consisting of cells such as astrocytes, oligodendrocytes, oligodendrocyte progenitor cells 

(OPCs), endothelial cells, pericytes, and ependymal cells (Bhaduri et al., 2020; Johnson et 

al., 2021; Wang et al., 2019). The myeloid component of the TME forms a major component 

of my thesis and thus, will be extensively discussed in the subsequent sections with a brief 

mention of other cellular components of the GBM TME. 

 

1.4.1   The immune compartment  

1.4.1.1  Tumor-associated microglia and macrophages  

Microglia (Mg) and macrophages within and around the GBM tumor cells are referred to as 

the tumor-associated Mg and macrophages (TAMs) and collectively are the most numerous 

cell type in the TME making up to 40-50% of cells identified (Andersen et al., 2021; 

Buonfiglioli and Hambardzumyan, 2021; Hambardzumyan et al., 2015; Pires-Afonso et al., 

2020; Quail and Joyce, 2017). TAMs represent the most abundant immune cell types within 

the TME and thus are exploited for targeted and immune therapy (De Leo et al., 2021). 

Mg cells are the resident phagocytic cells in the brain and were shown to be present in the 

brain during early embryonic development, arising from the hematopoietic progenitors in 

the yolk sac (Andersen et al., 2021; Gomez Perdiguero et al., 2015). In GBM, Mg cells are 

recruited to GBM tumors, where they differentiate into TAMs. Such Mg-derived TAMs (Mg-

TAMs) were initially reported to populate peritumoral regions (Chen et al., 2017b). However, 
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a recent detailed histopathologic analysis of patient tumors revealed a heterogeneous 

presence of Mg-TAMs in GBM. A substantial number of Mg-TAMs in the tumor core area 

almost equal their proportion in the peritumor area (Zeiner et al., 2019). In contrast, 

monocytes from the blood infiltrate the brain and differentiate into TAMs (Andersen et al., 

2021; Bowman et al., 2016; Buonfiglioli and Hambardzumyan, 2021; Ginhoux et al., 2010). 

In GBM, monocyte-derived TAMs (Mo-TAMs, also referred to as bone marrow-derived 

macrophages (BMDM)) are located around the leaky blood vessels embedded in the tumor 

core (Chen et al., 2017b). Recently, a substantial pool of non-blood-derived monocytes with 

distinct gene expression profiles was discovered and shown to originate from the skull. They 

reside in the meningeal barrier and infiltrate the brain parenchyma during brain injury, 

neuroinflammation, and possibly brain tumors (Cugurra et al., 2021). It is not fully clear 

whether these non-blood derived myeloid cells (Cugurra et al., 2021) represent the so-

called border-associated macrophages (BAMs) identified to reside in the meninges, choroid 

plexus, and brain parenchyma of both tumor-bearing (Ochocka et al., 2021) and non-tumor 

bearing mice, although they are also thought to partially originate from the bone marrow 

(Van Hove et al., 2019).  

The abundance of TAMs and proportions of Mg-TAMs, Mo-TAMs, and BAMs within the 

TAMs vary with tumor type. In IDHwt GBM, Mo-TAMs were reported to be more abundant 

than Mg-TAMs, while the reverse is the case in IDHmut GBM. While the myeloid 

compartment accounts for about 75% of the TME cells in GBMs, lymphocytes only account 

for about 25% of the cells (Klemm et al., 2020). Recent studies using scRNA-seq indicate 

further that recurrent IDHwt GBM shows a higher proportion of Mo-TAMs than primary 

IDHwt GBMs (Abdelfattah et al., 2022; Pombo Antunes et al., 2021) arguing against 

previous reports that used deconvolution methods to estimate cell type abundance in bulk 

gene expression data (Wang et al., 2017). A higher percentage of Mo-TAMs compared to 

Mg-TAMs was also reported to be present in p53 deficient tumor cells (Wang et al., 2017). 

TAMs have been reported to be enriched in GBMs with NF1 mutations that are linked to the 

MES subtype and MES-like cell states (Hara et al., 2021; Neftel et al., 2019; Wang et al., 

2017). This implies that tumor cell genetics dictate the abundance and type of myeloid cells 

within the TME (Akkari et al., 2020; Friebel et al., 2020).  

TAMs heterogeneity 

Mg can transit to several phenotypic states, allowing the enactment of different functions in 

the brain, both in normal and disease contexts (Masuda et al., 2019, 2020; Sousa et al., 

2018). Single-cell protein and gene expression profiling allowed for the extensive 

characterization of Mg subpopulations in GBM based on their gene expression programs 
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(Friedrich et al., 2021; Klemm et al., 2020) and surface protein expression (Friebel et al., 

2020; Van Hove et al., 2019; Sankowski et al., 2019), hence allowing the uncovering of Mg-

TAMs heterogeneity in GBM beyond the traditional binary pro-inflammatory and anti-

inflammatory (M1/M2) states (Hara et al., 2021; Müller et al., 2017; Ochocka et al., 2021; 

Pombo Antunes et al., 2021). Recently, Ochocka et al. identified eight Mg subpopulations 

(MG1 to M8) in the GBM GL261 mouse model. MG1 expresses homeostatic Mg genes 

P2ry12 and Cst3 and MG2 expressing transcription factors Jun and Fos were found in both 

tumor-bearing and non-tumor bearing mice, while MG3 has Bmp2k and Blhhe41 among top 

markers, MG4, MG5 expressing Plp1 and Mbp, and MG6 cluster expressing Cd63 and Cd9 

were specific to non-tumor bearing mice, and MG7 expressing Cd74 and H2.Ab1 and MG8 

expressing Top2a and Tubb5 clusters were found in only tumor-bearing mice. Different 

functions were attributed to the Mg clusters ranging from the homeostatic function of MG1 

and the triggering of an anti-inflammatory response by the MG3 cluster. Cells in the MG2 

cluster express mainly transcription factors signifying active transcriptional activity in the 

cells. While cells in MG5 express myelin-related genes, cells in MG6 cluster encode 

proteins linked to extracellular vesicles. MG7 cells upregulate MHCI and MHCII genes while 

MG8 cells represent proliferating Mg. No specific function was attributed to the MG4 cluster 

that was only present in female non-tumor-bearing mice (Ochocka et al., 2021). These 

studies using patient GBM samples, tumor, and non-tumor bearing mice have effectively 

revealed the extensive heterogeneity of Mg subpopulations resulting in differences in 

cellular states linked to their spatial location within the brain as well as their function 

(Cugurra et al., 2021; Ochocka et al., 2021). More recently, single cells analysis identified 

four distinct clusters (MC1, MC2, MC6, and MC7) expressing Mg genes among 9 

subpopulations identified in myeloid cells from 18 gliomas biopsies, out of which 16 are 

IDHwt GBMs (Abdelfattah et al., 2022). MC1 cluster referred to as i-Mic express markers 

such as CCL3, CCL4, and CD83 that are indicative of microglial activation while MC2 

named h-Mic express CST3, a homeostatic Mg marker. MC6 named AP-Mic expresses 

dual Mg and macrophage markers such as TGFBI, B2M, CD163 while MC7 named a-Mic 

expresses SPRY1, PYRY13 in addition to activated Mg genes. 

Mo-TAMs are also heterogeneous and possess the ability to alter their gene expression 

profile into an Mg-like state. Several subpopulations of Mo-TAMs were described with 

different transcriptional features and functions in recurrent GBM samples that are conserved 

in the GBM GL261 mouse model (Friedrich et al., 2021; Pombo Antunes et al., 2021). These 

gene expression programs include “transitory” Mo-TAMs that are actively differentiating into 

macrophages in GBM (Pombo Antunes et al., 2021). A subpopulation of Mo-TAMs express 

genes known to be core microglial genes such as CX3CR1 and BIN1 suggesting a transition 
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to an Mg-like phenotype. With this ability to switch their phenotype and function, these 

monocytes are considered to replace Mg in the event of Mg depletion in the brain and 

especially during GBM recurrence (Andersen et al., 2021; Pombo Antunes et al., 2021). 

Other subsets of Mo-TAMs are the phagocytic monocytes with a phagocytosis and lipid 

metabolism signature, the hypoxic monocytes expressing hypoxic and glycolytic genes, and 

the subsets upregulating Selenoprotein P (SEPP1) and genes responsible for anti-

inflammatory activation. Lastly, a subset of these monocytes was shown to display an 

interferon-induced signature. Recent data also show at least two monocyte subpopulations 

in biopsies from glioma patients (Abdelfattah et al., 2022). These subpopulations were 

named s-Mac1 and s-Mac2. While s-Mac1 expresses key monocyte markers such as CD14 

and polarized macrophage markers e.g. CD163, s-Mac2 expresses genes like LYZ, CD163, 

S100A4, and genes indicative of immune suppression such as IL10 and TGFB1. 

BAMs were also recently reported as a subset of myeloid cells and are widely distributed 

along the brain borders in both tumor and non-tumor-bearing mice brains. These unique 

subpopulations express distinct markers such as Mrc1, Pf4, F13a1, and Dab2 and account 

for about 3.5% of all the immune cells isolated in GL261 models. They however share a 

more similar gene expression profile with Mo-TAMs than Mg-TAMs (Ochocka et al., 2021).   

A GBM specific TAMs state was recently identified that expresses a different gene 

expression program than the TAMs feature seen in other gliomas and defines a subset of 

TAMs linked to the GBM MES cell state. The transcriptomic profile of these TAM subsets 

shows a program that is between Mg-TAMs and Mo-TAMs (Hara et al., 2021). Interestingly, 

another subpopulation of TAMs expressing macrophage receptor with collagenous 

structure (MARCO), a scavenger receptor, was exclusively found in GBM. IDHmut gliomas 

show a marked decrease in the expression of MARCO. These MARCO-expressing TAMs 

also correlated with a MES GBM state. Additionally, GBM patients with MARCO+ TAMS 

show worse overall survival compared to MARCO- patients (Chen et al., 2021a). 

GBM-TAMs crosstalk and plasticity 

TAMs are not only heterogeneous but very plastic (Andersen et al., 2021; Klemm et al., 

2020; Ye et al., 2021). This plasticity is influenced by the extensive molecular crosstalks 

with tumor cells and other neighboring cells, which adapt TAMs to effectively support tumor 

growth by altering their transcriptional profile and functional state (Klemm et al., 2020). 

Recent studies suggest that the expression of Leukemia Inhibitory Factor (LIF) (a cytokine) 

by tumor cells is associated with TAMs infiltration in GBMs (Pascual-García et al., 2019). 

LIF recruits EZH2 and triggers the repression of CXCL9 expression by TAMs, thereby 



 

 
32 

Chapter 
One  

blocking the infiltration of cytotoxic CD8+ T cells in tumor cells. Blocking LIF in tumors was 

shown to activate the chemo-attracting function of CXCL9, leading to CD8+ T cells 

infiltration, attenuating anti-tumor immune response, tumor regression, and increased 

overall survival in LIF expressing GL261N-derived GBM model. LIF-CXCL9 interaction is 

only one of the many ways tumor cells escape immune attack by ensuring an 

immunodeficient TME. However, it is still not clear how non-LIF expressing GBMs modulate 

the immune response.  

One of the well-described TAMs-GBM interactions is the CD47-SIRPα crosstalk. GBMs and 

other solid tumors upregulate CD47 the “don’t eat me” signal that binds to SIRPα on myeloid 

cells with high affinity and inhibiting their phagocytic ability (Hu et al., 2020a; Willingham et 

al., 2012). Immunological inhibitors targeting CD47-SIRPα mainly anti-CD47 and in 

combination with TMZ have been developed and were reported to enhance innate immune 

antitumor response resulting in prolonged survival in mouse models of brain and other 

tumors (Gholamin et al., 2017; Li et al., 2018; von Roemeling et al., 2020; Willingham et al., 

2012). Interestingly, a marked increase in the microglial phagocytic effect was observed 

following anti-CD47 treatment in xenograft models with corresponding survival benefits in 

mice that received treatment (Hutter et al., 2019). Recently, crosstalk between GBM cells 

and macrophages was demonstrated by Hara et al., where macrophages were found to 

secrete oncostatin M (OSM) which interacts with the OSM receptor or LIF receptor 

expressed by GBM cells. This crosstalk activates STAT3 leading to the subsequent 

transition of interacting GBM cells to a MES-like cell state (Hara et al., 2021). Tumor-

associated macrophages were also shown to interact with GBM cells via SPP1 expressed 

by macrophages and CD44 receptors in GBM and promote a shift toward a MES-like 

phenotype. High expression of both SPP1 and CD44 correlated with poor survival in GBM 

patients (He et al., 2021). These results raise hope for the development of immune 

checkpoint therapies targeting specific GBM-immune interactions and the potential benefits 

of TAMs re-education as a strategy against GBM cells. 

More evidence on tumor cell immune interactions is emerging. CD8+ T cells were shown to 

prime microglia by expressing CCL4 and microglia, in turn, express CCL5 which supports 

tumor cell growth in low-grade glioma (Guo et al., 2020). CX3CR1 a chemokine and CCR2 

expressed by Mg-TAMs have also been shown to play a critical role in supporting tumor 

growth and progression (Pan et al., 2018). However, the role of tumor cells in establishing 

the crosstalk with the T cells-educated microglia is yet to be elucidated.  
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1.4.1.2  Dendritic cells and the neutrophils 

Other myeloid cell types are DCs and neutrophils. DCs are antigen-presenting cells with a 

critical function in modulating the tumor immune microenvironment (Andersen et al., 2021). 

DCs similarly to Mg, present tumor antigens to T cells, leading to their activation (Quail and 

Joyce, 2017; Wculek et al., 2020). The preselection of CD45+ immune cells from human 

and mice GBM samples allowed the interrogation of DCs using scRNA-seq (Pombo 

Antunes et al., 2021). A heterogeneous population of DCs with diverse gene expression 

programs and functions including conserved subsets in human and mouse GBM were 

identified (Friebel et al., 2020; Pombo Antunes et al., 2021). Due to the different phenotypic 

features and functions of DCs such as a monocytes/macrophage-like gene expression 

program as well as their role in invasion and angiogenesis (Quail and Joyce, 2017), they 

are now being further interrogated for potential capacity to enhance immunotherapy and 

also the development of DC vaccines (De Leo et al., 2021; Quail and Joyce, 2017; Wculek 

et al., 2020). Neutrophils are the most abundant leukocytes in circulation and infiltrate the 

brain in GBM upon the disruption of the BBB (Fossati et al., 1999; De Leo et al., 2021). 

They are found to be more abundant in GBMs compared to other gliomas (Fossati et al., 

1999). Gene expression studies, especially the scRNA-seq often miss neutrophils because 

of the low number of genes expressed by these cells type compared to other cell types 

within the TME, and thus applying the default and often recommended threshold for quality 

control results in the depletion of these cells at the bioinformatic level (Wauters et al., 2021). 

Neutrophils have been linked to play a pro-inflammatory and immune-suppressive function 

in brain tumors by their ability to change their phenotype via upregulation of ADORA2A, 

adenosine receptor, and MET respectively (Klemm et al., 2020). Importantly, neutrophils 

were shown to enhance necrosis in GBM through ferroptosis-induced cell death (Yee et al., 

2020).  

1.4.1.3  Lymphoid cells 

The lymphoid part of the immune compartment within the TME is comprised of lymphocytes, 

mainly T and B cells and NK cells (Quail and Joyce, 2017). A variety of lymphocytes infiltrate 

brain tumors with variable abundance based on tumor type (Friebel et al., 2020; Friedrich 

et al., 2021), these lymphocytes are by far outnumbered by TAMs and other glial cell types 

(Andersen et al., 2021; Fu et al., 2020). Interpatient differences exist in T cells predilection 

in GBM. MES GBM subtypes show a higher T cell enrichment compared to classical and 

proneural subtypes (Hara et al., 2021). Interestingly, MES-like GBM cells are highly 

correlated with cytotoxic T cell markers GZMB and PRF1 while displaying marginal 

correlation with T regulatory cells marker FOXP3 and exhaustion markers LAG3, PDCD1, 
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TIGIT, which are linked to immunosuppression. This indicates variation in the functionality 

of different T cells subpopulations in GBM. Using scRNA-seq, Mathewson et al., recently 

revealed the heterogeneity in glioma infiltrating T cells. This analysis broadly identified 4 

major T cells clusters namely, CD4 conventional T cells, CD8 T cells, CD4 regulatory T 

cells, and cycling T cells. Both CD4 conventional T cells, and CD8 T cells were found to 

have at least 6 gene expression programs representing different T cell functions. 

Additionally, a novel subpopulation of T cells with a cytotoxic program (NK-like T cells) 

expressing several NK cell receptors including CD161 which shields glioma cells from T 

cells attack was discovered (Mathewson et al., 2021).  

Under normal conditions, tumor-infiltrating lymphocytes are primed upon interacting with 

the antigen presenting cells (APCs) and elicit an effector function (Quail and Joyce, 2017). 

However, in GBM and other cancers this function is impaired leading to immunosuppression 

(Grabowski et al., 2021; Thommen and Schumacher, 2018). In addition, GBM is a 

notoriously “cold” tumor with limited T cells infiltration and immune surveillance due to its 

low mutational burden (Frederico et al., 2021; Jackson et al., 2019; Vella and Bergers, 

2018). Furthermore, GBM cells were shown to evade immune surveillance by orchestrating 

T cells paucity within the TME through the secretion of factors that are responsible for 

Sphingosine-1-phosphate 1 (SIP1) loss on the surface of circulating T cells in the brain and 

the subsequent accumulation of these T cells in the bone marrow (Chongsathidkiet et al., 

2018).  

Recently, a novel interaction between T cells and GBM cells was uncovered. Cytotoxic T 

cells were shown to express CD161, an NK cells receptor that interacts with CLEC2D on 

GBM cells to inhibit T cell anti-tumor function. Blocking this receptor with antibodies 

enhanced the T cell anti-tumor effect and induced tumor cells death in vitro and also 

enhanced the T cell anti-tumor effect in humanized mouse models (Mathewson et al., 2021). 

This novel crosstalk could be exploited and targeted to enhance immunotherapy in GBM. 

While both B and NK cells were reported in GBM TME, the role of these cells in GBM is not 

fully understood. Initial studies identified B cells signals in only a subset (40 %) of human 

GBMs (Lee-Chang et al., 2019). scRNA-seq profiling identified B cells subpopulation 

representing matured and cycling B cells in human GBM samples (Bhaduri et al., 2020). 

However, other reports only identified a single cluster with only a few B cells compared to 

T lymphocytes (Abdelfattah et al., 2022; Friebel et al., 2020; Klemm et al., 2020) as reported 

in various syngeneic mouse models (Khalsa et al., 2020). Notably, an increase in the 

infiltration of lymphocytic cells including B and NK cells was reported in recurrent GBMs 

(Pombo Antunes et al., 2021). The function of B cells remains the least explored among the 
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lymphocytes in the TME of GBM. So far, they have been shown to act as APCs and interact 

with T cells to induce anti-tumor responses (Candolfi et al., 2011). NK cells are also present 

in the TME of GBMs (Abdelfattah et al., 2022; Friebel et al., 2020; Klemm et al., 2020; 

Pombo Antunes et al., 2021). However, they were mostly shown to be immature in GBM 

unlike in low-grade gliomas that appear to be highly cytotoxic (Friebel et al., 2020). These 

immature NK cells are non-functional and contribute to immune suppression in the TME (Fu 

et al., 2020). More studies are needed to fully characterize and understand the 

functionalities of B and NK cells in GBM to exploit these immune cell types for targeted or 

immune therapy. 

 

1.4.2   The non-immune TME compartment 

Neurons, astrocytes, oligodendrocytes, OPCs, and neural stems cells (Liddelow and 

Barres, 2015) have been reported in GBM patient samples with varying proportions 

(Bhaduri et al., 2020; Johnson et al., 2021; Neftel et al., 2019; Wang et al., 2019; Yu et al., 

2020). 

1.4.2.1  Neurons 

Recent data highlighted the critical role of the interconnection between the brain tumor cells 

network and neurons during tumorigenesis. These crosstalks occur via physical contact, 

molecular and electrochemical signaling, forming neurogliomal synapses that allow gliomas 

including GBMs to hijack the neuronal network in the brain and receive electrochemical 

signals that promote tumor progression and invasion (Venkataramani et al., 2019; 

Venkatesh et al., 2019). Interestingly, blocking these electrochemical transmissions 

between neurons and glioma cells attenuated glioma growth while depolarization of glioma 

cells which enhances cellular communications amplified tumor growth. This highlights a 

feedback loop modulated by both neuronal activity and glioma cell response. The TME 

contributes to this neuro-glioma enhanced tumor growth by secreting growth factors such 

as neuroligin-3 (NLGN3), which are critical for tumor signaling and the formation of 

neurogliomal synapses (Venkatesh et al., 2015). These data emphasize the interaction 

between the reversible interaction between tumor cells and neurons, which are further 

enhanced by the TME to facilitate tumor growth and progression.  

1.4.2.2  Astrocytes 

Astrocytes are the most prevalent of the glial cell population in the brain and serve important 

functions in normal and GBM contexts (Andersen et al., 2021; Brandao et al., 2019). In a 
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healthy brain, astrocytes form part of the BBB structure and help in maintaining tight 

junctions in BBB. They also respond to CNS damage by undergoing phenotypic changes, 

becoming more reactive through a process known as astrogliosis, which enables the repair 

of damaged tissue (Brandao et al., 2019; Escartin et al., 2021). In brain tumors, reactive 

gliosis occurs during GBM progression (Quail and Joyce, 2017). However, this process 

instead supports tumor propagation and enhances GBM growth and aggressiveness 

(Henrik Heiland et al., 2019; Okolie et al., 2016; Wurm et al., 2019). Astrocytes have been 

extensively studied in the normal brain as well as in the context of neuroinflammation and 

were found to be heterogeneous with up to 5 different subpopulations in human and mouse 

brains (Batiuk et al., 2020; Bayraktar et al., 2020; Escartin et al., 2021; John Lin et al., 2017; 

Zhang et al., 2016b). In GBM, the existence of different astrocytic subpopulations with 

distinct transcriptional programs shaped by reactive states has been shown (Henrik Heiland 

et al., 2019). Reactive astrocytes were shown to have an enriched IFNγ response and 

activation of the JAK/STAT signaling pathway, known to enhance immunosuppression and 

tumor proliferation. However, less is known about the functions of the different astrocyte 

subpopulations and how they interact with GBM cells as well as other cells within the TME.  

Six subpopulations of astrocytes (A, B, C, D, E, and Neg) were identified with distinct 

markers in normal mouse brains using FACS analysis, out of which subpopulations A-D 

were identified in primary GBM (John Lin et al., 2017). A comparison of the gene expression 

profiles of these astrocyte subpopulations within GBM subtypes showed a correlation 

between A, B, C, and D subsets with classical GBM while neural subtype correlated with A, 

B, and C subpopulations. The mesenchymal subtype associated with the B subpopulation 

while the proneural subtype did not correlate with any of the astrocyte subpopulations. 

Enrichment of genes associated with synaptogenesis and synapse function in 

subpopulations C and D alongside data from the monitoring seizure onset in glioma models 

suggest these subpopulations are linked to tumor-associated epilepsy in GBM (John Lin et 

al., 2017). Subpopulations B and D were found to be more enriched for cellular migration 

than C. These findings suggest heterogeneity in the abundance and function of diverse 

astrocytic subpopulations in GBM. Additionally, these diverse tumor-activated astrocytes 

serve pro-tumor functions at various stages of GBM progression.  

Crosstalk between GBM cells and astrocytes has been shown to enhance the growth of 

GBM cells. Human astrocytes co-cultured with GBM cell lines and patient-derived GBM 

cells showed significantly increased growth compared to monocultured GBM cells. The 

communication between GBM cells and astrocytes was shown to occur via a paracrine 

mechanism involving the secretion of Periostin and Serglycin genes by GBM cells. This 
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suggests GBM cells which depend on the reactive state of astrocytes directly mediate 

astrocyte activation (Mega et al., 2020). GBM associated astrocyte signature derived from 

upregulated genes identified following astrocyte-GBM co-cultures compared to astrocytes 

cultured alone was applied to score the TCGA GBM cohort. A high astrocyte signature score 

correlated with poor prognosis and vice versa. Astrocyte-GBM co-cultures increased GBM 

proliferation while intracranial implantation of GBM cells together with reactive astrocytes in 

mouse models resulted in an increased tumor growth and a decreased survival in mice 

(Mega et al., 2020). Astrocytes were also shown to upregulate Chitinase 3-like 1 (CHI3L1) 

upon crosstalk with GBM cells via interleukin-13 receptor subunit alpha-2 (IL13RA2). This 

activates the MAPK signaling pathway and promotes a subtype switch towards a 

mesenchymal state in GBM (Wurm et al., 2019). A recent study suggests the involvement 

of reactive astrocytes in a tripartite crosstalk between GBM cells, astrocytes, and microglia 

leading to the reprogramming of myeloid cells towards an anti-inflammatory state. This, in 

turn, promotes an immunosuppressive TME in GBM. Therapeutic inhibition of JAK/STAT 

signaling in brain slice cultures reversed myeloid cell states from an anti-inflammatory to a 

pro-inflammatory state (Henrik Heiland et al., 2019). These initial findings reveal important 

insights on astrocyte-GBM crosstalk and enhancement of GBM progression. Further studies 

are needed to fully unravel the heterogeneity, functions, and the mechanisms of astrocyte 

activation in GBM. 

1.4.2.3  OPCs and oligodendrocytes 

OPCs are the precursors of oligodendrocytes. However, not all OPCs differentiate into 

oligodendrocytes with myelination function. A subset of OPCs exists as resident glial cells 

in the CNS (Laug et al., 2018). OPCs express neuron-glial antigen 2 (NG2) and are also 

referred to as “NG2 cells”. Functionally, OPCs are heterogeneous and a subset of these 

cells display plasticity, particularly at the early developmental stage (Bergles and 

Richardson, 2015; Dietmann et al., 2019). Upon the differentiation of OPCs to 

oligodendrocytes and during brain injury, adjacent OPCs rapidly migrate to the site of OPCs 

depletion or injury and proliferate to restore population density (Hughes et al., 2013). OPCs 

have also been shown to regulate neuroinflammation via the expression of LRP1 and 

promoting myelin repair (Fernández-Castañeda et al., 2020). In GBM patient tumors, 

distinct OPC and oligodendrocyte clusters have been reported following scRNA-seq 

analysis. Markers such as PDGFRα, CSPG4, and VGF identify OPCs populations while  

OLIG1, OLIG2, MOG, and SOX2 expression classify oligodendrocytes (Bhaduri et al., 2020; 

Darmanis et al., 2017; Neftel et al., 2019; Yuan et al., 2018). OPCs have been investigated 

in the context of glioma initiation and are thought to represent one of the cells of origin of 

gliomas (Laug et al., 2018; Lee et al., 2018; Liu et al., 2011; Wang et al., 2020b).  
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A single-cell survey of tumor-host interactions revealed crosstalks between GBM cells and 

oligodendrocytes (Caruso et al., 2020). Although most of the ligand (tumor cells)-receptor 

(oligodendrocytes) pairs such as MDK-LRP2, JAM2-JAM3, CNTN2-NRCAM involved in 

these interactions were not expressed in all the patient samples, a significant number of 

GBMs and oligodendrocytes express them. These interactions relate to signaling pathways 

linked to cell growth, gliogenesis, and neurogenesis. The significance of these interactions 

remains underexplored. 

1.4.2.4  Endothelial cells, pericytes, and ependymal cells 

Although endothelial cells, pericytes, and ependymal cells have all been reported as cell 

types within the GBM TME with distinct gene expression signatures (Bhaduri et al., 2020; 

Johnson et al., 2021; Quail and Joyce, 2017; Wang et al., 2019), the heterogeneity of these 

cell types has not been extensively investigated in the  GBM context. While endothelial cells 

have been shown to play an important role in angiogenesis in GBM (Bougnaud et al., 2016), 

both endothelial cells and pericytes are key components of the BBB structure helping to 

prevent leakiness by maintaining tight junctions (Quail and Joyce, 2017). Endothelial cells 

are also instructed by tumor cells and thus express differential transcriptomic features in 

comparison to their status in the normal brain. For example, angiogenic tumor cells 

influence endothelial cells formation of aberrant blood vessels via several mechanisms 

involving pathways such as VEGF and TGFβ pathways (Bougnaud et al., 2016). Endothelial 

cells have been shown to communicate with GBM cells through the secretion of SIP and 

the overexpression of its receptors (SIP1 and SIP3) by GBM cells (Abdel Hadi et al., 2018). 

This communication mechanism enhances proliferation and angiogenesis in GBM.  

Collectively, the different cellular components of the TME alongside the crosstalk which 

occurs with GBM cells enable flexibility and adaptation to a dynamic tumor 

microenvironment within the context of a complex brain ecosystem. The complex molecular 

crosstalk between tumor and TME has potential implications for immunotherapy and 

targeted therapy. However, these interactions, particularly upon treatment, are still largely 

ambiguous and further studies are needed to unravel this important axis aiding tumor cells 

therapy escape.   
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1.5   Treatment resistance in glioblastoma 

The main drivers of treatment resistance in GBM can be broadly divided into tumor intrinsic 

and non-tumor intrinsic factors. Tumor intrinsic factors include genetic and epigenetic 

mechanisms within the tumor cells, while the non-intrinsic factors are external factors from 

TME which enable adaptation to treatment pressure (Eyler et al., 2020; Lee, 2016). GBM 

cells escape treatment and develop resistance through the combination of several 

mechanisms. Below, I discuss  DNA repair mechanisms and genetic clonal evolution as 

important factors in GBM resistance. I further introduce the role of stemness features, 

phenotypic tumor heterogeneity, and plasticity as additional key mechanisms leading to 

inevitable intrinsic resistance. These topics are further elaborated in our recent review, 

presented in Chapter 3. 

 

1.5.1   DNA repair mechanism 

The main mechanism of action of IR and TMZ used as the standard-of-care treatment in 

GBM is the induction of DNA damage in GBM cells (Chalmers et al., 2009). IR induces 

double-strand breaks (DSB), DNA base damage, and single-strand breaks (SSB). Intrinsic 

cellular mechanisms mainly homologous recombination (HR) and non-homologous end-

joining (NHEJ) for DSB and SSB repair for SSB, as well as base excision repair (BER) for 

damaged bases, are deployed to repair these damaged lesions. TMZ as an alkylating agent 

inflicts DNA damage by adding a methyl group at N7 and O6 sites on guanine residues of 

DNA resulting in N7-methylguanine and O6-methylguanine respectively. An additional 

methyl group on the N3 site on adenine residue results in N3-methyladenine in the DNA of 

GBM cells. The alkylation of the guanine residue at O6 is the most cytotoxic lesion. O6-

methyl group obstructs efficient pairing of guanine and cytosine and causes mismatched 

pairing with thymine on the newly synthesized DNA. These mismatches lead to ineffective 

repair cycles by the mismatch repair pathway and persistent single-strand DNA breaks. 

Inheritance of this mismatched cytotoxic DNA molecule in daughter cells is deleterious due 

to the absence of an efficient DNA repair process (Erasimus et al., 2016; Lee, 2016). The 

alkylation-induced lesions in the case of N7-methylguanine and N3-methyladenine can be 

repaired through the BER mechanism. O6-methylguanine is however repaired by the MGMT 

enzyme. MGMT undergoes a  2-step suicidal transfer of the methyl group from the O6 

methylated site of the guanine to a cysteine residue in its catalytic pocket. This reaction 

leads to the degradation of the enzyme (Erasimus et al., 2016; Haar et al., 2012; Lee, 2016). 

The expression of MGMT is regulated by the methylation of its promoter. GBM cells with 
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methylated MGMT promoter lack the repair activity and are more sensitive to TMZ 

treatment. In the absence of this promoter methylation, the active MGMT enzyme renders 

TMZ treatment ineffective, therefore MGMT methylation status is an important predictive 

marker for the sensitivity of TMZ in GBM patients (Haar et al., 2012). Targeting DNA repair 

mechanisms thus emerges as a promising therapeutic approach against GBM (Erasimus 

et al., 2016; Sharma et al., 2021a).  

 

1.5.2   Genetic heterogeneity and clonal evolution as mechanisms of resistance 

Clonal evolution of tumor cells as a result of treatment pressure is implicated as a critical 

driver of treatment resistance and recurrence in different tumor types (McGranahan and 

Swanton, 2017). Several studies point towards some degree of genetic evolution in GBMs 

(Aldape et al., 2018; Barthel et al., 2019; Draaisma et al., 2020; Körber et al., 2019). 

However, only a handful of genetic and epigenetic changes were reported at recurrences 

such as rare cases of hypermutation, loss or emergence of certain mutations, and global 

DNA demethylation (Kim et al., 2015; Körber et al., 2019; Sottoriva et al., 2013; de Souza 

et al., 2018). Hypermutations resulting in high mutational diversity are seen as a contributing 

factor to treatment resistance (Kim et al., 2015). However, these events are rarely observed 

in GBMs but do occur in other glioma subtypes. This may suggest increased susceptibility 

to treatment resistance via this mechanism in other gliomas compared to GBM. Several 

studies have shown the existence of minor subclones present in primary tumors which are 

expanded during therapy. Subsequently, these subclones initiate tumor recurrence with 

altered clonal rearrangement facilitating evasion of pressure during the initial therapy (Kim 

et al., 2015; Spiteri et al., 2019). Following analysis of the clonal architecture of longitudinal 

GBM samples assessing the tumor core and periphery, Spiteri et al., showed that residual 

cells are often resistant to therapy, have altered clonal arrangements, and possess the 

ability to re-seed in the primary or distal location in the brain.  Analysis of whole-genome 

sequencing (WGS) and whole-exome sequencing (WES) data revealed that 

chemoradiation-induced pressure can lead to clonal selection and rarely hypermutation 

both in vitro and in vivo (Barthel et al., 2019; Körber et al., 2019; Spiteri et al., 2019). This 

suggests a form of convergent evolution due to treatment-induced selective pressure in 

resistant cells (Fortunato et al., 2017; Kim et al., 2015) leading to a recurrent tumor of 

multiclonal origin. Emerging sub-clones in recurrent tumors can show additional driver 

mutations not seen in the primary tumors (Körber et al., 2019). Clonal evolution may be 

shaped by tumor genetics.  For instance, Kim et al. showed that TP53 alterations in primary 

GBMs define the level of clonality seen at recurrence (Kim et al., 2015). At recurrence, TP53 

mutated tumors harbor multiple new clones while TP53 non-mutated GBMs are monoclonal. 



 

 
41 

Chapter 
One  

It is still not clear how the multiplicity of genetic alterations influences resistance in recurrent 

tumors. Although certain genetic modifications are observed at recurrence, these changes 

appear stochastic, rare, and patient-specific. Unlike other cancers, no common emerging 

mutations are observed and overall clonal architecture remains similar over time (Barthel et 

al., 2019).    

 

1.5.3   Phenotypic tumor heterogeneity and plasticity as mechanisms of resistance 

Recent data suggest a key role of phenotypic heterogeneity, stemness features, and 

intrinsic plasticity in resistance to treatment in GBM. Intra-tumoral phenotypic heterogeneity 

and cellular plasticity are well-established factors hampering the efficacy of current 

treatments (Aldape et al., 2019; Vasan et al., 2019). Pre-existing resistant populations i.e. 

resistant phenotypic states which allow tumor propagation upon treatment selection 

following classical neo-Darwinian selection principles. Moreover, phenotypic plasticity 

represents a powerful mechanism for overcoming selective pressures, not only during tumor 

development and adaptation to changing microenvironments but also following treatment. 

Molecular GBM subtype switching has been reported between primary and recurrent 

tumors. Subtype switching upon recurrence was reported in some GBM patients where the 

transition from GBM PN to MES subtype was observed by Phillips et al., (Phillips et al., 

2006), suggesting progression towards a more aggressive disease.  Further interrogation 

of this hypothesis with more longitudinal GBM patient samples and refinement of tumor-

intrinsic gene expression subtypes revealed subtype switching towards CL and PN 

subtypes as well as MES at recurrence (Wang et al., 2017). While MES tumors appeared 

most stable, shifts in PN and CL tumors were observed and had a propensity to switch 

towards PN and MES phenotypes at recurrence. Additionally, several studies subsequently 

reported transitions of PN GBM cells to MES upon treatment in different GBM models. Piao 

et al. reported a MES transition upon anti-VEGF therapy in GBM cultures developed from 

treated orthotopic xenograft models (Piao et al., 2013). Halliday et al., also reported 

radiation-induced PN to MES switch upon radiation in mouse models (Halliday et al., 2014). 

A gradient of radiation and multitherapy resistance in GBM cultures was linked to a PN to 

MES gradient (Segerman et al., 2016). We further discuss the importance of intratumoral 

phenotypic heterogeneity, stemness programs, preexistent resistant cells, and phenotypic 

plasticity upon resistance to standard-of-care as well as targeted therapies in our recent 

review, presented in Chapter 3.  
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1.5.4   The role of tumor microenvironment in therapy resistance 

Cells within the TME employ different strategies in aiding GBM cells to evade treatment 

pressure and establish resistance. Analysis of longitudinal models revealed the re-

composition of the TME of treated tumors, e.g. MES GBMs show an increased proportion 

of M2 macrophages/microglia over blood-derived monocytes, whereas hypermutated 

tumors contain more CD8+ T cells (Wang et al., 2017). Radiotherapy was shown to alter the 

TME dynamics and induce plasticity of TAMs within the GBM TME. Akkari et al. identified 

radiotherapy-induced changes in the proportion and transcriptional features of TAMs in 

engineered glioma mice models upon irradiation (Akkari et al., 2020). While Mg-TAMs 

decreased over the course of radiation and at recurrence, Mo-TAMs gradually increased, 

thus distorting the baseline ratio of the different TAMs subpopulations where Mg-TAMs had 

the highest proportion in control mice and at the start of irradiation. Gene expression 

analysis revealed short-term transcriptional adaptation in TAMs after 5 days of irradiation 

with the up-regulation of 64 common genes (e.g Mrc1, Lyve1 Cd163, Ccr1, Il10, Ccl8, 

Ccl24) by the different TAMs subpopulations of tumor-bearing mice compared to control 

mice, termed the TAM-IR transcriptional signature. Mo-TAMs showed more transcriptional 

adaptation with 710 up-regulated genes compared to the 125 up-regulated genes in Mg-

TAMs.  Genes forming the TAM-IR signature were shown to be enriched in cell cycle, DNA 

damage response mechanism, and macrophage alternative activation. However, in the 

long-term at recurrence, both Mg- and Mo-TAMs adopted a more converged gene 

expression profile despite their ontogenies, with an almost similar number of up-regulated 

genes that are mostly common between the different subpopulations. These commonly 

upregulated genes are mainly enriched for transforming growth factor-β (TGF-β) and Notch 

signaling pathways. Interestingly, targeting TAMs using a colony-stimulating factor-1 

receptor (CSF-1R) inhibitor in combination with radiotherapy resulted in improved survival 

in mice (Akkari et al., 2020). These results indicate that TAMs subpopulation alters their 

transcriptomic profiles to support tumor cells in escaping the deleterious effect of radiation 

during therapy. Therefore, targeting these TME subpopulations has the potential to enhance 

tumor cell elimination and prolong the survival of GBM patients. 

It was previously demonstrated that changes induced by anti-angiogenic therapy (anti-

VEGF bevacizumab therapy) in GBM PDOX induce a metabolomic switch in tumor cells, 

with a net result of increased glycolysis and tumor cell invasion into the brain (Fack et al., 

2015). These results were later corroborated in phase III clinical trials (Gilbert et al., 2014). 

Tumor cells were also shown to adapt to TME changes by upregulating MES features. ZEB1 

a master transcription factor (TF) induced by NF-κβ was found to regulate MES transition 

in response to anti-angiogenic therapy in GBM (Chandra et al., 2020). It appears that both 
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the MES phenotype and NF-κβ activated pathway are linked to immune cells infiltration and 

complement each other in enhancing tumor cells plasticity to rewire the TME in response 

to treatment pressure in GBM. 

Overall, the dynamic reprogramming of TME alongside the plasticity of tumor cells is an 

impediment to cancer therapy that must be tackled to avoid treatment resistance (Gupta et 

al., 2019). How plasticity in tumor cells and TME combine forces and enable tumor cells to 

escape therapy remains to be fully understood. While stable changes occurring during 

treatment and tumor progression can be assessed by analyzing longitudinal patient tumors, 

analysis of plastic temporary changes requires the use of clinically-relevant laboratory 

models. 
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1.6   Preclinical glioblastoma models  

The development of preclinical models that adequately recapitulate patient tumors remains 

one of the biggest barriers to curing brain tumors (Aldape et al., 2019). Different models for 

cancer research have been developed over the years to advance the understanding of 

tumor biology and facilitate preclinical testing of novel therapeutics (Akter et al., 2021). Ideal 

models of brain tumors should be molecularly and histologically similar to human gliomas. 

It should recapitulate the genetic, epigenetic, and transcriptomic profiles of the tumor cells 

and retain inter-tumoral as well as intra-tumoral heterogeneity. Ideally, intercellular 

interactions with TME cells should be preserved with comparable immunogenicity (Lenting 

et al., 2017; Szatmári et al., 2006). Despite the availability of several cellular and animal 

models of brain tumors, an ideal model is yet to be developed. The merits and demerits of 

each model have been widely enumerated (Akter et al., 2021; Gómez-Oliva et al., 2021; 

Haddad et al., 2021; Huszthy et al., 2012; Shahzad et al., 2021) thus allowing for the 

selection of the best model that fits the experiment of interest.  

GBM models derived from the patient tumors as illustrated in Figure 6A are divided into 5 

types. The oldest and the most widely used in vitro models are the adherent cell lines. In 

recent years, both stem-like 3D cultures and ex vivo grown organoids became popular in 

cancer research (Drost and Clevers, 2018). Organoids were increasingly shown to 

recapitulate patient tumors better than both adherent and stem-like cultures. Variable types 

of in vivo models otherwise known as animal models have been used for cancer studies for 

many years. These animal models are derived by either xenografting cancer cells of human 

origin in the brain (orthotopic models) or below the skin in the mice flank (subcutaneous 

models) (Ben-David et al., 2017; Byrne et al., 2017; Huszthy et al., 2012; Lenting et al., 

2017). 

Since naturally occurring brain tumors in mice are very rare, chemical induction of brain 

tumors in mice was the main source of tumor models of mouse origin (Lenting et al., 2017; 

Miyai et al., 2017; Seligman et al., 1939; Ward and Rice, 1982). Tumors from the mice were 

used to generate in vitro adherent cell lines that can be propagated indefinitely. These cell 

lines are implanted intracranially in immunocompetent mice to generate in vivo mice models 

(Figure 6B). Genetically engineered mouse models (GEMMs) have also been designed by 

targeting the major GBM oncogenes and are used in GBM research as immunocompetent 

models with intact TME.  

In addition to the popular patient-derived and mouse-based animal models, other 

experimental animal models such as dogs, rats, fruit flies, worms, and zebrafish are also 

emerging in GBM (Herranz et al., 2016; Hicks et al., 2017; Shahzad et al., 2021; Ward and 
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Rice, 1982). The use of animal models has helped in overcoming some of the shortcomings 

of the in vitro models. They allow the study of tumor cells in a living system as well as cross-

talk with the majority of the TME cells types, including vasculature. In some of these animal 

models like dogs, tumors grow naturally as in humans, thus allowing direct comparison 

without altering the immune system of the host animal (Herranz et al., 2016; Hicks et al., 

2017).  

The main focus of this thesis is on the GBM models used in the scope of my research project 

namely: I. Adherent cell lines, II. Stem-like cultures, III. Patient-derived organoids, IV. 

Patient-derived orthotopic xenografts  V. Syngeneic mouse models. 

 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 Figure 6. Schematic overview of preclinical animal models used in GBM research. (A) 
Workflow for the derivation of GBM models based on patient tumors; (B) Workflow for the 
derivation of GBM models of mouse origin: Chemically induced models and GEMMs. 
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1.6.1   Adherent cell lines 

Human cancer-derived cell lines represent the most widely used models in cancer research 

(Ben-David et al., 2018). These cell lines are readily accessible at low cost, easy to work 

with, maintain and use for large-scale experiments. They are amenable to genetic 

manipulations. In addition, these cell lines have been extensively characterized with publicly 

available genomic and transcriptomic data (Ben-David et al., 2019). However, cancer cell 

lines usually evolve over time, resulting in genetic and transcriptomic changes that translate 

to functional differences between different batches of the same cell line (Ben-David et al., 

2018; Nugoli et al., 2003). Analysis of 106 human MCF7 (breast cancer cell line) of similar 

origin obtained from different laboratories showed significant genetic and transcriptomic 

variations. Importantly, these different MCF7 clones responded differently to anti-cancer 

drugs (Ben-David et al., 2018). Such data was obtained in other cancer cell lines. Cross-

contamination with other cell lines, the impact of culture conditions, and variable results 

obtained by different laboratories using similar cell lines further raised concerns about their 

use and questioned the translatability of results obtained from experiments applying these 

cell lines (Allen et al., 2016; Alston-Roberts et al., 2010; Ben-David et al., 2018; Capes-

Davis et al., 2010; Chatterjee, 2007; Ledur et al., 2017). Importantly, the absence of BBB 

and other TME components in addition to the instability of the cell lines limits in vitro models 

in meeting the requirements needed for GBM models to recapitulate the patient tumor 

(Lenting et al., 2017). 

Classical GBM cell lines were derived from patient samples many decades ago (PONTÉN 

and MACINTYRE, 2009). These cell lines e.g. U87 and U251 are commercially available 

and have been propagated over many passages under adherent conditions in serum-

containing media. Since their derivation, many advancements have been made in the 

understanding of the molecular features of GBM cells using these cell lines (Gómez-Oliva 

et al., 2021). Despite their widespread use, long-term cultured cell lines have been heavily 

criticized (Allen et al., 2016; Lenting et al., 2017). Thanks to the sequencing of the U87 

genome, extensive genomic alterations were uncovered, further raising more doubts on the 

fidelity of these cell lines to the parent patient sample (Clark et al., 2010). Surprisingly, when 

the original U87 was compared with other commercially available U87 cell lines, none of the 

commercially available U87 cells had a similar genotype to the parental U87 and only the 

mitochondrial DNA profile of the parental U87 matched that of the patient tumor from which 

it was derived (Allen et al., 2016). Although the origin of the commercially available U87 

could not be identified, this cell line showed high transcriptomic similarity with other cell lines 

of CNS origin. This points to a possible mislabelling or cross-contamination of these 

commercially available cell lines at some point during several passages.  
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A thorough characterization of different batches of U251 cell lines revealed long-term 

culture-induced changes in highly passaged U251. Highly passaged cells varied from 

patient samples with additional amplifications and deletions in several chromosomes, while 

the low passaged U251 had similar genetic aberrations to the original tumor (Torsvik et al., 

2014). These subclones also had variable cell size, growth patterns, and cell distribution in 

culture as well as cytoskeletal structure. In vivo tumorigenicity of highly passaged subclones 

increased in agreement with a corresponding increase in growth rate (Li et al., 2008; Torsvik 

et al., 2014). Furthermore, a comparison of gene expression profiles of U87 and U251 cell 

lines with GBM tumor samples revealed marked differences with the cell lines clustering 

differently from the primary GBM samples (Li et al., 2008). Although the majority of adherent 

GBM cell lines grow in the brain of immunodeficient rodents, developed tumors are 

generally circumscribed with very limited invasion of brain parenchyma. Together these 

important findings highlight the changes acquired by cell lines over time due to selection 

pressure imposed on the competing cells by culture conditions. Thus, these classical cell 

lines represent limited recapitulation of primary GBM tumors. 

 

1.6.2   Stem-like cultures 

Following the strong evidence against the validity of the classical GBM cell lines as a good 

model recapitulating primary tumors, non-adherent stem-like cell cultures grown as 3D 

spheres emerged as a promising alternative, especially for functional assays and drug 

screening (Baskaran et al., 2018; Galli et al., 2004; Gomez-Roman et al., 2016; Lee et al., 

2006; Pollard et al., 2009). These cultures are generally referred to as glioma stem cell 

(GSC) or brain-tumor initiating cell (BTIC) cultures in the literature. 3D serum-free cultures 

recapitulate the major GBM genomic characteristics and share similar copy number 

alterations with their parental tumors. The inter-patient differences are generally preserved, 

and intra-tumoral heterogeneity is also partially recapitulated in 3D spheres (Dirkse et al., 

2019). Still, preservation of certain gene amplifications, notably EGFR, appears particularly 

challenging (Liffers et al., 2015). As expected from the efficient in vitro propagation, these 

serum-free cultures also suffer from clonal selection and loss of heterogeneity over time 

resulting in genomic and transcriptomic changes (Baskaran et al., 2018; Shen et al., 2019). 

Moreover, they show a phenotypic bias towards the enrichment of stem-like features and 

high proliferation (Balvers et al., 2013). This indicates long-term cellular preselection and/or 

molecular alterations in these cultures at the transcriptomic level. Importantly, the majority 

of stem-like cultures develop tumors in vivo, which preserve invasive properties (Bougnaud 

et al., 2016). Additional investigations showed that although these 3D cultures may 
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resemble the GBM patient tumors genetically, they showed inconsistent histopathological 

features when xenotransplanted and drug response after long-term passage in serum-free 

medium become erratic (García-Romero et al., 2016).   

Taken together, the limitations of in vitro cell lines as a result of genomic and phenotypic 

changes as well as an absence of a viable TME have slowed down progress in the 

development of novel anti-cancer therapeutics. This further highlights the need to develop 

alternative preclinical models for GBM research that recapitulate patient tumors both 

genetically and functionally. 

 

1.6.3   Patient-derived organoids 

Derivation of organoids started with the use of pluripotent stem cells to develop models that 

could recapitulate organs in the body. Since then, three-dimensional (3D) organoids 

cultured in serum-free conditions and organized with 3D structures have been developed 

to model the development of various human organs and diseases of different types 

(Clevers, 2016). Brain organoids, the so-called “mini-brains” were among the first 3D 

organoids developed recapitulating certain brain regions (Eiraku and Sasai, 2012; 

Lancaster et al., 2013).   

One of the early reports on the establishment of organoids from GBM patient material was 

by Bjerkvig et al. in 1990 (Bjerkvig et al., 1990). Tissue from glioma patients was cultured 

short-term on agar overlay, resulting in a complex multicellular tumor-like tissue referred to 

as organotypic spheroids. Extensive microscopic analysis revealed similar morphology 

between the organotypic spheroids and the patient tissue they were derived from. 

Interestingly, these spheroids retain blood vessels and other components of TME.  

A more recent protocol employs the use of GSCs to generate organoids. Characterization 

of these GSC-based 3D organoids in GBM showed that they indeed maintain the 

histological features when xenografted orthotopically displaying the ability to invade the 

surrounding brain tissue, thus recapitulating patient tumors more closely than in xenografted 

cell lines (Hubert et al., 2016). Interestingly, these organoids also show stable 

heterogeneous expression of SOX2, a prominent CSC marker as well as a hypoxic gradient 

with the inner core of the organoids being more hypoxic with less SOX2 expression than 

the outer surface. Hubert et al. also demonstrated the suitability of these organoids for 

functional analysis by exposing them to radiation. Notably, both radiosensitive and 

radioresistant cell populations were found in the organoids (Hubert et al., 2016).  
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Recently, an enhanced derivation protocol and extensive characterization of organoids 

generated from GBM patient samples based on mechanically cut tumor tissue propagated 

under serum-free conditions was reported (Jacob et al., 2020). In addition to maintaining 

tumor cell heterogeneity as in parental tumors, this analysis showed that organoids also 

maintained certain TME cell types during early time points and included their heterogeneous 

molecular features. scRNA-seq revealed patient-specific clustering of tumor cells from both 

parental tumors and matched organoids derivations from those tumors while non-neoplastic 

cells from both organoids and parent samples clustered in a non-patient specific manner 

(Jacob et al., 2020). Further analysis confirmed the presence of intra-tumoral heterogeneity 

in the tumor cells, with subclusters scoring high for the previously identified cell states in 

GBM, mainly AC-like and OPC-like. In addition, cells having oligodendrocytes-like and 

neuron-like signatures were also identified in both the organoids and their parental tumors. 

This indicates the transcriptomic similarity between tumor cells in the organoids and the 

parental patient tumors. Among the non-neoplastic cells, key microglia and macrophage 

genes such as SPP1, ITGAM, and CD74 and cytokines (TNF, IL1B, TGFB1) showed similar 

expression between the parental tumors and their corresponding organoids. This indicates 

that the organoids retain some TME cells 2 weeks after derivation. This observation was 

further confirmed by the presence of IBA1+ and CD3+ cells in the organoids at 2 weeks, 

indicating the presence of microglia/macrophage and T cells, albeit at lower numbers 

compared to the parental tumors. Single analysis of organoids at later time points (8 and 24 

weeks) confirmed the limited persistence of these TME cell types over time.   

3D organoids derived from GBM patient samples have emerged as a more relevant in vitro 

preclinical model for GBM research. These 3D organoids offer further advantages over both 

the 2D cell lines and 3D cultures (Gómez-Oliva et al., 2021; Klein et al., 2020). They 

recapitulate the complex cell-cell interactions, inter and intra-tumoral heterogeneity, and 

some microenvironmental features (Ben-David et al., 2019; Gómez-Oliva et al., 2021; 

Hubert et al., 2016; Jacob et al., 2020; Klein et al., 2020). Given their short derivation time, 

organoids represent a huge shift in the development of cancer models as they are shown 

to be a good option for testing both targeted and immunotherapy responses in GBM and 

thus could be applied for personalized treatment strategies (Jacob et al., 2020). However, 

3D organoids are also faced with some limitations mitigating their use at a large scale. 

These limitations include a lack of standardized culture conditions, high production and 

labor cost, immune-limited environment, absence of vascularisation, and the need to have 

a fresh and relatively large amount of viable patient tumor material that is generally difficult 

to acquire. These have resulted in a variable success rate in the derivation of these 

organoids (Ben-David et al., 2019; Gómez-Oliva et al., 2021; Klein et al., 2020). Therefore, 
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there is the need for further standardization and optimization of the 3D organoid derivation 

protocols as well as improvement of the organoids to retain viable and efficient TME as 

seen in the patient tumors. 

 

1.6.4   Patient-derived heterotopic and orthotopic xenografts  

Patient-derived animal models were designed to propagate the original patient tumor in a 

living system, closer to physiological conditions than in vitro culture, and represent the 

histologic and genetic characteristics of the original tumor better than the syngeneic model 

(Ben-David et al., 2019; Byrne et al., 2017). This is achieved by engrafting patient tumor 

tissue, patient tumor-derived organoids, or established cell lines into an immunodeficient 

mouse to avoid immune rejection (Haddad et al., 2021; Huszthy et al., 2012; William et al., 

2017; Zeng et al., 2020). This process of engrafting tissue originating from a different 

species (human) to another (mouse or rat) is known as xenografting (Ben-David et al., 2019; 

Woo et al., 2021). When these tumors are implanted subcutaneously in an immune-deficient 

mouse they are simply referred to as patient-derived (heterotopic) xenografts (PDX) as 

illustrated in Figure 6A (Ben-David et al., 2019; Lenting et al., 2017). PDX models have 

been shown to recapitulate human GBM histopathologic and genetic features and have 

been generated from gliomas of different grades (Vaubel et al., 2020; William et al., 2017; 

Zeng et al., 2020). However, heterotopic PDX models are limited by the absence of cells 

forming the brain TME that are important for GBM cells growth and development and thus 

have failed to fully recapitulate the brain TME (Hidalgo et al., 2014; Lenting et al., 2017; 

William et al., 2017). A recent analysis of several PDX models of different tumor types, 

including GBM, reported the spontaneous development of novel copy number alterations 

(CNA) not seen in parental tumors (Ben-David et al., 2017). Although a subsequent large-

scale study did not observe CNA differences between PDXs and parental tumors (Vaubel 

et al., 2020; Woo et al., 2021), the anecdotal alterations earlier reported may be imposed 

by the interactions between tumor cells and the heterotopic TME, especially in the case of 

brain tumors.  

To overcome the limitations of the PDX model, GBM patient tissue fragments, organoids, 

tumor single cells, or spheres can be implanted in the brain of an immunodeficient mouse 

to allow the tumor cells to grow in the normal anatomical location in which brain tumors 

naturally occur. This novel approach is referred to as patient-derived orthotopic xenograft 

(PDOX) (Wang et al., 2009). PDOXs allow the propagation of patient GBMs in form of live 

biobank without imposing genomic alterations due to pressure from unnatural TME. In 
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addition to fully representing the histological and molecular characteristics of patient GBMs, 

the PDOXs have the unique advantage of having in situ structures of the brain such as an 

intact BBB, glial cells, and neurons that allow the recapitulation of the interactions between 

the tumor and cells within the TME. Furthermore, the metabolic components of the brain, 

specifically the cerebrospinal and interstitial fluids are present in PDOXs (Haddad et al., 

2021; Huszthy et al., 2012; Lenting et al., 2017; Patrizii et al., 2018). Different mouse strains 

with varying levels of immunodeficiency are used as the recipients. These mouse strains 

range from the less immunodeficient nude mice lacking only T cells to the medium non-

obese diabetic/severe combined immunodeficiency (NOD/SCID) mice, that lack both T and 

B cells, and the most immune-deficient NOD/SCID-Gamma null (NSG) mice lacking T, B, 

and NK cells (Gómez-Oliva et al., 2021).  

Initial attempts to generate orthotopic xenograft models of brain tumors started with nude 

rats (Sakariassen et al., 2006; Wang et al., 2009). Patient brain tumor tissues from 29 

gliomas including many GBMs were successfully xenografted into the brain of nude rats 

with a 96% success rate. The tumor take rate increased after several passages in vivo. In 

this approach, patient tumor tissue was minced into small fragments and briefly cultured in 

agar overlay until they formed organotypic spheroids (i.e. organoids). These organoids are 

then implanted into the brain of nude rats as soon as they are formed. Histopathologic 

analysis of tumors formed in the brain of the rats revealed that these tumors were highly 

invasive, however, necroses and microvascular proliferations key features in GBM were not 

observed in some tumors in the first generation tumors. Following 3-4 passages, tumors 

that are both invasive and highly vascularised with microvascular proliferation and 

pseudopallisading necroses typical of GBM emerged (Wang et al., 2009). Interestingly, after 

repeated passaging of these tumors in rats, they tend to adapt to the host immune system 

and engraft in immunocompetent rats without rejection (Huszthy et al., 2015). However, the 

long tumor generation time of about 4 – 5 months and the serial passaging required to fully 

recapitulate human GBMs are limitations in using rats to generate PDOXs (Wang et al., 

2009). In addition, challenges associated with the handling of rats as a result of their size 

and aggressive behavior as well as high maintenance costs further limited PDOX 

generation in rats and accelerated the use of mouse-based PDOX models (Barth and Kaur, 

2009).  

PDOXs were also generated by implanting patient tumor fragments directly into the brain of 

immunocompromised mice (Joo et al., 2013). The generation of these PDOXs resulted in 

an 80-90% success rate and tumors in these PDOXs show morphologic and histopathologic 

similarity with patient tumors. Genomic and transcriptomic features of patient tumors were 
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retained in the PDOXs. However, attempts to implant tumor fragments directly in the brain 

of immunocompromised mice by others failed (Kim et al., 2016). 

The development of PDOXs by introducing a brief in vitro culture step as demonstrated in 

the rats (Wang et al., 2009) resulted in more reproducible and stable models, with less 

latency and higher success rates (Bougnaud et al., 2016; Golebiewska et al., 2013; Keunen 

et al., 2011). Histopathologic evaluation of PDOXs generated by implanting organotypic 

spheroids in the brain of NOD/SCID mice showed the recapitulation of patient histological 

phenotypes reported in GBM patients. These phenotypes represent the different degrees 

of angiogenesis and invasiveness observed in human GBM, namely: invasive, intermediate, 

and angiogenic phenotypes. Tumors in these PDOXs also show different levels of necrosis. 

Genomic heterogeneity of parental GBM tissue was also retained in the PDOXs. 

Furthermore, different histological phenotypes, as well as inter and intratumoral genomic 

aberrations present in patient GBMs, were retained in PDOXs. (Bougnaud et al., 2016; 

Stieber et al., 2014). Importantly, the ploidy of GBM cells was retained over serial 

transplantations in PDOXs (Stieber et al., 2014). In addition, efficient functional interaction 

between human GBM cells and mouse endothelial cells was reported (Bougnaud et al., 

2016), and morphological change toward normalization of the aberrant blood vessels 

following anti-human VEGF treatment (Abdul Rahim et al., 2017; Keunen et al., 2011). 

These PDOX also showed a remarkable recapitulation of metabolic adaptation to anti-

angiogenic therapy observed in GBM patient tumors (Fack et al., 2015). Analyses of PDOX 

models from other laboratories were shown to retain the metabolic properties of invasive 

GBM cells in comparison to patient tumors from which the PDOXs were generated (Cudalbu 

et al., 2021). Recently, organoids implanted in the brain of nude mice also showed the 

typical histological features of patient GBMs with varying degrees of tumor cells infiltration 

into the contralateral and ipsilateral hemispheres (Jacob et al., 2020; Mansour et al., 2018). 

In addition to displaying angiogenic features, these xenografts maintained both EGFR 

amplification and EGFRvIII mutant expression present in parental tumors.  

PDOX models have also been generated from CSCs cultured from fresh surgical biopsies 

and organoids developed from CSCs (Hubert et al., 2016; Irtenkauf et al., 2017). Analysis 

of CSC-based PDOXs also showed a recapitulation of GBMs both histologically and 

genetically. This preselection protocol did not provide any added advantage over PDOXs 

generated from GBM tissue fragments. Interestingly, tumor take rate widely varies between 

xenografted CSCs and CSCs-derived organoids, indicating poor reproducibility and 

preselection bias.  
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While PDOXs generated in NOD/SCID mice have an intact TME including the myeloid cells 

that are the major immune cell types in the brain as well as mostly intact innate immune 

system, they lack the lymphocytes that are an integral part of the adaptive immune 

response, thus limiting their applications in immune-related studies. Important insights on 

the crosstalk between lymphocytes and GBM cells as well as other TME cell types cannot 

be studied using these models. Thus, there is a need to generate PDOXs in mice models 

which better recapitulate adaptive immune cell presence such as the B lymphocytes that 

are present in the nude mice. Furthermore, these studies involved only a few PDOXs, 

therefore a more comprehensive, reproducible, and extensive molecular characterization of 

both the tumor cells and TME cell types in a larger cohort of PDOX is needed. Especially 

the characterization of the molecular features of tumor cells from PDOXs in line with the 

new GBM classification. 

 

1.6.5   Syngeneic mouse models  

Naturally occurring brain tumors in mice are very rare. As a result, most of the brain tumors 

of mice origin used in preclinical studies were chemically induced using carcinogens (Ward 

and Rice, 1982). Brain tumors in mice were initially derived by intracranial injection of 

methylcholanthrene resulting in the development of a densely compacted tumor mass 

described to be histologically similar to gliomas and termed Glioma 261 (GL261) (Seligman 

et al., 1939). The syngeneic (the implantation of tumor cells derived from the same species) 

GBM mouse model was derived by subcutaneous and intracranial injection of tumor 

fragments from GL261 into immunocompetent C57BL/6 mice, thus giving rise to the now 

popular GL261 model (Ausman et al., 1970). Currently, adherent cell lines established from 

GL261 tumors are now used for orthotopic implantation in C57BL/6 mice to establish the 

syngeneic GL261 model (Figure 6B) (Ausman et al., 1970; Lenting et al., 2017; Oh et al., 

2014; Szatmári et al., 2006). The GL261 syngeneic model is among the most common and 

frequently used GBM animal models and has been used extensively to study the 

immunosuppressive GBM microenvironment, tumor-immune cells interactions, and novel 

immunotherapeutic approaches (Khalsa et al., 2020; Maes and Van Gool, 2011; Ochocka 

et al., 2021; Oh et al., 2014; Pombo Antunes et al., 2021; Szatmári et al., 2006). However, 

these models do not fully recapitulate gross and histopathologic features as well as the 

immunogenicity of human GBM. The GL261 was shown to be stable over many generations 

and remains histologically the same even after 100 transplantations (Ausman et al., 1970). 

Histopathologic analysis of tumors in the GL261 model showed some resemblance with 

human gliomas, albeit more hemorrhagic, circumscribed, and grossly demarcated from the 
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normal brain (Ausman et al., 1970; Seligman et al., 1939). GL261 model was also shown 

to harbor some genetic alterations reported in human GBM, mainly mutations in tumor 

suppressor gene p53 and K-ras oncogene. While p53 mutation is a frequent feature of GBM, 

K-ras mutation is uncommon in human GBM. Unlike the human GBM, the GL261 tumor is 

characterized with a hypermutator phenotype coupled with a high MHCI expression but low 

MHCII (Oh et al., 2014).  Deeper characterization of GL26 tumor which is closely related to 

GL261 and GL261 demonstrated that tumors from these models are angiogenic and 

express vimentin with massive infiltration of inflammatory cells mainly Mo-TAMs and CD3+ 

T cells, but significantly lower number of APCs when compared to human GBM samples 

(Candolfi et al., 2007; Khalsa et al., 2020; Szatmári et al., 2006). Other histologic features 

of GL26 tumors include nuclear atypia, pleomorphism, and hypercellularity. However, some 

important hallmarks of human GBM such as pseudopalisading necrosis and microvascular 

proliferation were absent in the GL26 model (Candolfi et al., 2007; Szatmári et al., 2006). 

These differences with human GBM may have resulted in the inability to translate promising 

results obtained in preclinical studies using GL261 models to human GBMs (Haddad et al., 

2021; Johanns et al., 2016; Khalsa et al., 2020; Maes and Van Gool, 2011; Miyai et al., 

2017).  

Recently, a comparison of the immune phenotypes among different syngeneic mice models 

of brain tumors shows variable immunogenicity, indicating that the unique genetic 

background of each model influences their immune phenotypes (Khalsa et al., 2020). 

GL261 and 005 models were shown to be more immune active than the CT2A and Mut3 

models. Overall comparison with human IDHwt GBM samples revealed that the 005 and 

the GL261 models more closely but not fully resemble the human GBM immune phenotype 

than other syngeneic models (Khalsa et al., 2020), indicating better recapitulation of the 

immune landscape of GBM by the GL261 model compared to other immunocompetent 

GBM models. 

 

1.6.6   GEMMs  

Generating GEMMs involves the genetic manipulation of the mouse genome to induce brain 

tumors de novo. However, GEMMs are very expensive, cumbersome, and very slow to 

generate, thus limiting their use in GBM research. Moreover, most of the GEMMs used in 

GBM research are limited in their ability to fully recapitulate intra-tumoral heterogeneity in 

GBM and only recapitulate some specific genetic alterations in GBM such as NF1, TP53, 

PTEN, PDGFB, and EGFR. GEMMs may therefore be more suitable for the investigation of 

specific genetic alterations and their response to particular targeted therapy (Haddad et al., 
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2021; Hicks et al., 2021; Huszthy et al., 2012; Kersten et al., 2017; Lenting et al., 2017). 

Importantly, most of these GEMMs produce tumors that are histologically more similar to 

oligodendrogliomas and astrocytomas that were previously considered as IDHmut GBMs 

(Hambardzumyan et al., 2009; Tchougounova et al., 2007; Zhu et al., 2005) 

Some of the common strategies used to generate GEMMs include, targeted knockin of 

human genes into a mouse gene locus (e.g human PDGFRα into mouse collagen1α1 gene 

locus) (Hede et al., 2009; Jun et al., 2018) and conditional or inducible knockouts resulting 

in somatic or germline replacement of mouse genes with human genes forming transgenic 

mice overexpressing such inserted human oncogenes (Hambardzumyan et al., 2011; Huse 

and Holland, 2009; Macleod and Jacks, 1999; Zhu et al., 2009, 2005). Engineered GBM-

inducing genetic material is usually delivered using different viral-loaded systems (Hede et 

al., 2009). Recently, the CRISPR/Cas9 mediated gene editing system is used as a novel 

tool to enhance precision and efficiency of the genetic modifications in GBM models (Figure 

6B) (Chow et al., 2017; Mao et al., 2016; Zuckermann et al., 2015). 
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2.1   Scope and Aims of the Thesis 

Phenotypic heterogeneity and cellular plasticity are major factors contributing to tumor 

progression and treatment failure in GBM. Inter and intratumoral heterogeneity have been 

described in GBM tumors. GBM tumors consist of cells with different cellular states and 

each cellular state possesses the ability to transit to another phenotypic state and 

reconstitute initial intratumoral heterogeneity. In addition, plasticity allows GBM cells to 

adapt to external pressures from the microenvironmental cues in the developing tumor. 

Non-neoplastic cells within the GBM TME, especially the tumor-associated microglia and 

macrophages also play an important role in shaping the tumor ecosystem towards an 

immune-suppressive environment. These cell types are currently under intensive 

investigation as a potential target for the development of novel therapeutics. How these 

TAMs functionally interact with GBM tumor cells remains to be fully understood.  

Current treatment strategies against GBM have failed in curing patient disease and thus 

tumor recurrence is inevitable. Based on existing and emerging evidence on phenotypic 

heterogeneity and plasticity in GBM (Chaligne et al., 2021; Dirkse et al., 2019; Johnson et 

al., 2021; Neftel et al., 2019), we hypothesized that tumor cells undergo phenotypic 

adaptation toward treatment-resistant phenotypes. Therefore, to provide a cure for GBM 

there is a need to design therapeutics that target the dynamic cellular states in GBM rather 

than targeting specific cellular subpopulations. However, how plasticity enables GBM cells 

to escape treatment is currently less understood and more studies are needed to uncover 

the drivers of plasticity and treatment resistance in GBM. 

GBM in vivo preclinical models are important tools for functional assessment of tumor 

biology and preclinical therapeutic studies. The development of novel therapies has been 

hampered by the lack of efficient preclinical models that fully recapitulate GBM patient 

tumors. This has resulted in the failure of several drug candidates at the clinical trials after 

passing the initial preclinical testing stage. Therefore, there is a need to develop and 

characterize preclinical models that will enhance the development of new therapeutic 

strategies by producing clinically relevant study outcomes. Furthermore, models with intact 

TME which recapitulate the crosstalk between tumor cells and TME are needed to 

understand and assess novel treatment strategies such as immunotherapies that aim to 

remodel the TME.  

Orthotopic xenografts recapitulate the tumor ecosystem in vivo allowing the study of tumor 

cells in their natural milieu. Initial reports describing GBM PDOXs suggested faithful 

recapitulation of the genetic profiles and histopathological features of patient tumors. 
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Recapitulation of other molecular features, including epigenetic and transcriptomic profiles 

has not been reported systematically. The transcriptional state of tumor cells is a reflection 

of genetic background, epigenetic state as well as tumor cell interactions with the 

surrounding TME and as such, better represents tumor cell phenotypes. An additional less 

understood feature of GBM PDOXs is the composition of the TME created in the brain of 

immunodeficient mice. Although initial analyses of the vascular compartment suggested 

reciprocal cross-talk between human tumor cells and mouse TME, the clinical relevance of 

the overall TME remains questionable in the research community. Numerous studies 

showed that GBM PDOX models show clinically-relevant responses. By assessing 

transcriptomic changes at the single-cell level in tumor cells and adjacent TME directly upon 

treatment, we hope to reveal dynamic mechanisms regulating resistance to treatment in 

GBM.   

Initial transcriptomics studies at the bulk level have so far focused mostly on the assessment 

of inter-tumoral differences in GBM (Wang et al., 2017). The development of single-cell 

transcriptomic techniques revolutionalized the field, as scRNA-seq allows the 

characterization of individual cells based on their transcriptomic features and has thus been 

instrumental in dissecting the heterogeneity in different tumors, including GBM (Neftel et 

al., 2019; Patel et al., 2014; Tirosh and Suvà, 2018). Although the composition of GBM 

tumors has been assessed by numerous recent studies, the changes occurring during 

treatment at the single-cell level have not yet been comprehensively evaluated. Currently, 

there is no existing scRNA-seq data comparing paired primary and recurrent GBM patient 

samples. Moreover, while the stable changes may be revealed by assessing directly patient 

tumors, the assessment of dynamic and reversible adaptation of tumor cells upon treatment 

will require clinically-relevant research models recapitulating the heterogeneous GBM 

ecosystem.  

This thesis aims to uncover answers to the outlined problems with the following specific 

aims: 

 To establish efficient protocols for cell purification and analysis pipelines for assessment 

of tumor composition in GBM PDOX models by single-cell transcriptomics. 

 To characterize the transcriptomic heterogeneity of the GBM ecosystem in PDOX 

models at the single-cell level.  

 To decipher treatment-induced changes in tumor cells and TME in GBM PDOXs at the 

single-cell level



 

 
59 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Cancer Cell Heterogeneity and Plasticity: A Paradigm 
Shift in Glioblastoma 

Yabo YA, Niclou SP, Golebiewska A 

Neuro Oncol . 2021 Dec 21;noab269 

doi.org/10.1093/neuonc/noab269 

 

 

 

 

 

 

 

  

https://doi.org/10.1093/neuonc/noab269


 

 
60 

Chapter 
Three  

3.1   The rationale of the study  

In this manuscript, we comprehensively reviewed recent literature and highlighted historical 

progress made towards the understanding of heterogeneity and phenotypic plasticity in 

GBM. We critically examined the current models explaining the creation and maintenance 

of phenotypic heterogeneity in GBM. We focused particularly on the evolution of the CSC 

hypothesis towards the plasticity model. We presented an overview of factors at the center 

of phenotypic states equilibrium in GBM. We introduced and outlined key publications 

supporting tumor cell plasticity as an emerging hallmark in GBM which enables tumor cell 

adaptation to environmental and treatment pressure. We further highlighted the importance 

of clinically-relevant GBM models and single-cell techniques as state-of-the-art tools to 

better characterize adaptive treatment-resistant states in the future. We concluded by giving 

our perspective on how to identify master transcriptional regulators enabling tumor cell 

plasticity and the prospect of targeting these regulators as treatment opportunities in GBM 

patients. 

 

Personal contributions 

This review represents a very important output of this thesis, enabling a comprehensive 

review of the current literature on the GBM ecosystem. It further aided the refinement of 

research questions posed throughout this project assessing the recapitulation of the GBM 

ecosystem in PDOX models (Chapters 4-6) as well as my preliminary work focusing on the 

role of tumor heterogeneity and plasticity as resistance mechanisms in GBM (Annex I). I 

contributed to the conceptualization of the review and performed a literature search to 

identify relevant published works that present recent evidence highlighting tumor cells 

heterogeneity and plasticity in GBM. I summarised these publications in Table 1. I 

contributed to the writing of the initial draft of the manuscript. I also contributed to the design 

of all the Figures (1, 2, and 3) and further contributed to the revision of the manuscript.  
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3.1.1   Result 
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4.1   The rationale of the study  

This protocol paper provides a step-by-step guide for the derivation of organoids and glioma 

PDOX models established in the NORLUX Neuro-Oncology laboratory from glioma patient 

tumor samples. Following STAR Protocols guidelines, this manuscript presents key 

technical steps including critical points, time frames, and common troubleshooting needed 

for the derivation of organoids and PDOX models from tumor tissue obtained from glioma 

patients. This paper is an important resource to the community that will guide researchers 

to independently establish glioma organoids and PDOXs. It also guides on monitoring of 

tumor growth in PDOX models and the use of organoids and PDOXs for functional assays 

and preclinical drug testing. 

 

Personal contributions 

This work represents an important part of my PhD thesis as my project relied on the efficient 

derivation of PDOX models and subsequent characterization of human tumor compartment 

and mouse TME. I was actively involved in the optimization of the existing protocol for PDOX 

tissue processing described in the manuscript. Specifically, I optimized the purification of 

single cells suspension for single-cell transcriptomics and functional assays. To obtain pure 

cell suspension I combined two protocols based on magnetic cell sorting:  

- myelin removal to separate single cells after enzymatic dissociation. 

- mouse cell depletion to separate human tumor cells from the mouse TME. 

The analysis of cell viability after the separation regularly showed >80% viable cells, thus 

further purification was not required. I further optimized the protocol for cell cryopreservation 

that allowed for the multiplexing of samples for scRNA-seq. I actively participated in the 

writing and editing of the manuscript and in designing Figure 4 in the paper that illustrates 

the PDOX tissue processing steps. This protocol allowed me to perform successful sc-

RNAseq experiments for assessing the transcriptomic diversity of tumor cells and the TME 

compartment in PDOX models (Chapters 5-6, Annex I). 
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4.1.1  Result 
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5.1   The rationale of the study  

This manuscript presents a detailed characterization of the cohort of glioma PDOX models 

established in the NORLUX Neuro-Oncology laboratory using different histopathological 

and molecular techniques. This work demonstrates that PDOX models recapitulate parental 

patient tumors at the histopathologic, genetic, epigenetic, and transcriptomic levels. It also 

confirmed the clinical relevance of glioma organoids and PDOXs for the testing of novel 

drugs and their suitability for personalized treatment studies. This work provides an 

important resource to the community that can be used in precision oncology and preclinical 

trials. Results from this paper provided the scientific basis for the subsequent work 

presented in this thesis. 

 

Personal contributions 

I contributed to the immunohistochemical characterization of brain tumors in PDOX models. 

In particular, I performed the microscopic evaluation of the tumor vasculature based on 

CD31 antibody staining against mouse endothelial cells. I performed immunostainings 

followed by detailed quantification of the average size of blood vessels and tumor area 

covered by the vasculature. This evaluation allowed for a more efficient characterization of 

the range of invasive and angiogenic features in PDOX models. Certain PDOXs show 

strong angiogenic features with localized tumor cells and aberrant blood vessels, whereas 

others display a more invasive and dispersed cellular distribution with blood vessels similar 

to the normal brain. This data is presented in Figure 1c of the paper. 

I further contributed to the characterization of PDOXs models at the transcriptomic level. I 

analyzed the gene expression profiles of patient tumors and matched PDOX models, as 

well as GBM cell lines and their corresponding xenografts generated using microarrays 

technology. Unsupervised hierarchical clusters and principal components of this data 

revealed close transcriptomic similarity between PDOXs and their corresponding patient 

tumors, while GBM cell lines and their corresponding xenografts showed greater variations 

to the patient tumors. Differential expression and pathways analysis revealed an 

upregulation of tumor intrinsic genes and a downregulation of TME specific genes when 

PDOXs were compared with patient samples, indicating the replacement of human TME 

with mouse TME. These results are displayed in Figure 5a-c.   

I further generated scRNA-seq data of an additional PDOX model and analyzed the newly 

generated and the existing data from three representative PDOX models to interrogate 

intratumoral heterogeneity of human tumor cells and mouse-derived TME in PDOXs. This 

analysis revealed that human tumor cells recapitulate inter and intra-tumoral heterogeneity 

and cellular states distribution in PDOXs as reported in the GBM patient tumors (Neftel et 
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al., 2019; Patel et al., 2014: Wang et al., 2017). This analysis is presented in Figures 5f 

and 5g in the paper. In addition, my analysis on the comparison of mouse-derived TME in 

a PDOX model to a normal brain (Supplementary figure 5d 

(401_2020_2226_MOESM1_ESM.pdf (springer.com))) revealed a close resemblance to the 

TME of patient tumors. This analysis was a foundation for the detailed analysis of the 

transcriptomic diversity of mouse-derived TME in GBM PDOX models (Chapter 6). It also 

provided scientific evidence that informed the selection of longitudinal PDOXs and the aim 

of the project presented in Annex 1. Finally, I was actively involved in the critical appraisal 

of the generated results and contributed to the writing, designing of figures, proofreading 

and revision of the manuscript. 
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5.1.1   Result  
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6.1  The rationale of the study 

In this article, we present the single-cell landscape of the TME in GBM PDOXs and 

syngeneic mouse models. We extensively characterized the myeloid compartment of the 

TME in both GBM mouse models and human GBM tumors using scRNA-seq, flow 

cytometry, and immunohistochemistry techniques to decipher their underlying 

heterogeneity. In this work, we demonstrate that PDOX models recapitulate the TME 

present in patient tumors and present evidence of reciprocal crosstalk between GBM cells 

and TME. We further revealed the myeloid cell heterogeneity in GBM and identified key 

signatures of GBM-specific cell types within the myeloid compartment, and their functional 

and clinical significance. This work further confirmed the clinical relevance of GBM PDOXs 

for the testing of novel therapeutics including immunotherapeutics designed to target the 

myeloid compartment.  

 

Personal contributions 

This manuscript represents a major work of my PhD project. I contributed actively to the 

experimental design and the execution of the project. I generated scRNA-seq data of 

mouse-derived TME in nine representative PDOX models using the Drop-seq technique. 
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plethora of algorithms. I have confirmed the presence of all key subpopulations of GBM 

tumors in PDOXs and their transition toward GBM-specific states (Figures 1 & 2).  To 
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scRNA-seq from the GL261 mouse model and human GBM patient tumors. This enabled 

us to further assess the heterogeneity of the different myeloid cell types in our datasets as 

shown in Figures 3A, B, E, F, and G of the manuscript. I identified different subpopulations 

and key genes as well as transcription factors defining the different myeloid cell types and 

phenotypic states, this data is shown in Figures 4A, B, C, D, F, and G. I further took 

advantage of the scRNA-seq data to infer functional properties of myeloid cells, with the 

focus on microglia migration, sensome, phagocytosis, and antigen presentation capacity 

presented in Figures 5A and C and I. I demonstrated the utility of our PDOX model through 

scRNA-seq analysis of data from TMZ treated PDOX model shown in Figures 6D, E, F, I, 
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ABSTRACT 

Background: A major contributing factor to Glioblastoma (GBM) development and 

progression is its ability to evade the immune system by creating an immune-suppressive 

tumor microenvironment (TME). GBM-associated myeloid cells, including resident 

microglia, macrophages and other peripheral immune cells are generally geared towards 

tumor-supportive roles. It is however unclear whether such recruited myeloid cells are 

phenotypically and functionally identical. Here, we aim to understand the heterogeneity of 

the TME in GBM, using an unbiased, marker-free approach to systematically characterize 

cell type identities at the molecular and functional levels. 

Methods: We applied single-cell RNA-sequencing, multicolor flow cytometry, 

immunohistochemical analyses and functional assays to examine the heterogeneous TME 

instructed by GBM cells. Multiple GBM patient-derived orthotopic xenografts (PDOXs) 

representing different tumor phenotypes were analyzed and compared to the mouse GL261 

glioma model and patient tumors.  

Results: We show that PDOX models recapitulate major components of the TME found in 

human GBM. Human GBM cells reciprocally interact with host cells to create a GBM-specific 

TME. During tumor progression the most prominent transcriptomic adaptations were found 

in tumor-associated macrophages (TAMs), which were largely of microglial origin. We 

reveal inter-patient and intra-tumoral heterogeneity of TAMs and identify key signatures of 

distinct phenotypic states within the microglia-derived TAMs across distinct GBM 

landscapes. GBM-educated microglia adapt expression of genes involved in 

immunosuppression, migration, phagocytosis and antigen presentation, which was 

confirmed at the functional level. We find novel phenotypic states and gene signatures with 

astrocytic and endothelial-like features and confirmed them in GBM patient tumor tissue. 

Finally we show that temozolomide treatment in vivo leads to transcriptomic plasticity not 

only of the GBM tumor cells but also of adjacent TME components.  

Conclusion: Our data provide insight into the phenotypic adaptation of the heterogeneous 

TME instructed by GBM. We confirm a crucial role of microglia in the immunosuppressive 

TME and show that PDOXs allow to monitor the plastic GBM ecosystem and its phenotypic 

adaptations upon treatment. This work further supports the clinical relevance of PDOX 

avatars for testing novel therapeutics including modalities designed to target the myeloid 

compartment.  

 

 

 



 

 
138 

Chapter 
Six  

KEYWORDS 

Glioblastoma, Tumor microenvironment, Myeloid cells, microglia, Patient-derived 

xenografts, Single-cell RNA-sequencing 

 

KEY POINTS 

 GBM-educated tumor microenvironment is faithfully recapitulated and modulated 

in PDOX models. 

 Microglia represent the major myeloid cell population in the tumor 

microenvironment. 

 GBM-educated microglia display reactive dendritic cell-like gene expression 

programs. 

 

IMPORTANCE OF THE STUDY 

This manuscript addresses tumor-immune interactions in brain cancer, focusing on the 

molecular changes of the myeloid compartment. We find that myeloid cells, the most 

abundant immune cell population in brain tumors, undergo the most prominent 

transcriptional adaptation in the tumor microenvironment. Resident microglia represent the 

major myeloid cell population in the tumor core, while peripheral-derived myeloid cells only 

appear to infiltrate the brain at sites of blood brain barrier disruption. We identify reactive 

dendritic cell-like gene expression programs in GBM-educated microglia, suggesting the 

capacity for antigen-presenting and anti-tumor activities. These findings have prospective 

impact for the design of future immunotherapy approaches, e.g. by enhancing anti-

tumorigenic dendritic cell-like features on microglia. PDOX models recapitulate faithfully the 

major components of GBM-educated tumor microenvironment and allow assessment of 

phenotypic changes in the GBM ecosystem upon treatment.   
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INTRODUCTION 

Cancer heterogeneity and progression are subject to complex interactions between 

neoplastic cells and their microenvironment, including the immune system. Glioblastomas 

(GBMs) form a very dynamic ecosystem, where heterogeneous tumor cells reciprocally 

interact with various components of the tumor microenvironment (TME) (Yabo et al., 2021). 

The brain TME includes endothelial cells, pericytes, reactive astrocytes, neurons, 

oligodendrocytes and immune cells. Although GBMs are known as ‘cold tumors’ with very 

little lymphocyte infiltration (Thorsson et al., 2018), the GBM TME contains up to 40% of 

tumor-associated macrophages (TAMs), creating a supportive environment that facilitates 

tumor proliferation, survival and migration (Charles et al., 2011; Quail and Joyce, 2017). 

TAMs constitute either resident parenchymal microglia (Mg), peripheral monocyte (Mo)-

derived cells or perivascular macrophages referred to also as border-associated 

macrophages (BAMs) (Ricard et al., 2016). They are recruited by GBMs and in turn release 

growth factors and cytokines that affect the tumor. Recent studies have shown that TAMs 

display specific immune properties that are different from classical pro-inflammatory 

activated (immune-permissive) M1 or alternatively activated (immune-suppressive) M2 

reactive profiles (Szulzewsky et al., 2015; Zeiner et al., 2018). Notably, it has been proposed 

that TAMs acquire different expression programs depending on GBM subtype and upon 

GBM recurrence (Wang et al., 2017). However, the effective mediators that determine the 

fate of TAMs and their interaction with tumor cells have not been fully elucidated. Also, it is 

not known whether TAMs acquire different functional phenotypes depending on specific 

tumor niches or along tumor development and progression (Hambardzumyan et al., 2016). 

Despite extensive characterizations of TME components in GBM, more information about 

the cross-talk between described subpopulations constituting TME at the functional level is 

needed.  

The majority of functional studies on immune TME components of GBM are performed in 

mouse models due to their immunocompetent status. However, syngeneic and genetically 

engineered mouse models suffer from the limited resemblance to human disease. Reliable 

patient-derived brain tumor models are needed for functional studies and preclinical testing 

of novel treatments targeting the TME in molecularly defined groups of patients. GBM 

patient-derived organoids preserve certain TME components during initial days only and 

ex-vivo co-culture protocols are still immature  (Klein et al., 2020). Patient-derived 

xenografts allow for propagation of primary patient tumors in less selective conditions than 

in vitro cultures (Woo et al., 2021). As subcutaneous xenografts do not recapitulate the 

natural TME, patient-derived orthotopic xenografts (PDOX) implanted in the brain may be 

more adequate for modeling gliomas. Although showing an excellent recapitulation of GBM 
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tumor features, PDOXs inevitably suffer from the immunocompromised environment and 

replacement of the human TME with mouse counterparts (Golebiewska et al., 2020). It is 

therefore important to assess to what extent PDOXs can recapitulate major TME features 

observed in GBM patient tumors.  

We have previously reported that PDOX models recapitulate the genetic, epigenetic and 

transcriptomic features of human tumors. We have also shown that mouse cells interact 

with human GBM cells in the brain. In particular, endothelial cells forming blood vessels 

adapt their morphology and molecular features in analogy to the aberrant vasculature 

observed in patients (Bougnaud et al., 2016). We have further shown that mouse 

endothelial cells respond to anti-angiogenic treatment, as observed in GBM patients, 

leading to normalized blood vessels and treatment escape mechanisms towards more 

invasive tumors (Fack et al., 2015). Here, we further inferred the heterogeneity of the TME 

compartment across genetically and phenotypically diverse GBM landscapes recapitulated 

in PDOXs by single-cell transcriptomics. Focusing on TAMs, the most reactive cell 

population, we sought to distinguish resident versus peripheral macrophages across GBM 

landscapes and identify distinct molecular programs characteristic of both pro- and anti-

tumor activities. Finally, we assess transcriptomic adaptation of TME components upon 

temozolomide (TMZ) treatment. 

 

MATERIALS AND METHODS 

Clinical GBM samples and patient-derived orthotopic xenografts (PDOXs) 

Glioblastoma samples were originally received from the Centre Hospitalier in Luxembourg 

(Neurosurgical Department) or the Haukeland University Hospital (Bergen, Norway) from 

patients who had given their informed consent. All studies were conducted according to the 

Declaration of Helsinki, and with approval from the local ethics committees (National 

Committee for Ethics in Research (CNER) Luxembourg and local ethics committee 

Haukeland University Hospital in Bergen). PDOX derivation was previously described 

(Bougnaud et al., 2016; Golebiewska et al., 2020). All tumors samples used in this study 

were from patients with grade IV GBM (Table S1). For this study tumor organoids (diameter 

300-400µm) were implanted (6 per brain) into the right frontal cortex of nude mice (athymic 

nude mice, Charles River Laboratories, France) following previously described protocol 

(Oudin et al., 2021). Animals were sacrificed at the appearance of neurological symptoms 

and/or weight loss >10%. The handling of animals and the surgical procedures were 

performed in accordance with the regulations of the European Directive on animal 

experimentation (2010/63/EU). The experimental protocols were approved by the local 
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ethics committee (Animal Welfare Structure of the Luxembourg Institute of Health; protocol 

LRNO-2014-01, LUPA2019/93 and LRNO-2016-01) and by the Luxembourg Ministries of 

Agriculture and of Health. 

 

GL261 syngeneic model 

Mouse glioma 261 (GL261) cells were maintained at 37ºC with 5% CO2 in Dulbecco's 

Modified Eagle's Medium (DMEM (Gibco/Life Technologies) supplemented with 10% Fetal 

Bovine Serum (FBS; Gibco/Life Technologies) and pen-strep (100 U/ml; Gibco/Life 424 

Technologies). Cells were tested for mycoplasma (MycoAlert PLUS Mycoplasma Detection 

Kit, Westburg, 426 The Netherlands) before mice implantation. GL261 cells were implanted 

intracranially (500 cells per brain) and mice were monitored as described before (Pires-

Afonso et al., 2021). Tumors at three different stages were collected for scRNA-seq: early 

(5-10 mm3), intermediate (20-25 mm3) and late (30-35 mm3) stage of tumor progression. 

 

Temozolomide (TMZ) treatment  

P3 GBM organoids were orthotopically implanted into the right frontal lobe of nude mice. 

Animals were monitored and evaluated daily for the loss of >10% of body weight, exhibition 

of strong neurological signs, increased lordosis or swollen belly. Tumor growth was 

monitored by MRI (T1- and T2-weighted MRI protocol; 3T MRI system, MR Solutions). T2 

MRI was applied to all mice at three time points: 31, 37 and 41 days after implantation. 31 

days post-implantation most mice had visible tumors and were randomized into 2 treatment 

groups: Control PDOXs were administered with NaCl 0.9% + 10% DMSO, while treatment 

group received 40mg/kg TMZ in NaCl 0.9% + 10% DMSO. Treatment was administered by 

orall gavage 5x per week with in total  8 doses for each PDOXs, where the last treatment 

dose was given shortly before the end point and tumor resection. Tumor volume (mm3) was 

measured in ImageJ as the sum of area obtained by tumor delineation in each slice 

multiplied by the slice thickness (1mm). Growth rate (GR) was calculated using the TV 

measurement as GR = 100 × log (TVf/TV0)/(tf−t0), where TVf and TV0 are the tumor 

volumes at the late (day 41) and early (day 31) time points, respectively, and tf−t0 is the 

difference in days between the time points. Tumor volumes are expressed in mm3 and GR 

in % per day. Statistical difference was assessed with two-tailed Student’s t-test. 

 

Single cell isolation for single-cell RNA-sequencing  

All animals were perfused with ice-cold PBS to wash out brain tissue from circulating blood 

cells. GL261 tumors, PDOXs and normal brains were dissociated with the MACS Neural 
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Dissociation kit (Miltenyi Biotec) according to manufacturer’s instructions. GL261-derived 

cells were purified with the Myelin Removal Beads kit (Myelin Removal Beads II, MACS 

Miltenyi Biotec) accordingly to the manufacturer’s instruction as described before (Pires-

Afonso et al., 2021). To separate human GBM tumor cells from mouse, TME subpopulations 

PDOX-derived cells were FACS-sorted (P8, nude control brain) or MACS-purified 

(remaining PDOXs). For FACS, we separated hCD90 positive tumor cells from hCD90 

negative mouse TME subpopulations (Dirkse et al., 2019). MACS-based purification was 

performed with Myelin Removal Beads II followed by Mouse Cell Depletion kit (Miltenyi 

Biotec) according to manufacturer’s protocols (Oudin et al., 2021). Except for tissue 

dissociation steps, tissue and single cell suspensions were handled on ice. 

 

Single-cell RNA-sequencing and analysis 

Mouse-derived TME was processed via Drop-seq. Human tumor cells were processed via 

Drop-seq (P3, P8, P13, T101, T16) or 10XGenomics (T192, T233, T347, T470). Drop-seq 

and data preprocessing were performed as previously described (Golebiewska et al., 2020; 

Pires-Afonso et al., 2021). For the 10XGenomics, purified single tumor cells were diluted to 

106 cells/ ml with RNAse free DPBS + 0.05 % FBS. Diluted cells were filtered using a 50µm 

filter. The viability of cells was verified using Beckman coulter automatic cell counter and C-

Chip – Disposable Haemocytometer (NanoEntek) viability analyzer. Cell concentration was 

adjusted to target the encapsulation of 3000 cells according to 10XGenomics cell 

preparation guidelines. Chromium Next GEM Chip with single-cell suspension was loaded 

to the Chromium Controller (10XGenomics) for generation of encapsulated cells and GEMs. 

scRNA-seq libraries were prepared using the Chromium Next GEM Single Cell 3’ GEM, 

Library & Gel Bead Kit v3.1 and a Chromium i7 Multiplex kit according to the manufacturer’s 

protocol. Libraries were purified using SPRIselect magnetic beads and analysed using 

Agilent 2100 Bioanalyzer. Seqencing was performed using NextSeq 500/550 High Output 

Kit v2.5 (75 Cycles).  

scRNA-seq analysis was performed in R (v4.1.1) with the Seurat package (v4.0.5) (Hao et 

al., 2021). For 10XGenomics data, barcode processing and UMI filtering were performed 

using the Cell Ranger 4.0.0. Average saturation of the sequencing was 30-40% as 

calculated by Cell Ranger. Human and mouse cells were separated by mapping the scRNA-

seq reads to both reference genomes human g38 and mouse mm10. The distributions of 

UMI counts and features expressed in each cell for each reference genome allowed for a 

clear separation of human and mouse cells. Only clusters with the highest number of genes 

mapping to the mouse genome were retained for further analysis. For each sample, QC 

thresholds were empirically applied per sample to exclude low quality cells based on the 
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number of counts and features in the digital gene expression (DGE) matrix before being 

merged together to preserve unique reads from each samples. Only genes expressed in at 

least 5 cells, cells expressing at least 200 features and cells with 30% or less mitochondrial 

reads were selected for further analysis. The merged counts were normalized using Seurat 

based ‘LogNormalize’ method that normalizes expression in each cell by the total 

expression with a scaling factor of 10,000 and subsequently log-transformed for 

downstream analysis. Batch correction was done by Harmony (v0.1.0) that group cells in 

similar embeddings base on cell types rather than datasets (Korsunsky et al., 2019). 

Clustering was done on harmony corrected data using default parameters of the Seurat 

package (v4.0.5). Dimensionality reduction was done using the Uniform Manifold 

Approximation and Projection (UMAP) of the Seurat package (v4.0.5). Differential 

expression analysis was done using Wilcoxon rank sum test, false discovery rate (FDR) 

was calculated using the Benjamini-Hochberg (BH) method. Cell clusters were identified 

based on expression of known marker genes and differentially expressed genes (DEGs) 

were determined by the ‘FindAllMarkers’ function of the Seurat package. The myeloid cells 

cluster was extracted from the dataset using the Seurat ‘subset’ function. Gene ontology 

analysis was performed by the gene functional classification tool METASCAPE 

(https://metascape.org/). Single cell trajectory inference analysis was done with the R 

package Monocle v2 and v3 using default parameters (Qiu et al., 2017). Z-score of genes 

was calculated by subtracting the mean of expression from the raw expression of each gene 

and normalization by the corresponding standard deviation. Gene expression was displayed 

as heatmap of z-scores. Single-cell gene set signature scores were calculated using the 

Seurat ‘AddModuleScore’ implemented in Seurat as described in (Tirosh et al., 2016). 

Identification of master transcriptional regulators was done using normalized counts from 

the annotated Mg cells. Gene regulatory network inference, identification of regulons, motif 

enrichment TFs prediction as well as the quantification of the activity of identified regulons 

in each cell were done according the standard SCENIC workflow (Aibar et al., 2017). 

 

Reference Based Mapping 

Myeloid cells were identified and extracted from publicly available GL261 scRNA-seq 

datasets by their over expression of key myeloid cell markers (Ochocka et al., 2021; Pires-

Afonso et al., 2021; Pombo Antunes et al., 2021) where the Ochocka et al., 2021 dataset 

was used as the reference. Other datasets were projected onto the reference UMAP 

structure. The reference principal component analysis (PCA) space was computed using 

2000 most variable genes, and the first 30 PCs were used to calculate the UMAP model. 

Next, we determined the common features of the reference and each of the query datasets 
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by Seurat’s ‘FindTransferAnchors’ function with reduction method ‘pcaproject’ and 

parameter ‘dims = 1:50’. Finally, we called ‘MapQuery()’ to transfer cell type labels and 

project the query data onto the UMAP structure of the reference. 

 

Analysis of human GBM scRNA-seq data 

Analysis of TME in human GBM was performed in publicly available Darmanis et al., dataset 

(Darmanis et al., 2017) via http://www.gbmseq.org.  Downloaded human GBM scRNA-seq 

10XGenomics datasets were obtained as preprocessed gene expression matrices (DEMs) 

from four recent publicly available datasets (Friedrich et al., 2021; Johnson et al., 2021; 

Pombo Antunes et al., 2021; Wang et al., 2019) that profiled a total of 36 IDHwt GBM patient 

tumors including newly diagnosed (n = 27) and recurrent (n = 9) GBMs. We started by 

analyzing each dataset separately to identify and extract myeloid cells. Selected cells were 

then integrated, harmonized for batch correction and analyzed for myeloid subpopulation 

identification and characterization. Newly diagnosed and recurrent GBM from Pombo-

Antunes et al. datasets were considered separately. Myeloid cells were identified and 

extracted as follows: (1) For Friedrich’s dataset, cells were identified according to author’s 

annotation; (2) For Wang’s, Johnson’s and Pombo-Antunes’s datasets, we used an 

approach that combines overexpression (OE) and clustering analysis. Each dataset was 

analyzed separately. First, genes with zero count in all cells were filtered out and 

‘NormalizeData’ function was applied to log-normalize each cell with a scale factor of 

10,000. UMAP was used to visualize the cells and clusters on 2 dimensions. Cluster identity 

was determined according to over-representation of a cell-type within the cluster as called 

by OE analysis. Myeloid cells were extracted for further analysis. Overall, 51,302 myeloid 

cells were extracted from the five datasets and united into one Seurat object. Genes with 

zero count in all cells were removed, and cells were log-normalized with a scale of 10,000. 

Harmony (0.1.0) package was used to remove variation due to batch effects. All PCs were 

used and theta was set to 1. Harmony embeddings were used for clustering analysis. Mouse 

gene lists were converted to human homologs automatically in R using capital letter 

(toupper) or  the ‘getLDS’ function in biomaRt package (Durinck et al., 2009). All results 

were stored in a Cerebro object to enable data visualization and exploration (Hillje et al., 

2020). 

 

Immunohistochemistry and immunofluorescence analyses 

The regular histological analysis of PDOX models (H&E, human Nestin/Vimentin, mouse 

CD31) has been performed as described previously (Bougnaud et al., 2016; Golebiewska 



 

 
145 

Chapter 
Six  

et al., 2020). Antibodies are listed in Table S2. Iba1 staining was performed on coronal 

8 µm sections from paraffin-embedded brains. Sections were pre-treated for 5min with 

Proteinase K (Dako) followed by 30 min incubation at 95°C in retrieval solution (Dako). The 

Dako Envision+System-HRP was used following the manufacturer’s instructions. Primary 

and secondary antibodies were incubated for 1h. Signal was developed with 3,3′-

diaminobenzidine chromogen in 5–20 min (Envision+ System/HRP Kit; K4007, 

Agilent/Dako). Iba1+ cells were quantified based on ImageJ plugin as described in (Abdul 

Rahim et al., 2017). For immunofluorescence, brains were perfused and post-fixed with 4% 

paraformaldehyde (PFA)/sucrose for 48 hours. Coronal sections of 12 µm tickness were 

prepared adopting the standard protocol with minor modifications (Buttini et al., 1999). 

Briefly, sections were washed (PBS with 0.1% Triton X-100), permeabilised (PBS with 1.5% 

Triton X-100), blocked (PBS with 5% BSA) and incubated with the primary antibodies. 

Secondary antibodies against the appropriate species were incubated for 2h at room 

temperature. Cell nuclei were counterstained with Hoechst (1 mg/ml; Sigma). Sections were 

mounted on glass slides cover slipped using FluoromountTM Aqueous Mounting Medium 

(Sigma). Images were obtained using a Nikon Ni-E or Zeiss LSM880 confocal microscopy. 

Z-stacks were done with 0.5μm steps in Z direction, with a XY resolution of 1.024 x 1.024 

pixels. 

  

Multicolor cell membrane phenotyping and flow cytometry settings  

All animals were perfused with ice-cold PBS. PDOX brains were dissected into separate 

zones when specified: tumor core, invasive zone (corpus callosum and top left hemisphere, 

P3 only) and distant zone (left hemisphere, bottom hemisphere, P3 &P13). P8 PDOX was 

not dissected, due to its very invasive nature. PDOX tumors and control mouse brains were 

dissociated with MACS Neural Tissue Dissociation Kit (P) (Miltenyi) following the 

manufacturers’ instructions. Single cells were resuspended in ice-cold HBSS, 2% FBS, 

10mM HEPES buffer (100 µl/test) flow buffer. Fc receptors were blocked with CD16/CD32 

antibody for 30 min at 4°C. Cells were incubated with the appropriate pre-conjugated 

antibodies for 30 min at 4°C in the dark (Table S2). Non-viable cells were stained with 

Hoechst (0.1µg/ml, Bisbenzimide, 33342; Sigma) or LIVE/DEAD™ Fixable Near-IR Dead 

Cell Stain Kit. Data acquisition was performed at 4°C on a FACS AriaTM SORP cytometer 

(BD Biosciences) fitted with a 632 nm (30 mW) red laser, a 355 (60 mW) UV laser, a 405 

nm (50 mW) violet laser and a 488 nm (100 mW). Data were analyzed with FlowJo software 

(version 10.8.1).  
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Gene expression analysis by qPCR 

Myelin was removed prior FACS-sorting with the Myelin removal beads II (Miltenyi) and 

CD11b+ cells were FACS-sorted directly to Trizol® LS (Life Technologies) according to the 

manufacturer’s protocol (n=2-3; from at least 3 animals each). RNA extraction and RT-PCR 

were conducted as previously described (Sousa et al., 2018). The sequences of the primers 

designed with the Primer-BLAST tool are as follows: Spp1 F: 

CTGGCTGAATTCTGAGGGACT, R: TTCTGTGGCGCAAGGAGATT; P2ry12 F: 

GTGCAAGGGGTGGCATCTA , R: TGGAACTTGCAGACTGGCAT; Tmem119 F: 

TGCAATGTCGCTGTCACTCT, R: AGTTTGTGTTTCCACGGGGT Grp34 F: 

GGAAAGCTTCAACTCAGTTCCTG, R: TCCATGAGAGGAGCAAAGCC, Rpl27 F: 

ACATTGACGATGGCACCTC, R: GCTTGGCGATCTTCTTCTTG 

 

CD11b+ myeloid cells isolation and functional assays 

Mice were deeply anaesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 

mg/kg) and transcardially perfused with ice-cold PBS. Brains were rapidly removed and the 

tissue was processed as previously described. Myeloid cells were enriched by magnetic 

separation using CD11b+ beads (MACS Miltenyi Biotec). Briefly, 1 × 107 cells were 

resuspended in 90 μl of PBS supplemented with 0.5% BSA (Sigma-Aldrich) and 2 mM 

EDTA (MACS buffer) and incubated with 10 μl of CD11b beads (MACS Miltenyi Biotec). 

The cell suspension was incubated at 4°C for 20 min, washed and pelleted in 500 μl of 

MACS buffer at a density of 1 × 108 cells. The cell suspension was applied into the LS 

columns (MACS Miltenyi Biotec) and the CD11b+ fraction was eluted. Ex vivo CD11b+ 

migratory abilities were assessed using 8 μm pore size Boyden chambers (ThinCert cell 

culture inserts, Greiner), fitting into 24-well plate. 100,000 cells were seeded in the upper 

part of the Boyden chambers in DMEM-F12 medium. Upon 48 hours, cells were fixed in 4% 

PFA for 15 minutes and washed briefly 2 times in PBS. Cells were stained with DAPI for 15 

minutes and washed 2 times in PBS before imaging. Migratory cells were quantified by 

counting the number of cells on the lower side of the membrane under light microscope with 

a 20x magnifying objective (5 representative fields per membrane). Experiments were 

conducted in 3 biological replicates (each with 2 technical replicates). The data was 

normalized according to the respective proliferation index and is represented as percentage 

of cells that migrated relative to the initial number of cells. Ex vivo phagocytic abilities were 

measured using the pHrodo Red E.coli bioparticles (Essen Bioscience, MI USA), according 

to the manufacturer’s instructions. Briefly, 100,000 CD11b+ freshly isolated cells were plated 

into the 96 well-plates in 100 μl and left for 2h to adhere. pHrodo Red E.coli bioparticles 

were added at 10 μg/ml and the plates were transferred into the Incucyte ZOOM (Essen 
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Bioscience, MI USA) platform. Four images per well from at least three technical replicates 

were taken every hour for a duration of 48 h using a 10x objective. Images were analyzed 

using the IncuCyte Basic Software. Red channel acquisition time was 800 ms and 

corresponding red channel background noise was subtracted with the Top-Hat method of 

background non-uniformity correction with a radius of 20 μm. Red fluorescence signal was 

quantified applying a mask and the parameter red object area was extracted for data 

analysis and visualization. 

 

Statistical analyses 

Statistical analysis details for each analysis are reported in the figure legends. In box plots, 

the box limits indicate the 25th and 75th percentiles and center lines show the medians; 

whiskers represent the minimal and maximal observed values. All data points are 

represented by dots. 

 

Data Availability 

PDOX models are available via PDXFinder (https://www.pdxfinder.org/) and are also part 

of the collection provided by the EuroPDX consortium (https://www.europ dx.eu/). The 

scRNA-seq data from the PDOX models have been deposited in the Gene Expression 

Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/) with the accession number 

GSE128195 (human tumor cells). The scRNA-seq data of GL261 models are available in 

the GEO with accession number GSE158016 (Pires-Afonso et al., 2021).  

 

RESULTS  

Single-cell RNA-sequencing identifies recapitulation of major TME components in 

GBM PDOX models 

To assess TME composition, we performed scRNA-seq on mouse-derived cells of PDOX 

models derived from treatment-naïve and recurrent GBMs using the Drop-seq technology 

(Macosko et al., 2015) (Fig 1A). PDOXs represented genetically and phenotypically diverse 

IDHwt GBMs (Table S1, Fig S1A) (Golebiewska et al., 2020). PDOXs were derived in nude 

mice, due to their least immunocompromised background and mouse-derived cells of the 

TME was purified by MACS or FACS technology (Oudin et al., 2021). All tumors were micro-

dissected, following the histopathological features of each model, to ensure minimal 

contamination of healthy brain cells. In total we obtained 15,366 cells from nine PDOXs. 

The data were combined with TME of the GL261 syngeneic orthotopic GBM model derived 

https://www.pdxfinder.org/
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in C57BL6/N  (BL6/N) wild-type immunocompetent mice ((Pires-Afonso et al., 2021), 3 time 

points collected, 2,492 number of cells in total). Normal brain controls were included for 

both mouse strains (1,692 cells for nude brain, 1,972 cells for BL/6J brain, Fig 1A). 

Unsupervised clustering and uniform manifold approximation and projection (UMAP) 

analysis based on 21,522 cells and 24,067 genes in total revealed nine major cellular 

clusters present in all samples analyzed (Fig 1B-C). Cell clusters were identified based on 

the expression of cell type-specific markers, and included well-known components of 

normal brain and GBM TME such as astrocytes, endothelial and ependymal cells, pericytes, 

oligodendrocytes and oligodendrocyte progenitor cells (OPCs) (Fig 1D). All the major 

cellular subpopulations were present in PDOXs, GL261 and normal brain controls (Fig 

S1B). As expected, myeloid cells constituted the major immune component in PDOXs and 

GL261 tumors (Fig 1E). T lymphocytes were largely depleted in PDOXs and few cells 

represented B cells, still functional in the nude mice (Fig S1C-D). As previously described 

(Ochocka et al., 2021; Pires-Afonso et al., 2021; Pombo Antunes et al., 2021), the majority 

of infiltrated lymphocytes in the GL261 TME were NK and T cells (Fig S1D). PDOXs also 

presented lower proportions of oligodendrocytes compared to GL261 tumors. In accordance 

to our previous report (Bougnaud et al., 2016), PDOXs with stronger angiogenic features 

(P13, T16, P3) had higher proportion of endothelial cells than more invasive PDOXs (Fig 

1E) where no correlation between histopathological features and abundance of myeloid 

cells was observed. To some extent, the TME composition was patient specific, e.g., 

longitudinal models (LIH0347: T347/T470, LIH0192: T192/T233) showed similar cellular 

proportions, where PDOXs derived from LIH0192 patient showed a high percentage of 

myeloid cells, whereas PDOXs of LIH0347 patient were particularly abundant in astrocytes. 

This suggests a potential influence of the genetic background of tumor cells on TME 

composition, as has been suggested in human GBMs (Hara et al., 2021). Still, PDOXs with 

high myeloid content did not show increased abundance of mesenchymal-like GBM tumor 

cells (Fig S1E). We did not observe major differences between PDOXs derived from 

treatment-naïve and recurrent GBMs. A larger cohort will be needed to further interrogate 

the correlation between TME composition and GBM molecular features. 
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Figure 1. scRNA-seq analysis of TME components in GBM PDOX models in vivo. (A) Schematic 
illustration of the experimental workflow showing tumor implantation, processing and scRNA-seq for 
GBM PDOXs, GL261 syngeneic model and respective normal brain controls. See PDOX 
characteristics in Fig. S1 and Table S1 (B) UMAP projection of harmony-corrected scRNA-seq data 
showing the overall gene expression relationship between TME cell types detected. Cells are color-
coded based on the biological group: nude mouse normal brain (Nu-NB), PDOXs (9 models), Black 
6 mouse normal brain (BL6-NB), GL261 tumor (3 collection time points: early, middle late). (C) Nine 
distinct cell types were identified based on their transcriptomic features. Cell types are color-coded; 
OPCs: oligodendrocyte progenitor cells. (D) Expression of marker genes specific to distinct cell types 
identified. Three top markers of each population are displayed (Wilcoxon Rank Sum Test).  (E) 
Proportions of TME cell types across different tumors and normal brains.  
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TME subpopulations in PDOXs show transcriptional adaptation towards GBM-

specific phenotypic states 

To interrogate the influence of human GBM cells on the phenotypes of mouse-derived TME 

in PDOXs, we compared TME subpopulations in PDOXs to the equivalent cells in the 

normal nude brain. Pronounced transcriptomic differences were detected in all populations 

of the TME (Fig 2A), and were in general stronger than the changes observed in GL261 

tumors versus normal brain. This indicates a functional crosstalk between human GBM 

tumor cells and mouse-derived TME. The transcriptomic adaptation was most pronounced 

in myeloid, endothelial cells, astrocytes, and OPCs (Table S3). Myeloid cells reactivated 

transcriptomic programs linked to cell migration, inflammation and cytokine production, 

pointing towards a GBM specific phenotype (Fig 2B). Indeed, key “homeostatic” Mg genes 

including P2ry12, Tmem119 and Gpr34 (Butovsky et al., 2014; Hickman et al., 2013) were 

downregulated (Fig 2C, Fig S2A-B). This is reminiscent of the decrease of homeostatic 

genes in reactive Mg, known to occur in GBM TME, but also under inflammatory and 

neurodegenerative conditions (Bennett et al., 2016; Chiu et al., 2013; Deczkowska et al., 

2018; Sousa et al., 2018). At the same time, myeloid cells activated Spp1 (Osteopontin), 

Fn1, Cst7 and Ch25h, further indicating efficient transition towards GBM-specific tumor 

associated macrophages (TAMs). Myeloid activation was present in all PDOX models and 

GL261. This was confirmed by qPCR of FACS-sorted CD11b+ cells (Fig. S2C) and is in 

accordance with data from syngeneic GBM models (Szulzewsky et al., 2015).  

Other cell subpopulations within the PDOX TME also activated biological processes linked 

to phenotypic states in GBM, such as OPCs activated programs of tissue inflammation and 

regeneration (e.g., Pdgfra, Cspg4, Cspg5, Cacng4  Fig 2D-E, Fig S2C), whereas astrocytes 

adapted metabolic processes and cellular shape, suggesting ongoing reactive gliosis (e.g., 

upregulated Gfap, Vim, downregulated Slc1a2 and Slc1a3, Fig 2F, Fig S2D). In 

concordance with our previous study (Bougnaud et al., 2016), endothelial cells displayed 

an activated and proliferative phenotype associated with angiogenesis (Table S3, Fig S2D). 

These profiles were confirmed to be present in equivalent TME subpopulations of human 

GBM tumors (Fig 2G, Fig S2E-F). 
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Figure 2. Transcriptomic adaptation of GBM-educated TME subpopulations. (A) Bar graph 
showing the number of differentially expressed genes (DEGs) between TME of PDOX and GL261 
tumors and corresponding normal brains (Nu-NB: nude mouse normal brain, BL6-NB: BL6 normal 
brain) in identified cell types (FDR ≤0.01, |log2FC| ≥1, the Wilcoxon rank sum test with Benjamini-
Hochberg correction); OPCs: oligodendrocyte progenitor cells. (B) Summary of top four gene 
ontology terms characterizing DEGs in PDOX versus Nu-NB. (C) Gene expression levels of 
homeostatic (P2ry12) and activated (Spp1) myeloid cell marker in myeloid cells of four biological 
groups: Nu-NB, PDOXs (9 models combined), BL-NB, GL261 tumor (3 time points combined). (D) 
Gene expression levels of OPC markers upregulated in GBM tumors. (E) Immunofluorescence 
staining showing Pdgfrα+ cells in the tumor core of P8 PDOX. Arrows point Pdgfrα+ mouse cells, 
negative for human nuclei staining. (F) Gene expression levels of markers associated with reactive 
astrocytes upregulated in GBM tumors. (G) Expression levels of SPP1, PDGFRA and GFAP in 
distinct cell types detected in human GBM tumors. Expression levels in single cells are displayed as 
mean ± SEM. 

 

GBM-educated myeloid cells in PDOXs and human GBM are largely of microglial 

origin 

Due to pronounced adaptation within the TME in GBM PDOXs, we further examined the 

ontogeny and heterogeneity of the myeloid compartment. To address the differences 

between PDOXs and GL261, we combined our dataset with previously published scRNA-
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seq data of TME in GL261 tumors (Ochocka et al., 2021; Pombo Antunes et al., 2021) (Fig 

3A, Fig S3A-B). After removing batch effects, we selected the myeloid cell population and 

reclustered. Referencing PDOXs myeloid cells to the Ochocka et al., dataset showed a high 

abundance of Mg-derived TAMs (Mg-TAMs, >95%) and a low proportion of Mo-derived 

TAMs (Mo-TAMs) and BAMs. P13 PDOX with pronounced angiogenic features showed a 

higher proportion of Mo-TAMs and BAMs, although Mo-TAMs were also present in invasive 

T101 PDOX. In contrast, GL261 tumors contained significantly more Mo-TAMs (Fig 3A-B, 

Fig S3A-C). Of note, the analysis revealed major differences between published datasets 

in the GL261 model: Ochocka et al. and Pires-Afonso et al. datasets contained Mo-TAMs 

in the range of 26-32%, whereas the Pombo Antunes et al. dataset revealed >78% Mo-

TAMs. These differences were consistent with cell isolation strategies where the first studies 

isolated myeloid cells at early stages of tumor development from a larger part of the tumor-

containing hemisphere, whereas Pombo Antunes et al., isolated cells at late stage only from 

the tumor core. This highlights the sensitivity of detecting distinct phenotypic states of TME 

subpopulations based on spatial location in the tumor and adjacent brain.  

Flow cytometry analysis confirmed high proportions of Mg-TAMs (CD45+CD11b+Ly6G-

Ly6C-CD206-) in PDOX TME compared to normal brain (Fig 3C, Fig S3D-E). While BAM 

(CD45+CD11b+Ly6G-Ly6C-CD206+) proportions remained similar, we confirmed higher 

proportions of Mo-TAMs (CD45+CD11b+Ly6G-Ly6C+CD206-) in the tumor core of P13 

PDOXs. It was accompanied by increased levels of neutrophils 

(CD45+CD11b+Ly6G+Ly6CmiddleCD206-) and lymphocytes (CD45+CD11b-) suggesting that 

peripheral monocytic infiltration is limited to the angiogenic/necrotic tumor regions (Fig S3F) 

where the blood brain barrier is disrupted. Abundance of Mg was further confirmed by Iba1+ 

staining in PDOXs (Fig 3D). While normal brain of nude mouse showed resting ramified 

Mg, GBM tumors in PDOXs displayed Mg-TAMs with different morphologies. The tumor 

core was in general occupied by Mg showing amoeboid or hyper-ramified morphology. 

Tumors displaying less invasive growth showed a gradient of Mg phenotypes at the invasive 

front, from ramified towards hyper-ramified and finally amoeboid Mg. Myeloid cells with 

mainly macrophagocytic morphology were especially present in areas of pseudopalisading 

necrosis (P13 PDOX). Invasive tumors showed more uniform, diffuse infiltration and 

activation of myeloid cells towards amoeboid states at the border with normal brain 

structures. This was in contrast to the much sharper delineated GL261 model, showing a 

strong concentration of Mg-TAMs at the tumor border (Fig 3D). 

 

 



 

 
153 

Chapter 
Six  

Figure 3. Heterogeneity and ontogeny of GBM-educated myeloid cells. (A) UMAP projection of 
reference-based mapping of myeloid cells in TME of GBM PDOXs and GL261 tumors (Ochocka et 
al., 2021; Pires-Afonso et al., 2021; Pombo Antunes et al., 2021). Three myeloid cells types were 
identified: Microglia-derived tumor associated macrophages (Mg-TAMs), blood monocyte-derived 
TAMs (Mo-TAMs) and border associated macrophages (BAMs). Inserts show expression of marker 
genes: pan-myeloid: Itgam (CD11b), Mg: P2ry12, monocytes: Ly6c2, BAMs: Mrc1 (CD206). The 
color gradient represents expression levels.  (B) Graph displaying proportions of myeloid cell 
subpopulations in nude mouse normal brain (Nu-NB), PDOXs (9 models), Black 6 mouse normal 
brain (BL6-NB), GL261 tumor (3 collection time points: early, middle late). (C) Box plots show flow 
cytometry quantification of CD45+CD11b+Ly6G-Ly6C-CD206- Mg-TAMs, CD45+CD11b+Ly6G-

Ly6C+CD206- Mo-TAMs and CD45+CD11b+Ly6G-Ly6C-CD206+ BAMs in Nu-NB and PDOX TME 
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across different tumor phenotypes and brain regions (n=6-15 from at least three different mouse 
brains each, one-way ANOVA, ***p<0.001, **p<0.01, *p<0.05). See gating strategy in Fig S3D. (D) 
Examples of Iba1 staining in PDOXs representing invasive (P8), intermediate (P3) and angiogenic 
(P13) tumor growth, normal nude brain and GL261 tumor. Tumor core and tumor border zones are 
highlighted.  Arrows indicate examples of ramified (green), hyper-ramified (red) and amoeboid (black) 
Mg. Scale bar: 50 µm. (E) UMAP projection of myeloid cells in GBM patient tumors. Cells are color 
coded for Mg-TAMs and Mo-TAMs ontogeny based on established gene signatures. Inserts show 
expression levels of marker genes: Mg CXCR1, monocytes VCAN. The color gradient represents 
expression levels. (F) Proportions of Mg-TAMs and Mo-TAMs in individual GBM patient tumors. 
Recurrent GBMs show higher proportions of Mo-TAMs (**p<0.01, two-tailed Student’s t-test). (G) 
Heatmap showing bulk RNA-seq profiles of laser-micro dissected regions of GBM patient tumors for 
Mg-TAMs and Mo-TAMs marker genes. Data extracted from the Ivy Glioblastoma Atlas Project (LD 
edge: leading edge; Inf tumor: infiltrative tumor; HyBV: hyperplastic blood vessels in cellular tumor; 
MvP: microvascular proliferation).     

 

To further interrogate the clinical relevance of these models, we investigated the 

composition of myeloid cells in patient tumors based on available scRNA-seq datasets 

(Friedrich et al., 2021; Johnson et al., 2021; Pombo Antunes et al., 2021; Wang et al., 2019). 

Due to the lack of normal Mg and Mo cell references, we applied robust gene signatures for 

Mg (HEXB, P2RY12, P2RY13, TMEM119, GPR34, CXCR1, TGFBR1, CST3, OLFML3, 

SALL1, SELPLG, TREM2) and blood-derived Mo cells (CCR2, PLAC8, CLEC12A, FCN1, 

VCAN, LYZ, LGALS3, CRIP1, S100A4/A6/A8/A9, CD44) to assign TAM ontogeny (Fig 3E, 

Fig S3G). Mg-TAMs constituted the majority of myeloid cells in treatment-naïve primary 

GBMs (Fig 3F). As reported previously, recurrent GBMs showed generally increased 

proportions of Mo-TAMs, albeit with high interpatient differences, confirming inter-patient 

differences and potential sampling bias as observed in preclinical models. BAM signatures 

were rather weak and no clear separate cluster was identified (Fig S3G). Signature 

expression profiles in different GBM tumor zones (Ivy Glioblastoma Atlas Project, (Bowman 

et al., 2016)) confirmed low abundance of Mo-TAMs in leading edge and infiltrative tumor 

(Fig. 3G). While cellular tumor core showed signature of both cellular ontogenies, 

perinecrotic and pseudopalisading zones showed higher expression of Mo-TAM markers, 

consistent with our findings in preclinical models. Of note, CD206 (MRC1), a historical M2-

TAM marker, is highly activated by Mo-TAMs in GL261 tumors (Fig S3H), but not in PDOXs 

and patient tumors. These data confirm the high relevance of Mg in constituting TME in 

human, which is adequately recapitulated in PDOXs, but not in the GL261 mouse model.  
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Figure 4. GBM-driven activation of homeostatic Mg towards heterogeneous Mg-TAMs. (A) Left: 
UMAP projection of unsupervised clustering of myeloid cells revealing nine distinct phenotypic states. 
Clusters 0-6 represent Mg-TAMs, Cluster 7 Mo-TAMs, Cluster 8 BAMs. Right: Monocle-based 
trajectory analysis of Mg-TAM clusters showing a trajectory from naïve to activated Mg. Both graphs 
display cells isolated form PDOXs, GL261 and normal brain controls. (B) Graph displaying 
proportions of cells assigned to nine clusters of myeloid cells in nude mouse normal brain (Nu-NB), 
PDOXs (9 models), Black 6 mouse normal brain (BL6-NB), GL261 tumor (3 collection time points: 
early, middle late). Clusters 0-1: homeostatic Mg (Ho-Mg), Clusters 2-6: Mg-TAMs, Cluster 7: Mo-
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TAMs, Cluster 8: BAMs. (C) UMAP projections displaying expression levels of representative genes 
characteristic for Mg-TAM clusters. The color gradient represents expression levels. (D) Summary 
of top four gene ontology terms characterizing highly expressed genes (FDR ≤0.01, logFC ≥ 0.5, the 
Wilcoxon rank sum test with Benjamini-Hochberg correction) in respective Mg-TAM clusters. (E) Left 
panels: representative flow cytometry graphs of CD45+CD11b+Ly6G-Ly6C-CD206- Mg-TAMs 
showing increased levels of CD45 and CCR2 in tumor core of three PDOX models. Right panels: 
quantification of CD45high and CCR2+ cells in Mg-TAMs across different tumor phenotypes and brain 
regions. (n=3-6 from at least three different mouse brains each, one-way ANOVA, ***p<0.001, 
**p<0.01, *p<0.05). (F) UMAP projection of human GBM myeloid cells displaying expression levels 
of signatures of Mg-TAM phenotypic states identified in PDOX TME. Examples of a key marker gene 
is shown per Mg-TAM signature. The color gradient represents expression levels. (G) Left: Heatmap 
displaying relative transcription factor (TF) activity of regulons identified by SCENIC in Ho-Mg and 
Mg-TAM phenotypic states. Right: tSNE projections based on binary regulon activity matrix. 
Examples of distinct TF activities are displayed in the binary format based on AUC threshold. 

 

Microglia-derived TAMs display heterogeneous transcriptional programs 

We next further took advantage of our unique dataset to interrogate phenotypic 

heterogeneity of Mg cells in normal brain and tumors of different histopathological features. 

Reference free analysis of our in-house data confirmed high abundance of Mg-TAMs in 

PDOXs (Fig 4A-B). Mg stratified into seven phenotypic clusters (CL0-6, Fig 4A-B), which 

partially overlapped with states identified by Ochocka et al. (Ochocka et al., 2021) (Fig S4A-

B), whereas CL7 and 8 expressed transcriptional profiles of Mo-TAMs and BAMs, 

respectively (Table S4). Homeostatic Mg (Ho-Mg), highly enriched in normal brain, stratified 

into two clusters (CL0&1), where CL1 showed lower levels of homeostatic genes (e.g. 

P2ry12, Tmem119, Gpr34, Fig 4C, Fig S4C). Importantly, this was not the result of Mg 

activation via enzymatic digestion since the markers of enzymatically-activated Mg (e.g., 

Erg1, Fos (van den Brink et al., 2017)) were expressed rather by Ho-Mg in CL0 and 

overlapping with the MG2 state reported by Ochocka et al. (Ochocka et al., 2021) (Fig S4D). 

Five phenotypic states were further observed to be enriched in Mg-TAMs (CL2-6) (Fig 4A-

D, Table S4). Trajectory analysis revealed a transition from Ho-Mg towards classical 

immunosuppressed anti-inflammatory Mg-TAMs (CL3: high for e.g. Spp1, Cst7, Cxcl13) via 

a transitory state (CL2 e.g. Apoe) (Fig 4A, Fig S4E-F). As expected, these Mg-TAMs 

showed highest Ptprc (CD45) expression (Fig 4C). Mg transition towards CD45high and 

CCR2+ states in the tumor core was further confirmed by flow cytometry (Fig 4E). While Mg 

in distant brain areas (P3, P13 PDOXs) resembled normal brain characteristics, the invasive 

niche (P3 PDOX) showed partial activation of Mg towards Mg-TAMs. Of note, CD45high Mo-

TAMs further increased CCR2 levels in the tumor core (Fig S4G). Ccr2 transcripts were 

however not well captured by Drop-seq (Fig S4C). Additional branching included specific 

Mg-TAMs with astrocytic features (CL4, e.g. Sparcl1, Gfap), high transcriptional activity 

(CL5, e.g. Rps12) and high expression of endothelial cell markers (CL6, e.g., Pecam1, 

Cldn5). Interestingly, CL6 cells were enriched for expression of receptors known to play a 
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role in reciprocal crosstalk with tumor cells (e.g., Flt1, Kdr). Contamination from other TME 

subpopulations can be excluded as these cells display high expression of myeloid cell 

markers, including Itgam (CD11b, Fig S4C). Proliferating myeloid cells were detected, 

although they did not form a specific cluster (e.g., Mki67, Cd34 Fig S4C). All PDOXs 

showed pronounced transitions towards heterogeneous Mg-TAM states, although with 

variable proportions. Precisely, P8 PDOXs showed a higher proportion of CL5 

transcriptionally active Mg-TAMs in PDOX P8 (Fig 4B). Angiogenic T16 and P13 PDOXs 

contained prominent CL5/MG8 Mg-TAMs, whereas invasive T101 PDOX contained MG7 

Mo-TAMs (Fig S4B). This suggests that human GBM tumor cells may activate Mg towards 

Mg-TAM states in a patient dependent manner. Despite the differences in proportions, the 

transcriptomic profiles of Mg-TAMs, Mo-TAMs and BAMs were generally similar between 

PDOXs and GL261 tumors, except for several key activation genes, e.g. higher levels of 

Spp1, Apoe, Cxcl13 and lower H2.Eb1 in PDOXs (Fig S4H).  

Signatures obtained in mouse cells were further interrogated in myeloid cells of human 

GBM. Cell cycle analysis revealed presence of proliferating myeloid cells of both Mg and 

Mo origin (Fig S5A).  Similarly to PDOXs, Mg expressing Ho-Mg signatures were present 

at lower levels (Fig S5B). As expected the strongest correlation was obtained for signatures 

of Mg-TAMs identified for CL2, 3 and 5 (Fig 4F, Fig S5B). Interestingly, we identified 

phenotypic states corresponding to astrocytic-like (CL5) and endothelial-like (CL6) TAMs. 

This confirms the transcriptomic heterogeneity of Mg-TAMs in GBM patient tumors and the 

presence of similar transcriptomic states as in PDOX models. 

We next performed SCENIC analysis (Aibar et al., 2017) to reveal regulators of Mg 

phenotypic states (Fig 4G). A high number of regulons was identified for Ho-Mg states 

including Hdac2 and Ezh2. While Mg-TAM transitory state (CL2) did not show a particular 

enrichment of transcription factor activity, other Mg-TAMs displayed unique regulons. 

Inflammatory Mg-TAMs (CL3) appeared regulated by Hif1a, Stat1, Nfe2l2 and Mafb, 

suggesting a role of hypoxia in Mg state transitions. Astrocytic-like Mg-TAMs (CL4) showed 

high activity for Thra, Sox9 and Sox2 factors, known to regulate astrocytic states. 

Transcriptionally active Mg-TAMs (CL5) scored high for Hdac1, Mitf and Elf1 activity and 

endothelial-like Mg-TAMs (CL6) showed enrichment for Foxp1. These data further 

highlights the factual differences between phenotypic states of Mg and supports an impact 

of TME niches in shaping Mg heterogeneity in GBM. 
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Figure 5. Functional properties of GBM-educated microglia. (A) Top: UMAP projections 
displaying expression levels of gene signature associated with migration, sensome, phagocytosis 
and antigen presentation cells (APC) (Table S5). Bottom: Signature score is depicted per myeloid 
cluster: CL0-1 homeostatic Mg (Ho-Mg), CL2-6: Mg-TAMs, CL7: Mo-TAMs, CL8: BAMs. (B) Ex vivo 
assessment of migratory capacity in CD11b+ cells isolated from Nu-NB and PDOXs (P8, P13) (mean 
± SEM, ** p < 0.01, *** p < 0.001, one-way ANOVA). (C) Correlation analysis between phagocytosis 
and APC signatures in myeloid cells. Cell clusters are color cored. (D) Phagocytic uptake of pHrodo 
E.coli bioparticles ex vivo in CD11b+ myeloid cells isolated from Nu-NB and PDOX P8 (n=4, mean 
+/- SEM, two-way ANOVA followed by Tukey's multiple comparisons, ***p<0.001, **p<0.01, 
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*p<0.05). (E) Left: representative flow cytometry graphs of CD45+CD11b+Ly6G-Ly6C-CD206- Mg-
TAMs showing levels of CD11c and CD86 in nude mouse normal brain (Nu-NB) and three PDOX 
models. Unstained control is shown for each population (CTR). Right: quantification of CD11c+ and 
CD86+ cells in Mo-TAMs and BAMs across different tumor phenotypes and brain regions (n=3-6 from 
at least three different mouse brains each, one-way ANOVA, ***p<0.001, **p<0.01, *p<0.05). (F) 
Representative immunofluorescence pictures depicting CD11c staining of Iba1 cells in P8 PDOX 
tumor core. Scale bar = 20μm. (G) Representative flow cytometry graphs showing activation of MHC-
II (I-A/I-E epitope) in Mg-TAMs and Mo-TAMs in tumor core versus distant brain. Examples shown 
for P13 PDOX. (H) Representative immunofluorescence pictures depicting MHC-II and CD11c co-
expression of Iba1 cells in P8 PDOX tumor core. Scale bar = 20μm.  (I) UMAP projection of human 
GBM myeloid cells displaying expression levels of functional signatures. The color gradient 
represents expression levels. 

 

Mg-TAMs display immunologically active states with increased capacity for 
chemotaxis, sensome, phagocytosis and antigen presentation  

We next interrogated functional properties of Mg-TAM subpopulations. GO analysis of 

genes activated in myeloid cells in PDOXs uncovered enrichment of terms associated with 

cell chemotaxis, cell adhesion and migration, and tumor-associated extracellular matrix 

proteins (Fig 2A). These were enriched globally in Mg-TAMs (CL2-6, Fig 4B). A migration 

score based on genes associated with monocyte, glial and neutrophil cell migration (e.g. 

Fn1, Cxcl13, Ccl3, Postn, Table S5) inferred a gradual increase in the migratory capacity 

during transition from Ho-Mg towards different phenotypic states of Mg-TAMs and in Mo-

TAMs (Fig 5A, Fig S6A). Increased migration was functionally confirmed in CD11b+ cells 

freshly isolated from PDOXs (P8, P13) compared to normal brain (Fig 5B). Mg sensome 

genes (Table S5) showed a higher score in certain clusters of Mg-TAMs compared to Ho-

TAMs (Fig 5A). This was driven by genes such as Cd74, Cd52 and Clec7a, and not 

homeostatic Mg (Ho-Mg) genes, which were highest in Ho-Mg (Fig S6A-B). Mg-TAMs also 

showed increased expression of genes related to phagocytosis (e.g. Trem2, Tyrobp) and 

antigen presentation (Itgax, Igf1, CD86 Fig. 5A, Fig S6A). These three signatures 

correlated to each other (Fig 5C) and were strongest in immunosuppressive Mg-TAMs 

(CL3) and in Mo-TAMs, but not BAMs. Indeed, CD11b+ cells isolated from P8 PDOX 

displayed increased phagocytosis (Fig 5D). We also confirmed prominent CD11c and CD86 

activation in Mg-TAMs, mainly in the tumor core of three PDOXs (Fig 5E, Fig S6C). 

Increased expression of CD11c was also detected by immunofluorescence in amoeboid 

Iba1+ cells in the tumor core but not in ramified Mg in normal brain (Fig. 5F). CD11c and 

CD86 were also activated in Mo-TAMs and BAMs, consistent with gene expression profiles 

(Fig S6C). We further confirmed activation of MHC-II expression (H2-Eb1, H2-Ab1 and 

corresponding epitope I-A/I-E, Fig 5G-H, Fig S6A) in subpopulation of Mg-TAMs and Mo-

TAMs in comparison to normal brain. Overall, this suggests that a subpopulation of Mg-

TAMs is able to phagocyte and present antigens by displaying dendritic-cell programs under 

tumorigenic conditions. At the same time, Mg-TAMs and Mo-TAMs showed expression of 

check point inhibitors such as Cd274 (PDL-1), Havcr2 (TIM-3) and Pdcd1 (PD-1, Fig S6A), 
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known to inhibit phagocytic capacity of macrophages. Interestingly, astrocytic-like (CL4) and 

endothelial-like (CL6) Mg-TAMs showed lower levels for phagocytosis and APC signatures 

than classical Mg-TAMs (CL3, CL5). The functionality and localization of these 

subpopulations needs further investigation. Of note, we did not detect increased expression 

of genes typically associated with macrophage immune suppression, namely M2 (e.g. Arg1; 

Retnla) or M0 (e.g. Tgfb1; Il10) marker genes in Mg-TAMs (Fig S6A). We validated our 

gene signatures in human GBM myeloid cells, confirming high activation of migratory and 

dendritic cell-like signatures in subpopulations of Mg-TAMs and Mo-TAMs in patient tumors 

(Fig 5I). 

 

Temozolomide treatment leads to transcriptomic adaptation of GBM cells and 

adjacent tumor microenvironment. 

Next we aimed to assess the adaptation of tumor cells and TME upon treatment (Fig 6A). 

We applied TMZ to P3 PDOXs representing MGMT promoter-methylated GBM. Tumor 

growth was validated by MRI and mice were treated 5 times a week in a period of 10 days 

with in total 8 received doses. Tumors were resected shortly after the last dose of TMZ. 

Prolonged TMZ treatment led to decreased tumor growth (Fig 6B-C). scRNA-seq 

assessment of isolated tumor cells revealed transcriptomic changes linked to survival 

mechanisms such as regulation of p53-associated signal transduction, apoptosis, cell death 

and cellular component organization (FDR≤0.01; |log2FC| ≥ 0.5, Fig 6D-F), suggesting 

activation of resistance mechanisms in surviving tumor cells. Assessment of GBM cellular 

subtypes revealed an increased proportion of mesenchymal-like states, in line with 

observations in GBM patients (Wang et al., 2017). The scRNA-seq analysis of TME 

revealed changes in the proportions of cell populations (Fig 6G). Interestingly, we observed 

an increased ratio of myeloid cells upon TMZ and a decrease of endothelial cells and 

astrocytes. Indeed, TMZ-treated tumors contained more Iba+ myeloid cells in the tumor core 

(Fig 6H). The analysis of DEGs between TMZ treated and control tumors revealed 

pronounced transcriptomic changes of myeloid and endothelial cells, but not astrocytes 

(Table S6). Myeloid cells activated genes associated with inflammatory responses such as 

migration, chemotaxis, and gliogenesis (Fig 6I, e.g., Cxcl13, Cx3Cr1, Csf1r). Adaptation 

was visible at the level of regulation of translation, endocytosis (e.g. Apoe, Lrp1), cholesterol 

homeostasis (e.g. Abca1, Abcg2) and actin cytoskeleton (e.g. Fscn1, Coro1a). This 

correlated with decreased levels of TAM markers such as Igfbp7, Ptn and Gng5, involved 

in promoting tumor growth. Subsequently the heterogeneity of the myeloid compartment 

shifted to a higher ratio of Ho-Mg (CL0) and transitory Mg-TAMs (CL2, Fig 6J). At the same 

time, endothelial cells deregulated genes associated with cell development and death, 
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extracellular space, regulation of chemokine and cytokine production and acetylcholine 

receptor activity (e.g. up: Ly6a/c1/e, H2.D1, Timp3, Cxcl12; down: Ctsd, Ctss) as well as 

regulation of actin cytoskeleton and protein localization (Fig S6D). Taken together, these 

data show that TMZ not only induces transcriptomic adaptations in the tumor compartment 

and highlights the capacity of PDOXs to model overall plasticity of the GBM ecosystem 

upon treatment. 

 

Figure 6. Transcriptomic adaptation of GBM tumor cells and TME upon TMZ treatment. (A) 
Schematic illustration of the TMZ treatment regimen in vivo. Day 0 = tumor implantation, day 31 = 
MRI validation of tumor growth, day 33= treatment start, day 36= intermediary MRI, day 42 = end 
point; (B) Representative MRI images and  human-specific Nestin staining showing tumor growth in 
control P3 PDOXs (CTR) and TMZ-treated mice (TMZ). Scale bar = 100μm. (C) MRI-based 
assessment of tumor progression over time. Tumor growth rate was calculated during the entire 
study (day 42 vs day 31, n = 6-7, *p<0.05, two-tailed Student’s t-test). (D) UMAP projection of 
harmony-corrected scRNA-seq data showing the overall gene expression relationship between TMZ 
treated and CTR GBM tumor cells; (E) Assessment of GBM cellular states (Neftel et al., 2019) at 
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single cell level in TMZ-treated and CTR GBM cells. (F) Summary of top four gene ontology terms 
characterizing DEGs in TMZ-treated versus CTR GBM cells (FDR ≤0.01, |logFC| ≥ 0.5 the Wilcoxon 
rank sum test with Benjamini-Hochberg correction); (G) Split UMAP projection of TME cells 
highlighting TME subpopulations detected in CTR and TMZ-treated P3 PDOX. TME cell types are 
color coded. Right: proportions of cell types in TME are displayed for CTR and TMZ-treated P3 
PDOX; (H) Examples of Iba1 staining and quantification in CTR and TMZ-treated P3 PDOXs. Tumor 
cores are highlighted. Scale bar: 50 µm. (**p<0.01, two-tailed Student’s t-test) (I) Summary of top six 
gene ontology terms characterizing DEGs in TMZ-treated versus CTR myeloid cells in TME (FDR 
≤0.01, |logFC| ≥ 0.5 the Wilcoxon rank sum test with Benjamini-Hochberg correction); (J) Graph 
displaying proportions of cells assigned to nine clusters of myeloid cells in CTR and TMZ-treated P3 
PDOX; Clusters 0-1: homeostatic Mg (Ho-Mg), Clusters 2-6: Mg-TAMs, Cluster 7: Mo-TAMs, Cluster 
8: BAMs. 

 

 

DISCUSSION 

Various cellular components within the microenvironment of brain tumors are critical for the 

establishment of an immunosuppressive environment that facilitates tumor growth, 

progression, and treatment resistance. Using unbiased scRNA-seq analysis, we surveyed 

the TME of nine GBM PDOXs and compared it with the TME from the GL261 mouse glioma 

model and human GBM tumors. We show that GBM PDOX recapitulate major TME 

subpopulations present in human GBM and display extensive inter-and intra-tumoral TME 

heterogeneity. We reveal the presence of diverse cell types in the TME of PDOXs similar 

to those reported in human GBM (Darmanis et al., 2017; Johnson et al., 2021; Wang et al., 

2017). We provide evidence that human tumor cells instruct the TME subpopulations in 

PDOX models towards a GBM associated phenotypic states. Myeloid cells, which represent 

the largest population of cells within the TME are largely of microglial origin in PDOX and 

human GBM. They exhibit a diverse cellular and molecular plasticity towards GBM-

associated phenotypes reflecting both inter- and intra-patient heterogeneity.  

Despite their distinct developmental origin and intrinsic transcriptional networks poised 

before the onset of tumor development, myeloid cells, such as resident parenchymal Mg, 

perivascular macrophages or peripheral monocyte-derived cells, are known to share 

signatures of tumor education, but also possess distinct transcriptional profiles and 

activation states (Bowman et al., 2016). In contrast to GL261, we find that tumor-educated 

myeloid cells in GBM PDOXs mainly display Mg expression programs. Different myeloid 

subpopulations were identified with close resemblance to previously identified clusters 

(Ochocka et al., 2021). Increased Mo-TAMs were observed mostly in necrotic and hypoxic 

areas with leaky blood brain barrier. Mg-TAM subpopulations ranged from homeostatic to 

activated (anti-inflammatory) states. Intriguingly, we identified additional clusters within Mg-

TAMs expressing endothelial and astrocytic markers in addition to typical Mg markers. 

Activated myeloid cells have been reported to express angiogenic markers such as VEGF 

in line with the pro-angiogenic function of TAMs (Glass and Synowitz, 2014).  
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In contrast to previous work indicating a higher Mo-TAMs subpopulation in human GBMs 

(Wang et al., 2017), we found that resident Mg-TAMs represent an important fraction of 

myeloid cell population in both PDOXs and primary GBMs characterized at the single-cell 

level. We detect a higher proportion of Mo-TAMs in subgroup of recurrent human GBMs, 

supporting previous reports (Pombo Antunes et al., 2021). Of note we show that TAMs 

activation occurs in PDOXs generated in nude mice, which lack T cells, suggesting that the 

myeloid-T cell crosstalk may not be required for TAM activation. Since nude mice still 

possess B and NK cells as their main lymphocytic subpopulations, it remains to be seen 

whether the loss of T cells is compensated by other available lymphocytes. 

We further show that activated Mg-TAMs display immunologic features and possess 

phagocytic and antigen-presentation capacity. Expression of phagocytic and APC genes 

were markedly increased in activated Mg-TAM subsets compared to homeostatic Mg-

TAMs. Our data is in line with previous reports showing the phagocytic activity in GBM-

associated Mg (Hutter et al., 2019; Saavedra-Lopez et al., 2020). Although not much is 

known about the functional implications of phagocytic Mg in GBM, emerging data suggests 

both a pro-tumor and anti-tumor effect. For instance, phagocytic Mg were shown to populate 

necrotic tumor zones and aid in the clearance of debris to enhance GBM cell invasion 

(Saavedra-Lopez et al., 2020). In addition, TAMs in the pseudopalisading region show 

different phenotypes of both pro- and anti-inflammatory states depending on their spatial 

location: TAMs in the hypercellular area are anti-inflammatory, while TAMs in the necrotic 

foci show a MHCII+ pro-inflammatory phenotype. This suggests that microenvironmental 

changes based on spatial location of TAMs may result in a phenotypic switch from pro- to 

anti-inflammatory state. On the other hand, an anti-tumor role was associated with the 

enhanced phagocytic ability of TAMs following CD47 blockade (Gholamin et al., 2017; 

Hutter et al., 2019; Li et al., 2018), an effect that was more pronounced in combination with 

TMZ (von Roemeling et al., 2020). These results suggest that the phagocytic capacity of 

Mg-TAMs appears to be pervasive and may require fine tuning in the context of therapeutic 

reprogramming. Finally, we demonstrate the utility of our PDOX models in understanding 

GBM cell and TME adaptation upon treatment. Notably, we identified tumor cell and TME 

remodeling following treatment. GBM cells showed a marked transcriptomic alteration in 

cell state proportions as was previously shown following microenvironmental pressure such 

as hypoxia (Johnson et al., 2021) or targeted treatment (Eyler et al., 2020; Liau et al., 2017). 

Interestingly, tumor cell adaptation towards a MES-like cell state also correlated with an 

increase in myeloid cells infiltration. This corroborates recent findings linking myeloid cells 

with a switch towards a mesenchymal phenotype in GBM upon treatment (Hara et al., 2021). 

Further studies with a larger cohort of treated PDOXs will be needed to fully understand 

GBM cells and TME adaptation following treatment.  
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In summary, we uncovered diverse cellular and molecular specificities of the GBM-

associated myeloid compartment. We found that resident Mg represent the main myeloid 

cell population in GBM, while peripheral-derived myeloid cells mostly appear to infiltrate the 

brain at sites of blood brain barrier disruption. Notably, we detected reactive dendritic cell-

like gene expression programs in a subset of GBM-educated Mg. Further functional 

characterization is needed to harness their anti-tumor potential, for instance by addressing 

their capacity to recruit lymphocytes and their phagocytic ability against tumor cells. Our 

findings highlight the resemblance of the TME of patient-derived preclinical models with that 

of human GBM, especially the TAMs subpopulations, indicating the relevance of such 

models for preclinical research. Research efforts aimed at deciphering TAM heterogeneity 

associated with functional specificities may contribute to the development of novel immune 

therapeutic approaches in GBM patients. It remains to be seen if development of PDOX in 

mice with humanized immune system will restore missing TME components (Klein et al., 

2020). 
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SUPPLEMENTARY FIGURES 

 

Fig. S1. Characterization of TME diversity in PDOX and GL261 GBM models. (A) Hematoxylin 
and Eosin (H&E), human-specific Vimentin/Nestin and mouse-specific CD31 staining of PDOX 
cohort and GL261 models. Human-specific Vimentin/Nestin staining highlights varying levels of 
invasion in PDOX models, while mouse-specific CD31 staining shows aberrant blood vessels in the 
GBM models. Scale bars represent 1mm (black) and 100μm (white). (B) Split UMAP projection 
showing representation of TME components in four sample groups. TME cell types are color coded 
(C) Analysis of lymphocyte cell cluster. Heatmap shows z-score of average expression of marker 
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genes for T, B and NK cells in lymphocytes detected in each sample group. (D) UMAP projection 
showing high expression of the NK marker Nkg7 and T cell marker Cd3g in the lymphocytic cells in 
GL261 model). The color gradient represents expression levels. (E) Human tumor cells of PDOX 
models were assigned to four GBM transcriptomic states (Neftel et al., 2019): mesenchymal-like 
(MES), astrocytic-like (AC), oligodendrocyte progenitor cell-like (OPC) and neural stem cell–like 
(NPC). Hybrid states were grouped together. 

 

 

 

 

Fig. S2. Tumor-specific activation of TME cell types. (A) Volcano plot showing differentially 
expressed genes between TME of PDOXs vs nude mouse normal brain (Nu-NB) in myeloid cells. 
Threshold of FDR ≤0.01, |log2FC|≥1 was applied in scRNA-seq analysis (the Wilcoxon rank sum test 
with Benjamini-Hochberg correction). (B) Gene expression levels of homeostatic myeloid markers 
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(Tmem119, Gpr34) and activated myeloid markers (Cst7, Ch25h) in myeloid cells of four biological 
groups: Nu-NB, PDOXs (9 models combined), BL6-NB, GL261 tumor (3 time points combined). (C) 
Decreased expression of homeostatic myeloid markers (P2ry12, Tmem119, Gpr34) and increased 
levels of activated myeloid marker (Spp1) were validated by Q-PCR in CD11b+ myeloid cells isolated 
as bulk from TME of representative PDOX models (P3, P8, P13) and nude normal brain (Nu-NB); 
graphs show bulk mean relative expression levels ± SEM (n=2-5, **p<0.01 *p<0.05, two-tailed 
Student’s t-test). Rpl27 was used as a housekeeping gene. (D) Gene expression levels of 
representative markers differentially expressed between TME of PDOXs versus Nu-NB are shown 
for OPCs, astrocytes and endothelial cells. (E) Expression levels of homeostatic myeloid markers 
P2RY12  and GPR34 in distinct cell types detected in human GBM tumors (left graphs) and in 
myeloid cells isolated in different regions of GBM patient tumors (right graphs). The two markers are 
unique to myeloid cells and show decreased levels in GBM tumor core compared to normal brain 
regions. Expression levels in single cells are displayed as mean ± SEM. (F) Pronounced expression 
of CH25H, CSPG4 and FN1 in myeloid cells, OPCs and endothelial cells respectively was confirmed 
in human GBM tumors. Expression levels in single cells of respective GBM subpopulations are 
displayed as mean ± SEM (Darmanis et al., 2017). 
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Figure S3. Myeloid cell heterogeneity in human and mouse-derived GBM TME. (A) Split UMAP 
projection of myeloid cells from different datasets. Myeloid cell types are color coded. (B) UMAPS 
showing expression of marker genes: pan-immune Ptprc (CD45), Mg Gpr34, monocytes Ccr2, BAMs 
Lyve. The color gradient represents expression levels. (C) Proportions of myeloid cell types in 
PDOXs and GL261 for three independent datasets (Ochocka et al., 2021; Pires-Afonso et al., 2021; 
Pombo Antunes et al., 2021). Percentage of Mo-TAMs depends on the tumor collection time and 
dissection strategy. (D) Gating strategy for flow cytometry. Example is shown for P13 PDOX tumor: 
(1) Cells were distinguished from debris based on the Forward Scatter (FSC) and Side Scatter (SSC). 
(2) Cell aggregates were gated out based on their properties displayed on the SSC area (SSC-A) 
versus height (SSC-H) dot plot. (3) Dead cells were recognized by their strong positivity for the dead 
cell marker (L/D) (4) Human tumor cells were recognized as CD90 positive with human-specific 
antibody. (5) Immune cells were recognized as CD45 positive. (6) Lymphocytes were recognized as 
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CD11b negative population. Negative gating includes also CD11blow NK cells. CD11b positive cells 
correspond to myeloid cells. (7) CD11b+Ly6ClowLy6G+ cells represent neutrophils. (8) Ly6C and 
CD206 allows distinguishing Ly6C+CD206- Mo-TAMs, Ly6C-CD206- Mg-TAMs and Ly6C-CD206+ 

BAMs.  (E) Ratio of human tumor cells over mouse-derived TME across the different tumor 
phenotypes and zones. The ratio of tumor cells to TME was higher in the tumor core compared to 
invasive zone and distal brain regions, reflecting a similar tumor core mass in all PDOX phenotypes. 
(F)  Box plots show flow cytometry quantification of CD45+CD11b+Ly6G+Ly6ClowCD206- neutrophils 
and CD45+CD11b- lymphocytes in Nu-NB and PDOX TME across different tumor phenotypes and 
brain regions (n=6-15 from at least three different mouse brains each, one-way ANOVA, ***p<0.001, 
**p<0.01, *p<0.05). (G) UMAP projection of myeloid cells in GBM patient tumors. The color gradient 
represents expression levels of marker genes for Mg-TAMs, Mo-TAMs and BAMs. In contrary to 
mouse model, BAMs do not appear as a distinct cellular cluster. (H) Flow cytometry phenotyping of 
myeloid cells in GL261 tumors. GL261 present high proportion of Ly6C+ Mo-TAMs that acquire 
CD206 expression. Similarly, CD206 expression appears to be activated in Mg-TAMs, which overlap 
with rare BAMs.  
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Figure S4. Analysis of heterogeneous Mg-TAMs in PDOXs. (A) UMAP projection of reference-
based mapping (left) and unsupervised clustering (right) of myeloid cells.  Myeloid cells were 
assigned to the Mg-TAM (MG1-8), Mo-TAM (Monocytes, intermediate Monocytes/Macrophages 
(inMoM), Macrophages) and BAM subpopulations described by Ochocka et al (Ochocka et al., 2021) 
(B) Graph displaying proportions of cells assigned to myeloid subpopulations described by Ochocka 
et al in nude mouse normal brain (Nu-NB), PDOXs (9 models), Black 6 mouse normal brain (BL6-
NB), GL261 tumor (3 collection time points: early, middle late). Mg-TAMs in PDOXs were 
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predominantly composed of the previously defined MG1 (homeostatic Mg), MG2 (transcriptionally 
active Mg) and MG6 (associated with extracellular vesicles) phenotypic states. PDOXs with 
pronounced angiogenic features (T16, P13) showed higher myeloid heterogeneity, containing also 
MG8 proliferative Mg-TAMs, Mo-TAMs and BAMs. T101 PDOX (invasive phenotype) also showed 
presence of Mo-TAMs, BAMs and MG7 Mo-TAMs (MHC class I/II state). (C) UMAP projections 
displaying expression levels of representative genes characteristic for Mg-TAM clusters. In addition, 
pan-myeloid marker Itgam (CD11b) and proliferation parker MiKi67 is depicted. The color gradient 
represents expression levels. (D) Left: UMAP projection displaying expression levels of gene 
signature associated with activation of Mg during enzymatic digestion (Table S5). Middle: Signature 
score is depicted per myeloid cluster, Right: Expression levels of two representative genes of the 
enzymatic activation signature (Egr1, Fos). (E)  Trajectory analysis of Mg-TAM cells in Nu-NB and 
PDOXs cells. Mo-TAMs and BAMs were excluded from the analysis. For pseudotime states were 
revealed. (F) Graphs showing proportions of homeostatic Mg (Ho-Mg) and Mg-TAMs in each 
pseudotime state revealed during trajectory analysis. The analysis confirms transition from Ho-Mg 
(state1, CL0-1) to a gradient of heterogeneous Mg-TAMs. (G) Representative flow cytometry graphs 
of CD45+CD11b+Ly6G-Ly6C+CD206- Mo-TAMs showing increased levels of CCR2 in tumor core of 
three PDOX models. Right: quantification of CCR2+ cells in Mo-TAMs across different tumor 
phenotypes and brain regions. (n=5-6 from at least three different mouse brains each, one-way 
ANOVA, ***p<0.001, **p<0.01, *p<0.05). (H) Volcano plots showing differentially expressed genes 
between PDOXs versus GL261 assessed for Mg, Mo and BAMs (the Wilcoxon rank sum test with 
Benjamini-Hochberg correction). 

 

 

 

 

Figure S5. Analysis of heterogeneous Mg-TAMs in GBM patient tumors. (A) Left: UMAP 
projection of myeloid cells in GBM patient tumors. The color gradient represents expression levels 
of cell cycle signatures (S phase and G2/M phase signatures and MKI67 gene expression levels). 
Right: Graph showing proportion of myeloid cells in different cell cycle phases in individual GBM 
patient tumors. Recurrent GBMs show similar proportions of Mo-TAMs than primary GBM tumors 
(two-tailed Student’s t-test).  (B) UMAP projection of human GBM myeloid cells displaying expression 
levels of signatures of Mg-TAM and Ho-Mg phenotypic states identified in PDOX TME. Signature 
associated with enzymatic activation of Mg cells is highlighted. Example of key marker gene is shown 
per signature. The color gradient represents expression levels. 
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Figure S6. Analysis of functional markers in TAMs. (A) UMAP projections displaying expression 
levels of representative genes characteristic for migration, phagocytosis, antigen presentation and 
check point inhibition. The color gradient represents expression levels. (B) Top: UMAP projection 
displaying expression levels of gene signature associated with homeostatic Mg (Ho-Mg) and 
sensome-associated genes excluding Ho-Mg signature (Table S5). Bottom: Signature score is 
depicted per myeloid cluster. While homeostatic genes drive high levels of the sensome signature in 
Ho-Mg (Fig 5), other genes lead to increased sensome signature in Mg-TAMs. (C) Top: 
representative flow cytometry graphs of CD45+CD11b+Ly6G-Ly6C+CD206- Mo-TAMs and 
CD45+CD11b+Ly6G-Ly6C-CD206+ BAMs showing levels of CD11c and CD86 in nude mouse normal 
brain (Nu-NB) and three PDOX models. Unstained control is shown for each population (CTR). 
Bottom: quantification of CD11c+ and CD86+ cells in Mo-TAMs and BAMs across different tumor 
phenotypes and brain regions (n=3-6 from at least three different mouse brains each, one-way 
ANOVA, ***p<0.001, **p<0.01, *p<0.05). (D) Summary of top six gene ontology terms characterizing 
DEGs in TMZ-treated versus CTR endothelial cells forming TME in P3 PDOX (FDR ≤0.01, |logFC| ≥ 
0.5
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Supplementary tables 1 

Table S1. Characteristic of PDOX models applied in the study. 
    

        

PDOX 
model 

Patient 
Patient 
treatment 

Genetic aberrations Glioma-specific gene mutations 
DNA methylation 
profiles 

MGMT 
promoter 
methylation 

PDOX 
phenotypic 
characteristics 

P3 BER0003 na 
+[Chr7, 19p, 20q], -[1p36-1p34.1, 1q21.1-q44, -5p15.33-31, Chr9, 
Chr10, 11p15-14, 20p] --CDKN2A/B 

TP53 (C176Y), PTEN (D236fs) GBM, IDHwt,  RTK I/II methylated intermediate 

P8 BER0008 na 
++EGFR, +[5p15.3-p12, 5q31.1-q35.3, Chr7, 8q24], -[ 6q21-q27, 
Chr10, 13q13.3-q34, 15q21.2-q23, 18q21.2-q22.4], --CDKN2A/B 

EGFR (A289T), ATRX (S1348T), 
MET (A954S), PTEN (T319fs) 

GBM, IDHwt,  RTK II/I methylated invasive 

P13 BER0013 na 
+(Chr7, Chr19, Chr20), -(1p21.1-p31.2, 6q16.3-q21, Chr10, Chr13, 
17q11-12), --CDKN2A/B 

PTEN (D107V) GBM, IDHwt,  RTK II methylated angiogenic 

T16 LIH0016 treated ++[EGFR, MDM4], +7q, - [6q, Chr10, 13q11-q31.1], --CDKN2A/B EGFR ex25-27del GBM, IDHwt,  RTK II unmethylated intermediate 

T101 LIH0101 
treatment-
naive 

++[EGFR, MDM2] +[Chr1, Chr7, Chr9, Chr13, Chr16, Chr17, Chr19] 
-[3q, Chr4, Chr6, Chr10, Chr11, 14q11, Chr15], --CDKN2A/B, 

 
GBM, IDHwt,  RTK II methylated invasive 

T192 LIH0192 
treatment-
naive 

++[EGFR, 2q34], +[1q21.2-24.2, Chr7, Chr19, Chr20], - [9p24.3 -
13.3, Chr10] 

EGFR complex rearrangements  
(ex1-6), ex14-16 

GBM, IDHwt,  RTK II unmethylated invasive 

T233 LIH0192 treated 
++[EGFR, 2q34], +[1q21.2-24.2, Chr7, Chr19, Chr20], - [9p24.3 -
13.3, Chr10] 

EGFR vIII, complex 
rearrangements  (ex1-6), ex14-17 

GBM, IDHwt,  RTK II unmethylated invasive 

T347 LIH0347 
treatment-
naive 

++EGFR, +[Chr7, 19p, Chr20], - [1p36.3-p34.3, 1q32.3-q44, Chr10, 
13q12.11-31.1, 14q11.2-q21.3], --CDKN2A/B 

EGFR ex2-15del, PTEN (C304fs) GBM, IDHwt,  RTK II unmethylated invasive 

T470 LIH0347 treated 
++EGFR, +[Chr7, 19p, Chr20], - [ 1p36.3-p34.3, 1q32.3-q44, 1p31.1-
p11.21, Chr10, 13q12.11-31.1, 14q11.2-q21.3], --CDKN2A/B 

EGFR ex2-15del, PTEN (C304fs) GBM, IDHwt,  RTK II unmethylated invasive 

2 
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Table S2. List of antibodies used in the study . 
 

*Flow cytometry test 106 cells/100µl  
 

 

 

  

Antibody Supplier Catalog number Concentration used 

hCD90 PE-Cy7 BD 561558 5 µl/test* 

hCD90 BV605 BD 562685 5 µl/test* 

CD16/32 eBioscience 14-0161-85 1 µl/test* 

mCD45 FITC eBioscience 11-0454-82 1 µl/test* 

mCD11b Percp-Cy5.5 BD 550993 5 µl/test* 

mLy6C PB Biolegend 128014 0.5 µl/test* 

mLY6G BV785 Biolegend 127645 2.5 µl/test* 

mCCR2 PE R&D FAB5538P 5 µl/test* 

iso IgG PE R&D IC108P 5 µl/test* 

mCD206 APC Biolegend 141708 2.5 µl/test* 

mCD11c APC-Cy7 Biolegend 117323 5 µl/test* 

mCD86 BV605 Biolegend 105037 5 µl/test* 

iso IgG2a BV606 Biolegend 400540 5 µl/test* 

m I-A/I-E APC-Cy7 Biolegend 107628 1 µl/test* 

Nestin  Abcam   AB6320 IHC:1/500 

Vimentin Thermo Fisher Scientific Mab3400 IHC:1/200 

CD31 Millipore CBL1337 IHC:1/200 

Iba1 Biocare Medical CP 290A IHC:1/1000 

CD11c Abcam ab11029 IHC:1/100 

MHC-II Abcam ab25333 IHC:1/100 

Pdgfra Biolegend 135905 IHC:1/100 

Anti-Rat IgG Alexa Fluor 555 Invitrogen A21434 IHC:1/1000 

Anti-Rabbit IgG Alexa Fluor 555  Thermo Fisher Scientific A-11039 IHC:1/500 

Anti-Mouse IgG Alexa Fluor 647  Thermo Fisher Scientific A-11037 IHC:1/500 

Anti-Rat IgG Alexa Fluor 488  Thermo Fisher Scientific A-21244 IHC:1/500 
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Table S3. Lists of differentially expressed genes between PDOXs and nude brain per each major cell type. Differentially expressed genes were defined at threshold: FDR <=0.01 and |log2FC|>=1. 
Genes are listed from the highest to lowest |log2FC|.    

               

 Astrocytes Endothelial cells Ependymal cells  Myeloid cells Oligodendrocytes OPCs Pericytes 

FC  up down up down up down up down up down up down up down 

N
o 186 129 304 105 21 22 287 136 7 124 286 199 2 71 

  Gm42418 Sfrs18 Gm42418 Plp1 Tmsb4x Gm26924 Spp1 Sfrs18 Olig1 Igfbp5 Pdgfra Plp1 
Gm4241
8 Wdr96 

  Cryab Ppap2b Rpl14.ps1 Gm26924 
Gm4241
8 Sez6 Gm42418 Snord49b Pdgfra Mal Gm42418 Apod 

Gm1234
6 Gm26924 

  Vim Gm26924 Adgrf5 Gpr116 Lyz2 Vps8 Cxcl13 Sepp1 Gria2 Plp1 Lhfpl3 Npy   
1700009P17Ri
k 

  Tmsb4x Gm26339 Selenop Sfrs18 Tyrobp Rpl35 Clec7a Gm26924 Cspg5 Phldb2 Pnisr Sepp1   
1700026D08Ri
k 

  Pnisr Snord42a Gm6977 Ttyh1 Hexb Vimp Gm6977 
4632428N05R
ik 

Cacng
4 Cd200 Gap43 Igfbp5   Ptplad1 

  Plpp3 Xist Gm5905 Sepp1 C1qa D3Bwg0562e Gm5905 Epb4.1l2 
mt.Cyt
b 

4922501C03R
ik Cspg5 Slc4a4   Stxbp3a 

  Rack1 Gm3764 Gm9794 Fabp7 C1qb Gm6625 Gm14303 Gm26339 Actb Slc4a4 
3110035E14R
ik Clca1   

A330021E22Ri
k 

  Gm6977 
2810055G20R
ik Rpl37rt Igfbp5 B2m Calml4 Gm9794 Entpd1   Ptn Rpl14.ps1 Gja1   Wdr52 

  Gm9625 Slc38a3 Gm11478 mt.Tc Ctss BC023829 Rpl14.ps1 Abca9   Sash1 Gm5905 Ptn   Ccdc135 

  Rpl13.ps5 D4Wsu53e Gm4617 Fut9 C1qc 
1110001A16Ri
k Ccl4 D4Wsu53e   Clca1 S100a1 Nr2f2   Ccdc19 

  Rps3a3 Sepp1 Gm15427 D4Wsu53e Ctsd 
0610011F06Ri
k Rpl37rt P2ry12   Mxi1 Pllp Ccdc80   

2610015P09Ri
k 

  Gm14892 Snord49b Gm9385 Ppap2b Cd63.ps Ppia Lpl Gpr34   Ccdc157 Slc25a5 Vtn   Ccdc104 

  Gm7558 Ptplad1 Rps16.ps2 Slc4a4 Ctsb Ccdc41 Ttr Il7r   Tlr3 Gng3 Gm26924   Spag6 

  Fth.ps2 Vegfa Gm14303 Eltd1 
Rpl14.ps
1 

1110059M19
Rik H2.Ab1 Ddx26b   Sepp1 Scg5 Frzb   Rps17 

  Rpl14.ps1 Sc4mol Gm5805 Dcn Gm9794 Rpl29 Gm15427 P2ry13   Ttyh1 Ramp1 Ttyh1   Sfrs18 
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  Rps5 Slco1c1 Rpl32 Gm26339 Wdr89 
4922501C03Ri
k Fth1 Csmd3   Lifr Rps5 Apoe   Ifltd1 

  Gm12346 Adrbk2 Gm4149 Rps6 Rack1 Gm9493 Gm11478 Gm17087   Frzb Gm9385 Hmgcs2   
2510003E04Ri
k 

  Gm12857 
2610017I09Ri
k Gm10080 Snord49b Lamp1 Cox7b Cd63.ps Ccdc55   Wdr60 Olig2 Timp3   Gm872 

  Gm13215 Slc1a2 Gm5963 Hnrnpa3 Sparc Stk39 H2.Aa Maf   Timp3 Rpl3.ps1 Ncam1   Ppap2b 

  Gm6136 Vimp Pnisr Ptn Cst3 Selt Rack1 Gpr56   Trp53bp2 Gm12346 Inhba   
2010015L04Ri
k 

  Rps16.ps2 Zfml Rpl3.ps1 Slc7a11 Actb Enpp2 Cd74 Hnrnpa3   Mybpc1 Rpl37rt Sash1   
A030009H04Ri
k 

  Gm13498 Tmem66 Adgrl4 Vimp   
4930546H06R
ik Ccl3 Tmem66   Ralgps2 Gm9794 Iqub   Pax3 

  Gm22567 Syne1 Rpl38.ps2 Pcdhga9     Gm16580 Ppap2b   Sfrs18 Gm11478 Col5a2   Vps28 

  Gm12183 St6galnac5 Tpt1.ps3 Atp1a2     Gm11942 Zfhx3   Aspa Tnr Tspan15   D2Wsu81e 

  Gm9385 CT030684.1 Gm9843 Abca9     Gm5963 Jund   Slc7a11 Gm11560 Stmn1   Gm6625 

  Gm5805 Nim1 Rack1 Hes5     Gm4149 CT030684.1   Gja1 Olig1 Lpar1   Ccdc41 

  Rn7s6 Fut9 Rps24.ps3 Slc1a3     Rps24.ps3 Zfml   Plekha4 Clu Igf1   Selk 

  Id1 Cwc22 Gm14586 Cyp2j9     Selenop Nrip1   Rgag4 Rack1 Wls   Lsmd1 

  Fth1 Gnao1 Gm6204 Timp3     Cst7 Slco2b1   Gas7 Gm15427 Sparc   
6720401G13Ri
k 

  Gm12222 Pcdhga9 Gm11966 Fam213a     Rps16.ps2 Tmem119   Ahctf1 Rsrp1 Col23a1   
B630005N14Ri
k 

  Gm5370 
2610203C20R
ik Rflnb mt.Tp     Gm9385 Vimp   Inhba Bcas1 Slc7a11   AK129341 

  Gm11560 Trim9 Gm11560 Nell2     Gm5805 Hpgds   Fmo1 Rps16.ps2 Fam213a   Gm26339 

  Gm12165 S1pr1 Rps13.ps2 Scd2     Rpl3.ps1 Lrrc58   Gtpbp2 Gm4617 Sfrs18   Sept15 

  Gm13340 Macf1 Rpl36a.ps2 Sash1     Rps13.ps2 Cx3cr1   Fbln2 Tmem100 Gm26339   Ankrd32 

  Rpl10l 
5830428H23R
ik Gm11942 Ptgds     Pnisr Il6ra   Gm872 Stmn3 Hey2   Dpcd 

  Gm11942 Ttyh1 Fn1 Vegfa     Apoe Cep110   Cldn5 Gm12338 Phldb2   CT030684.1 

  Rpl17.ps4 Ank2 Gm16580 Gm17087     Fn1 Gm13476   Mdk Calm1 Cd59a   Gm12942 
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  Gm4332 
4930546H06R
ik Wdr89 Mllt4     Ccl6 Mertk   Cyp4v3 Nap1l5 Gdpd4   Gm5918 

  Gm11810 Ctage5 Gm10073 
2810055G20R
ik     Gm6204 Wapal   Pla2g16 Bex3 Fmo1   Pet112 

  Rps15.ps2 Dclk1 Gm4332 Slc1a2     Gm8995 Naalad2   Scd1 Id2 Pla2g16   Sc4mol 

  Gm14450 Malat1 Rsrp1 Colec12     Rpl36a.ps2 
RP24.312B12.
1   Wls Pcdh15 Mfap3l   

2410018M08R
ik 

  Gm12696 Clmn Rps26 Wapal     Cd52 Rps23   Pbxip1 Rpsa.ps10 Atp1a2   l7Rn6 

  Gm6368 Acss1 Rplp0 Mdk     H2.K1 Snord42a   Fam213a Ranbp1 Mybpc1   BC023829 

  Wdr89 Itih3 Slc38a5 Gm14964     Kctd12 Rpl5   Igf1 C1ql1 Mal   Ccdc37 

  Gm2225 Vwa1 Gm9800 Mboat2     Epb41l2 Ppp1r9a   Dab2 Cd81 Col27a1   Epb4.1l4a 

  Gm5963 Pitpnc1 Rplp1 Rpl15     Rpl10a.ps1 Smap2   Col5a2 Ostf1 Dnajc1   
9330101J02Ri
k 

  Ttr Fam21 Gm6863 Suv420h1     Rps5 Jhdm1d   Slc43a2 Gria3 Pex11a   Epb4.1l2 

  Gm11472 Cep110 Rpl31.ps8 Fbln2     Ch25h Rps29   Lysmd3 Igfbp2 Abca8a   
4922501C03Ri
k 

  Rps12.ps19 
4930402H24R
ik Gm12338 Rpl13a     Gm4617 Rpl21   Fstl1 Cox8a Dock7   

2700089E24Ri
k 

  Gm17909 Appl2 Rpsa.ps10 Atp13a5     Gm14586 
2810055G20R
ik   Frg1 Dynll1 Fbln2   

1700094D03Ri
k 

  Rac1 Tril Rps10.ps1 Rpl5     Gm4332 Tanc2   Hey2 Nxph1 Rnd3   Bai3 

  Gm12152 Epb4.1l2 Gm10288 Sept15     Rsrp1 Son   Ncam1 Selenok Filip1l   Sepn1 

  Cd63.ps Mycbp2 Gm6265 
4933426M11
Rik     Rpsa.ps10 Slc16a6   Atp8a1 Alcam Golgb1   Lphn3 

  Gm5835 Atp1a2 Scgb3a1 Gja1     Ctsd D15Ertd621e   Acss1 Gm4149 Thrsp   
2310044G17Ri
k 

  Gm9843 Zfp949 Fth1 Gpm6b     Lilrb4a 
RP24.288C12.
6   Cd82 Actb 

2610203C20R
ik   Rpl24 

  Cald1 Acsl6 Ctla2a Kcnj16     Ifi27l2a Arid4a   Glul Rps26 Gas7   Nim1 

  Id3 Gja1 Rps5 Kmt2a     Rps26 
A430104N18
Rik   Mfsd6 Gm14586 Glul   

2410066E13Ri
k 

  Hspd1.ps3 Timp3 Gm10275 Tmem66     Rps25.ps1 Chd9   Selk Gm6863 Sdc4   Gm10311 

  Gm2178 Son Apold1 Spag9     Tpt1.ps3 Numb   Lgi1 Tpt1.ps3 Cry2   Gm13225 
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  Gm9794 Ccdc104 Gm12183 Ptms     Mt1 Srgap2   Gramd1b Emid1 Scd1   
5430417L22Ri
k 

  Map1b Btbd17 Gm7809 Gprasp1     Gm6030 Elmo1   Npy Ndufa4 Hsd17b11   Gm17388 

  Gm44010 Ddhd1 Afdn Morf4l1     Calr.ps Pwwp2a   Sco1 Igfbp3 Vimp   Gpr125 

  Rps19.ps6 Suv420h1 Gm15500 Rpl10     Lyz2 Ctage5   Slc25a13 Car8 Mllt4   Grlf1 

  Gm5778 Ppia Gm5835 Zbtb20     Gm10288 Col27a1   Adam23 B2m Gucy1b3   Leprel2 

  Gm4204 Slc1a3 Rps25.ps1 Hspa8     Wdr89 Ogfrl1   Tgfbr1 Rps13.ps2 Fam3c   Trp53rk 

  Selenop Ttc14 Gm9892 Htra1     Gm10073 Mycbp2   Fgd4 Gm14303 Gpr56   Zbed6 

  Gm15159 Slc7a10 Calr.ps S1pr3     H2.D1 Scamp2   Tmem66 Gm6977 Abca5   Fam101a 

  
RP23.390K13
.4 Nrcam Rpl18.ps1 Rpl23a     Gm15500 Lpar6   Nr2f2 Pcsk1n Edil3   Fam115a 

  Gm11478 Pdcd4 Rpl10a.ps1 Kcnj10     Rpl31.ps8 Marcks   BC016423 
2900011O08R
ik Huwe1   

9830147E19Ri
k 

  Cxxc5 Pla2g7 Gm8894 Ccdc80     Rpl18.ps1 Erbb2ip   Zmat1 Gm5805 Ift57   Rom1 

  Bex3 Fam115a Gm8292 Rps23     Apoc1 Rbm5   Gm26339 Ndufb6 Aldh2   Zfp191 

  Gm16580 Gyk Rps6.ps4 Ncam2     Gm5835 Tmem100   Aim1 Cd63.ps Ahcyl2     

  Gm15896 Csgalnact1 Selenom Gnb2l1     AU020206 Rps6   Dock7 Ndufa8 Efnb2     

  Gm27046 Nrxn1 Ly6c1 Inhba     Gm9843 Macf1   Tiam1 Rpl22l1 Grik3     

  Gm29228 Hlf Eif1.ps1 Cwc22     Gm8276 Ythdc1   
4931406C07R
ik Banf1 Mgst1     

  Cnot2 Rorb Gm12254 Prrc2c     Rplp1 Ssh2   Vtn Ddah1 Hmgn2     

  Gm9294 D14Abb1e Cd34 Ncam1     Tyrobp Qk   Osbpl11 Ttr Gm12688     

  Gm11517 Flrt1 Rps15a.ps5 Zfml     Il1b Hmgb1   Phf17 Gpm6a Sparcl1     

  Rpl34.ps2 Frmd4a Rps11 Gpx4     Ccrl2 Med12l   Hspa8 Scrg1 Fut9     

  Gm9521 Fjx1 Ttr S100b     Kcnq1ot1 Arl4c   Cpt1a Wdr89 Mest     

  Gm8513 Acin1 Tmsb4x Rps17     AC149090.1 Cwc22   
5830418K08R
ik Gm12222 Map4k4     

  Gm4321 Arhgap5 Gm3531 Xist     Rpl32 Dusp6   Tpr S100a16 Ptgds     

  Gm15427 Hnrnpa3 B2m 
4932438A13Ri
k     Rps10.ps1 Sall1   Apoe Gm12696 Plcb4     

  Gm18014 Mfge8 Ly6e Ahcyl2     Axl Dip2b   Tmem245 Tuba1a Slc27a1     
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  Gm12482 
C030037D09R
ik Rps9 

RP24.288C12.
6     Id2 Rps27a   Hadha Cdo1 Mex3a     

  RP23.408J7.2 Tnik Rps26.ps1 Ddit3     Vim Frmd4a   Atp1a2 Tceal3 Grin3a     

  Gm17511 Selk Selenok Ppia     Ctsb Rps28   Nnat Gm9892 Cyp2d22     

  Gm6543 Ubn2 Gm12346 Rps27     Itgax P4ha1   Snx24 Gm6204 Rgag4     

  Matr3.ps2 Slc4a4 Cdkn1a Mga     Vsir Morf4l1   Dnajc1 Gm5778 Fabp7     

  Gm7308 Tmed5 Rpl8 Ccdc104     Rps20 Olfml3   Plk1s1 Nrxn1 Cd200     

  Gm5514 Cadm2 Selenof Rps12     Cd300c2 Hspa8   Clca2 Plpp3 Wapal     

  Gm4366 Nwd1 Gm12350 Kdm5b     Gm6863 Prrc2c   Ccdc39 Tmem176b Syne2     

  Rsrp1 Dio2 Gm15772 Igfbp2     Ccl12 Fau   Stmn1 Gm5835 Ccnd2     

  Id2 P4ha1 Igfbp7 Diap2     Gm11560 Map4k4   Cd55 Calr.ps D3Bwg0562e     

  Rps3 Acsl3 Pomp Rpl21     Gm14681 Safb   
2700089E24R
ik Cox6b1 Nid1     

  S100a6 Tex9 Gm6472 Apod     Ints6l Arhgap5   Mfap3l Mmp15 Suv420h1     

  Gm3531 Myo6 Sparc Nupr1     mt.Cytb Acin1   P2ry12 Dynlt1.ps1 Hadha     

  Gm7618 Sparcl1 Slc25a5 Wdr60     mt.Nd1 Ifngr1   Fabp7 Cfap20 Tlr3     

  Gm5905 Mfn1 Gm7027 Tmx4     Cd83 Bin2   Fut9 Ccnd1 Clca2     

  Gm12912 Gm973 Gm6368 Son     Gm10275 Srrm2   Fam3c Gm5963 Dtx4     

  Gm13815 Slc6a11 Gm14681 Ednrb     Gm9892 Tsc22d4   Trim41 Cfap36 Abcb1a     

  Rps11 Kcnj16 Ppfibp1 Stmn1     Rps15a.ps5 Selplg   Mecp2 Tagln2 Gm6483     

  Gm11488 Ythdc1 Rab1a Casc4     Gnas Zfp292   Rbms3 Gm6265 Gpd1     

  Pabpc1 Mdn1 Rpl22.ps1 Asph     Rpl38.ps2 Mtdh   Scd2 H2.D1 Slc1a3     

  Dclk2 Ntrk2 Gm4366 Nr2f2     Flt1 Ccr5   P2rx4 Rpl36a.ps2 Slc13a3     

  Gm12020 Sycp2 Rpl9.ps7       Gm7027 Adap2   
E130311K13R
ik Hspd1.ps3 Gpd2     

  Gm15773 Trpm3 Gm8995       Selenos Abcb4   Lrig1 Grm5 Zbtb20     

  Calm2 Wapal Gm15421       Ank Vwa1   Rnd3 Pcp4 Itsn2     

  App AI464131 Hsp25.ps1       Gm12338 Ivns1abp   Paqr6 Cacng4 Chd9     

  Gm6204 Mmp14 Gm14539       Rps6.ps4 Plcl2   Ltn1 Meg3 Sat1     
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  Calr.ps Pfkp Plpp3       B2m Pde3b   Lama4 Dnm3 
4922501C03R
ik     

  Vcan Neat1 Gm6563       Srgn Sox4   Nek9 Rab31 Hnrnpa3     

  Spp1 Nebl Anp32.ps       Gm12346 Fchsd2   Son Slc38a3 Ptms     

  Marcks Chrdl1 Tpm3.rs7       Atf3 Rps27   Slc16a1 Pdcd5.ps Tspan18     

  Fos Dtna Gm12696       Cd63 Malat1   B4galt6 Ubb Arhgap5     

  Hacd3 Aifm3 Saraf       Atox1 Rock2   Zbtb20 Gm10288 Magt1     

  Gm6863 Utp14b Ctsd       Ifi202b Ttc14   Ccdc171 Ppib Son     

  Gm21399 Peg3 Gm5436       Cstb Tgfbr1   Nexn Dpp6 Gbp7     

  Atp5e 
9330159F19R
ik Gm5865       Nfkbia Ubn2   Colgalt2 Oxct1 Nupr1     

  Ctsd Sfxn5 S100a11       Rps26.ps1 March1   Sparcl1 Serpine2 Nfat5     

  Gm12892 Slc7a11 Cyb5a       Ctsz Pnn   Calr Arl2bp 
9330159F19R
ik     

  Golim4 Prpf4b 
RP23.123D6.
12       Ms4a6c Rbm25   

4930480K23R
ik Gm3531 Cyp39a1     

  B2m Slitrk2 Cd63.ps       Gm12254 Rpl35   Kdm2a Gm11966 Igfbp4     

  Jun Gprasp1 Rpl39       Rps10.ps2 Ppia     Rtn1 Ccdc104     

  Selenos Ankrd11 Ybx1.ps2       Npc2 Pmepa1     Gng11 Gm6625     

  Gfap Cxcl14 Shfm1       Atp5e Serinc3     Rpl10a.ps1 Snx29     

  Gm11966 Gapdh AU021092       Ifi44 Rpl10     Arpc2 Tec     

  Sept7 Kcnk1 Gm8276       Csf1 Nav3     Rps26.ps1 Cmtm5     

  F3 Ccdc50 Gm13835       Gm15772 Gnb2l1     Agpat5 Mboat2     

  Hacd2   Gm5644       Tnf Rpl18a     Ndufs4 Kdm5b     

  Gnas   Gm8730       Mia2 Rpl17     Gm5865 Abca1     

  Cct2   Smim10l1       Gm15421 Ptgs1     Phlda1 
RP24.288C12.
6     

  Rps20   Gm5778       Rpl9.ps6 Ywhah     Rps24.ps3 M6pr     

  Rpl32   Gimap4       Plpp3 Hmha1     Cox4i1 Nfe2l2     

  Gatm   Gm6733       Rgs1 Basp1     Tmem179 Zfhx3     

  Rpl8   Vim       Calm1 Srrm1     Ahi1 Sort1     
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  Sbds   Pdcd5.ps       Rpl39       Fis1 Wnt6     

  Skp1a   Cfap36       Rpl22.ps1       Selenof Tmem132b     

  Msmo1   Rps3       Gm11966       Eif3i Frmd4a     

  Snx3   Tspan13       Gm7266       Ly6h Phf17     

  Ybx1   Rpl18.ps2       Gm12183       Rplp1 Entpd1     

  H3f3b   Nsrp1       Cox4i1       Ndufa7 Agt     

  Eif3k   Rps19.ps6       Ctsl       Gm16580 Cldn5     

  Sox4   Wfdc1       Gm9800       Gm15500 Crip2     

  Hint1   Ifitm3       Cox6a1       Gm4204 Plcd4     

  Calm1   Selenow       Rps15       Omg Lix1     

  Psma7   mt.Cytb       Dbi       Ednrb Ctbp2     

  Fez1   Tcea1.ps1       Rps11.ps1       Gria2 Cyp2j6     

  Rheb   Higd2a       Cxcl2       Rpl36al Baz2b     

  Nucks1   Ier2       Saraf       Tspan13 Socs2     

  Eef2   H2.K1       Rps19.ps6       Gm6368 Atp8a1     

  Cbr1   Gm7266       Cox6b1       Cox7b Cyp4v3     

  H2.D1   Selenos       Hacd2       Il1rap Snord49b     

  Tcf12   Gm12481       Wfdc17       Commd6 Stx5a     

  Eef1a1   Gm15920       mt.Nd4       Gm14681 Cep85l     

  Matr3   Cox7a2       Capg       Mpc2 Nell2     

  Rps9   Gpx1       Prdx1       Atp5g3 Fxyd1     

  Anapc11   Rps10.ps2       Pld3       Ndufa1 Parp4     

  Rps14   mt.Nd1       Lgals3bp       Cct7 Zfp191     

  Gtf2i   Cox4i1       Postn       Nsg1 
2310022B05R
ik     

  Bcan   Actb       Gm6136       Psmb1 Bmp7     

  Rps4x   Igf1r       Gm4366       Cfl1 Hspa8     

  Ubb   Ostf1       Gm8730       Prdx2 Foxo1     

  Hnrnpd   Mia2       Grn       Dbi Eps15     
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  Dync1li2   Fkbp1a       Slc25a5       Sulf2 Cdh8     

  Rps21   Eif3j2       Rplp0       Dtd1 Paqr6     

  Rps15   Rps15.ps2       Gm4604       Cspg4 Slc43a3     

  Tpm3.rs7   Ube2d3       Fcer1g       Pcyt1b Chd2     

  Rpl4   Arpc2       Cd9       Dscam Fnbp1l     

  Rplp1   Gm4604       Zfp638       Mlf2 Notch2     

  Dstn   Tonsl       Cox8a       Gm1673 Sipa1l1     

  Sec11c   Ramp2       Rps3       Nop10 Tmtc2     

  Cnn3   Pabpc1       Pabpc1       Uqcrq Lipg     

  Nasp   Gm14253       Eif1.ps1       Atxn10 Prrg3     

  Ppp1cb   Hint1       Gusb       Ckb Scd2     

  Vapa   Id3       Cntrl       
A730017C20R
ik Megf10     

  Ilf3   Gm9840       Gm6265       Serpina3n Hivep3     

  Pcbp2   Slc16a4       Ier3       Aplp1 Slc25a13     

  Cct6a   Rps15       Lgals1       Higd2a Ncoa7     

  Ywhab   Rpl9.ps6       Tmsb10       Cxcl14 Synm     

  Pcbp1   Pglyrp1       Gpx1       Rps9 Leprel2     

  Ctss   Gstp.ps       Csf2ra       Dner RP23.32A8.1     

  Zhx1   BC002163       Gm43712       Pcbp2 Prss56     

  Ywhae   Tpm4       Hpf1       Olfm1 Fam107a     

  Arpc2   Epb41l2       Gm6368       Cryab Tiam1     

  Rpl23   Naa38       Rps15.ps2       Kcnd2 Gm4076     

      Gm12020       Rps9       Znhit6 CT030684.1     

      Ndufa11       Anxa5       Gtf2h5 Tmem47     

      Calm1       
E230029C05R
ik       Ndufc2 Cpne8     

      S100a16       Gm5644       Opcml Ccdc173     

      Gm6542       Uqcrq       
1810037I17Ri
k Erbb3     
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      AC149090.1       Rpl18.ps2       Uchl3 Vwa1     

      Ssr2       Gm6472       Cdh13 Cgnl1     

      Rpl37       Wapl       Sfr1 Tnfrsf19     

      Gm13436       Rps19       Gm2a Itga6     

      Gm10039       Nsrp1       Cp Zfp609     

      Grrp1       Mir703       Tubb2a mt.Rnr1     

      S100a13       Sh3bgrl3       
3632451O06R
ik Alx4     

      Tpm3       Rpl9.ps7       Gjc3 Prrc2c     

      Gm7407       Gm10080       Atp6v1g1       

      Fam204a       Rps11       Lnx1       

      Myl12a       Cotl1       Adam9       

      Gm10031       Gm8606       Pea15a       

      Txn.ps1       Lyzl4       Sfxn1       

      Atp5j       H2.DMa       Pfn1       

      Psma5       Plau       Uqcrc1       

      Ccdc186       Akr1a1       Srp14       

      Gm6136       Gm12020       Cdk4       

      Ifi27l2a       Cybb       Itgb8       

      Rplp2       Psme2b       Deb1       

      Dynlt1.ps1       Ssr4       Megf11       

      Sf3b6       Cd72       Cox6c       

      Zfp638       Selenof       Myo5a       

      Rps11.ps1       Gm15148       Pou3f1       

      Wapl       Zfas1       Tacc2       

      Icam2       Ndufa2       Atp5j       

      Rac1       Gm9294       Gnb4       

      Gm14513       Shfm1       Cadm2       

      Bag1       Il4i1       Atp6v1a       
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      Gm43712       Gm13436       Gria4       

      Gm21399       Gm12481       Sept7       

      Tmem252       Erbin       Brinp1       

      Rps15a       Ppp1r15a       Eif5a       

      P4hb       Selenok       S100a13       

      Lgals1       Rpl22l1       Ndufb8       

      Tmsb10       Eif3f       Pgp       

      Pcbp1       Ifitm3       Psmb3       

      Uqcrh.ps2       Rps21       Bcan       

      Gm11964       Zeb2os       Gm10250       

      H2.D1       Gm1966       Ptprn       

      
RP23.269H21
.1       Gm14513       Krtcap2       

      Ilk       Ctsh       Atp5b       

      Cox6b1       Mt2       Sri       

      Lmo2       Glmp       Cask       

      Rasip1       Gm10076       Tceb2       

      Psme2b       Pdcd5.ps       Mt3       

      Erbin       Pfdn5       Ppp1r14c       

      Zmat2       Cxcl16       Park7       

      Gm9294       Crip1       C4b       

      Gata2       Gm6394       Sox6       

      Oaz1.ps       Cspg4       Pcdh9       

      Anp32b.ps1       Ier2       Uqcrb       

      Atox1       Myeov2       Rgs20       

      Rras       Cd68       Hint1       

      Rhoj       Gm8692       Ugp2       

      Ly6a       
RP24.389J11.
1       Mdh2       
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      Mydgf       Gm4204       
6330403K07R
ik       

      Rps19       Gm3531       Ndufab1       

      Uqcr11       Gm14539       Mt1       

      Esam       Lgals3       Atp6v0e       

      Rps20       Nfkbiz       Rpl32       

      Gm8129       Gm8292       Pomp       

      Gm8566       Gm11361       Rps3       

      Psmb2       Snhg8       Rpl39       

      Cldn5       Ifi207       Psma7       

      Bvht       Rps14       Isoc1       

      Snhg8       Gm12696       Zcchc24       

      Gm12231       Ybx1.ps2       Bzw1       

      Junb       
2010107E04R
ik       Cdc42       

      Hpf1       Diaph2       Cox6a1       

      Chchd2       Mydgf       Lrrtm3       

      Ndufa8       Bcl2a1b       Pafah1b1       

      Pea15a       Mpeg1       Phyhipl       

      Alas1       Cox7a2       Ptpre       

      Anxa2       Rpl8       Ran       

      Hspd1.ps3       Spcs2.ps       Gm10260       

      Csnk2b       Cox6c       Cox7a2       

      Suclg1       Gadd45b       Wbp5       

      Gm16399       Hspd1.ps3       Acat1       

      Id1       Atp6v1f       Cd9       

      Ost4       Rab1a       Rps14       

      Eea1       Ccl9       Atpif1       

      Gabarapl1       
RP23.123D6.
12       Atp5a1       
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      Dpm3       Arpc1b       Tmem176a       

      Spcs2.ps       Tspo       mt.Cytb       

      Gng5       Txn1       Phactr3       

      Txndc17       Rpl39.ps       Atp5e       

      Sec61b       Ndufa1       Sdhb       

      Gm6394       Psmb8       Ndufa2       

      Atp5o       Eef2       Rps20       

      Rbx1       Gm15920       Ywhab       

      Snx3       Ifi211       mt.Nd1       

      Tcaf1       Cd14       Gnas       

      Cstb       Hcar2       Tpm1       

      BC028528       H2.T23       Atp5c1       

      Gm2000       Bcl2a1a       Fermt2       

      Gm9392       Mif               

      Mrps5                       

      Uri1                       

      Gm8692                       

      Rpl7.ps7                       

      Dynll1                       

      Snrpb                       

      Gm8606                       

      Srgn                       

      Lrp8                       

      Gm5881                       

      Col4a2                       

      Anapc11                       

      Gm11361                       

      
RP24.389J11.
1                       
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      Cox8a                       

      Myh10                       

      Gm12966                       

 

 

Table S4. Lists of differentially expressed genes between clusters identified within myeloid cells (Drop-seq data only). Marker genes for each cluster were defined at threshold: FDR <=0.01 and 
log2FC>=0.05. Genes are listed from the highest to lowest log2FC 

          

Cluster 
number CL_0 CL_1 CL_2 CL_3 CL_4 CL_5 CL_6 CL_7 CL_8 

Ontogeny  Ho-Mg Ho-Mg 
Mg-TAMs 
transitory 

Mg-TAMs anti-
inflamatory 

Mg-TAMs astrocytic-
like 

Mg-TAMs 
transcriptionally active 

Mg-TAMs EC-
like  Mo-TAMs BAMs 

Correclation to 
Ochocka  et al 
states part of MG1 

part of 
MG1+MG2 part of MG1 MG6 & MG7 part of MG8 & MG1 MG6 MG1 & MG6 

monocytes & 
inMoM & 
Macrophage BAMs 

Marker genes Jun Sfrs18 Cxcl13 Cxcl13 Sparcl1 Rps12 Ly6c1 Ly6c2 Mrc1 

  Egr1 Frmd4a Cst7 Ccl4 Clu Rps27a Cldn5 Plac8 F13a1 

  P2ry12 Malat1 Spp1 Cst7 Slc1a2 Rps29 Itm2a H2.Eb1 Dab2 

  Tmem119 Pnn Cd63.ps Cd63.ps Ptn Rps27 Gkn3 AA467197 Pf4 

  Fos Prpf4b Ccl6 Spp1 Ttr Rpl17 Abcb1a Lyz2 Ms4a7 

  Hspa1a Akap9 Cd63 Ccl3 Ttyh1 Rpl23a Igfbp7 Il1b Cd163 

  Ier5 Jmjd1c Lpl Gm11942 Mt2 Gnb2l1 Flt1 Thbs1 Wfdc17 

  Gpr34 Dock10 Tyrobp Ccl12 Atp1a2 Rps28 Ptprb Tgfbi Cp 

  Rhob Atrx Apoe Tyrobp Plp1 Rps23 Spock2 Arg1 Ccl8 

  Zfp36 Ssh2 Creg1 Ctsd Aldoc Rpl21 Bsg Ifitm3 Wwp1 

  Btg2 Smap2 Rpl32 Gm14303 Cpe Rpl11 Adgrf5 Ms4a4c Clec10a 

  Jund Ythdc1 Cd52 Cd63 Plpp3 Fau Slco1a4 Ly6a Cbr2 

  Selplg Blnk Cd9 Cd52 Scg3 Rpl13a Slco1c1 Lgals3 Ccl7 

  Cx3cr1 Cx3cr1 Rps5 Ctsz Gfap Rpl18a Cxcl12 H2.Ab1 Maf 

  Siglech Rdx mt.Nd1 Rps25.ps1 Ptprz1 Rpl12 Pltp Ccr2 Stab1 

  Junb Fnbp4 Ctsb Apoc1 Gja1 Rps6 Ctla2a Ly6i Lyve1 
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  Ptgs1 Myo9a Ctsd Ctsl Fabp7 Rps17 Ly6a AW112010 Gas6 

  Vsir Golgb1 Npc2 Rpl37rt Apod Epb4.1l2 Sptbn1 Crip1 Ccl24 

  Cst3 Il6ra Ctsl Gm4149 Fxyd1 Sepp1 Slc2a1 S100a11 Ccl2 

  Abca9 Smarca2 Gnas Ch25h Mt1 Rpl10 Pcp4l1 Cxcl9 Selenop 

  P2ry13 Nav3 Tmsb4x Cd9 Dbi Rpl9 Gng11 Srgn Mgl2 

  Olfml3 Ncor1 mt.Cytb Ctsb Slc4a4 Rps13 Ablim1 Cxcl2 Itsn1 

  Txnip Ivns1abp Gm6977 Clec7a Slc1a3 Rpl19 Adgrl4 Fxyd5 Cmah 

  Nav3 Ogfrl1 Trem2 Grn Gpm6b D4Wsu53e Egfl7 Cdkn1a Fcgr2b 

  Ltc4s Tcf4   Syngr1 Cspg5 RP24.288C12.6 Esam Mndal Cd209a 

  Tgfbr1 Rsrc2   Gm15421 Aqp4 Rpl5 Sdpr Ifi204 Pltp 

  Srgap2 Pip4k2a   Gm10269 Ednrb Rpl31 Tm4sf1 Isg15 Folr2 

  Ivns1abp Nipbl   Rps16.ps2 Mt3 Ptplb Kitl Plbd1 Igfbp4 

  Ubc Phf14   Gm9794 Cald1 Rpl3 Id3 Gbp2 Stard8 

  Golm1 Wnk1   Gm10076 Prnp AF251705 Tsc22d1 Slfn4 Igf1 

  Il6ra Dnajc7   B2m Enpp2 Rpl36a Slc39a10 Pim1 Ifi203 

  Ccr5 Bptf   C1qc Acsl3 4632428N05Rik Ramp2 H2.Aa Gpx3 

  Hpgds Gtf2h2   Gm10288 Ndrg2 Cep110 Car4 Rsad2 Ehd4 

  Elmo1 Acin1   Glmp Atp1b2 Rpl27 Ccdc141 Cfp Vcam1 

  Pde3b Ubash3b   Gm6977 Syt11 Lilrb4 Mal Tnfaip2 Iqgap2 

  Nrip1 Git2   Gm15427 Gria2 Rps7 9430020K01Rik Ccl5 Pla2g2d 

  Slco2b1 Bod1l   Gm6030 Gpr37l1 Sfrs18 Palmd S100a6 Pla2g7 

  Crybb1 Rps6ka1   Rpl36a.ps2 Scd2 Ddx26b Pecam1 Clec4n Clec4a3 

  Hpgd Arglu1   Cd300c2 Luzp2 Rpl35 Slc16a1 Ifi209 Blvrb 

  Zfhx3 Tardbp   Rps26 Bcan Rpl7a Golim4 Ifi203 Cd36 

  Lpcat2 Ddx17   Ccl2 Ntrk2 Apoc1 Slc38a5 Msrb1 Cd209b 

  Csmd3 Pnisr   Fcer1g Htra1 Ctage5 Ppfibp1 Slfn2 Sdc4 

  Tanc2 Gcnt1   Lgals3bp Dclk1 Tmem66 Fam13c Vegfa Myo5a 

  Mertk     Gm14586 Asrgl1 Ppia Sgms1 Vim Nrp1 

  Rnase4     Rpl32 Gstm1 Rps25 Cd93 Il1rn Cfp 
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  Serinc3     Pld3 Nnat Erbb2ip Edn1 Ifi211 Snx6 

  Csf1r     Tmsb4x S100b Gm26924 Sema3c Cebpb Hpgd 

  Arhgap5     Rps24.ps3 Nrxn1 Postn Ets1 Ms4a7 Lgals1 

  Maf     Cd68 Id3 Rpl13 Utrn Cd14 Fcna 

  Mef2a     Gm9843 Lsamp 2700029M09Rik C130074G19Rik Ptgs2 Ifi207 

  Lgmn     C1qa Rgs5 Ccdc55 Ptn Iqgap1 Snx2 

  Mef2c     Rpl3.ps1 Tuba1a Tpt1 Cd59a Mxd1 Clec4n 

  Srrm2     Gm10073 Timp3 Rps18 Epas1 S100a4 Fosb 

  Itgam     Rpl39 Mgp Spp1 Col4a1 Prdx5 Ms4a6b 

  Son     Ier3 Gpm6a Rpl30 Podxl Clec4e Ctsc 

  Marcks     Gm11478 Igfbp5 Rps8 Sox17 Samhd1 Dse 

  Malat1     Gm5805 Gabrb1 Rps16 Fermt2 Txn1 Apod 

  Apbb1ip     Rpl10a.ps1 Sox9 Rps2 Slc6a6 S100a10 Ifitm3 

  Hexb     Gm15772 Car2 BC016423 Crip2 Ifi205 Mndal 

        Rps13.ps2 Cadm2 Diap2 Erg Ifi27l2a Fcrls 

        Gm4332 Prdx6 Cd74 Itih5 Ms4a6c Ifitm2 

        Calr.ps Ncam1 Lrrc58 Pglyrp1 Fosl2 Lyz2 

        Rps19 Igfbp2 Rpl7 Arhgap29 Slfn5 Fos 

        Ccl6 Pdgfra Zfml Nes Cytip Lilra5 

        Rack1 Tmem47 Rpl37a Cp Tmsb10 Fcgrt 

        Ssr4 Olig1 A430104N18Rik Ptprg Ms4a6b   

        H2.D1 S1pr1 0610031J06Rik App Cxcl10   

        Itgb2 Ntsr2 Rpl27a Foxq1 Ahnak   

        Cox6a2 Itih3 1500012F01Rik Id1 Calm1   

        C1qb Ckb Vimp Kdr Cd74   

        Gm7266 Nedd4 4933426M11Rik Vwa1 Msr1   

        Rpl31.ps8 Atp1b1 Cwc22 Rflnb Nr4a2   

        Ndufa1 Fam213a D17Wsu104e Fn1 Psmb8   

        Rpl22l1 Vim Rpl15 Ltbp4 Il2rg   
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        Gm5963 Fermt2 Rpl10a Tek Cybb   

        Hexa Kcnj10 Fam105b Selenom Ifitm2   

        Rpl22.ps1 S100a1 Wapal Arl4a Ifi202b   

        Npc2 Acsl6 Rab1 Abcg2 Cstb   

        Lpl Cryab Snord49b Maoa Lilrb4a   

        Rps26.ps1 Tspan7 Gm13476 Grrp1 Ifit2   

        Gm9385 Id4 Sept15 Ece1 Irf7   

        Rpl41 Sox2 Selk Timp3 Clec7a   

        Rpl14.ps1 Tpm1 Erdr1 Stmn2 Lgals1   

        Gnas Scrg1 Ccl6 Ptprr Fgl2   

        Ifi27l2a Tril Asph Slc22a8 Emb   

        Gm11361 S100a6 Lpl Apod Fth1   

        Gm10260 Agt B630005N14Rik Col4a2 Cd44   

        Gm6204 Zbtb20 RP24.312B12.1 Ptrf Ifi207   

        Rpl39.ps Cnn3 A630007B06Rik Lef1 Iigp1   

        Ank Meg3 Rpl38 Slc16a2 Ccr1   

        Ctsh S100a16 Hnrnpa3 Uaca Gm6977   

        Rnaset2a Fam107a Rps4x AU021092 Samd9l   

        Cd83 Pou3f3 Rpsa Rgs5 Nr4a3   

        Rps15a Cldn10 Ptms Nostrin Slamf7   

        Rps15a.ps5 Pla2g7 Ccdc41 Akap12 Bst2   

        Lyzl4 Slco1c1 Gm26339 Slc9a3r2 H2.Q7   

        Rpl38.ps2 Map2 Snord42a Dynll1 Bcl2a1b   

        Rps20 Igfbp7 Clcn4.2 Aplp2 Txn.ps1   

        Gm5905 Ntm Rplp2 Slc7a1 Sp140   

        Gm6472 Cacng4 Jhdm1d Ushbp1 Nampt   

        Selenof Gm42418 Rpl37 Ifitm3 F10   

        Gusb Hepacam Siglec5 Paqr5 Ifrd1   

        Gm2000 Ncan Rpl18 Apold1 Gbp3   
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        Gm8730 Gm12222 Smap2 Edn3 Tagln2   

          Mlc1 Tnfsf8 Tspan13 Fcgr2b   

          Serpina3n 2700089E24Rik Hspb1 Amica1   

          Chchd10 D14Abb1e Tpm1 Tpt1.ps3   

          Mfge8 Suv420h1 Ifitm2 Emp3   

          Mmd2 Abcd2 Vcam1 Tiparp   

          F3 Ing4 Cgnl1 Pla2g7   

          Ddah1 1110001A16Rik Adcy4 Clec12a   

          Syne1 Leprot Eng Gda   

          Limch1 Ccdc104 Anxa2 Ifi30   

          Ldhb Slc11a1 Mpzl1 Cyp4f18   

          Slc6a1 Rps24 Ebf1 Rpl34   

          Tpm2 Myo1e Ctnnb1 Slfn1   

          Lhfpl3 D15Ertd621e Crip1 Gm7676   

          Nrcam Apoe Wfdc1 Zbp1   

          Fut9 Tec Heg1 C3   

          Nrxn2 Niacr1 Tfrc Emilin2   

          Kif1b Colec12 Col4a3bp Phf11d   

          Dmd Plgrkt Clec14a Lst1   

          Aplp1 Rpl36 Tceb2 Cxcl16   

          Sdc4 2610305D13Rik Cd200 Crem   

          Myo6 D19Bwg1357e Ndrg1 Rps2   

          Rgcc Cox7c Nedd4 Shfm1   

          Tspan3 Rin2 Sema7a Tgm2   

          Gm5514 2510009E07Rik Scgb3a1 Stat1   

          Prex2 Phyhd1 Net1 Phf11b   

          Fez1 Gtl3 Actn4 Lsp1   

          Slc38a3 Arl6ip5 Luzp1 Klra2   

          Dtna Sc4mol Cyyr1 Myof   
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          Fjx1 Apobec1 Fnbp1l H2.K1   

          Chpt1 Sfi1 Prnp Dab2   

          Sash1 Creg1 Tshz2 Acp5   

          Map1b Il4i1 Tmsb10 Anxa1   

          Hmgcs1 Uba52 Car2 Psme2b   

          Nap1l5 Hmgb1 Bmx Sp100   

          Dner Cd84 Plcb1 AI662270   

          Cbx5 Tial1 Igfbp4 Gpnmb   

          Slc6a11 Mnda BC002163 Wfdc17   

          2900052N01Rik Cfh Prex2 Mmp14   

          Sept7 Ftl1 Sparcl1 Ccrl2   

          mt.Rnr1 Calr S100a13 Itga4   

          Gpld1 4632419I22Rik Igf1r Nfil3   

          Vcan Rpl23 Afap1l1 Sh3bgrl   

          Epn2 Dnajb14 Afdn Pde4b   

          Tnik Ccdc66 Kank3 H2.DMa   

          RP23.4P23.1 Gm10263 Foxc1 Hspa8   

          Gnao1 Rpl6 Gm3531 Osm   

          Gng11 Gapdh Fzd6 Runx3   

          Klf9 Mpeg1 Snx3 Epsti1   

          Sptbn1 Cd63 Hip1 Gm12854   

          Itgb8 5830428H23Rik Gm5436 Anxa2   

          Glud1 Myl6 Wwtr1 H2.T23   

          Psip1 2810055G20Rik Uqcc2 Anxa5   

          Hbegf D19Ertd737e Hes1 Stk17b   

          Agpat5 Cyth4 Lsr Taldo1   

          Rarres2 Cnpy2 Nos3 Gbp4   

          Slc25a4 Ptplad2 Ap2m1 Clec4d   

          Kif21a RP23.32A8.1 Ctnna1 Sh3bgrl3   
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          Tubb2b St8sia6 Prom1 Mgst1   

          Ezr Slc15a3 Plcb4 Psmb9   

          Col16a1 Tmem179b Rpl38.ps2 Gbp5   

          C4b 4922501C03Rik Rgs12 Tspo   

          Pcsk1n Gm11206 Tmem252 Bcl2a1d   

          Acsbg1 Galnt7 Wbp5 AB124611   

          Gstm5 Ccdc50 Atox1 Ass1   

          Sdc2 Akap8l Gm7809 Rpl35a   

          Gap43 Ctss Serpinb6a Btg1   

          Gjb6 mt.Tm Arhgef12 Ms4a6d   

          Pcdh10 Abcg1 Dab2ip Bhlhe40   

          Cyp2j9 Ptplad1 Calm1 Txnrd1   

          Skp1a Agpat6 Mfsd2a Pygl   

          Fgfr3 Hiat1 Myl12b Oasl1   

          Arhgef12 Aim2 Fgd5 Ifit3   

          Nfia Smad4 Mt2 Rnf149   

          Bex3 Apbb1ip Vat1 Mcl1   

          Ccnd2 Hspa4 Itga1 Lyz1   

          Msi2 Rp2h Ttyh2 Tpm4   

          Add3 Fmn1 Lama4 H2.DMb1   

          Gm9625 Rpl24 Serpinb6b Parp14   

          Fam184a Cacna1a Alas1 Gm6377   

          Myo10 Ank Icam2 Fabp5   

          Pcdh17 Pros1 Myl12a Alox5ap   

          Tcf12 Naalad2 Dynlt3 Ifih1   

          Fam171b Brwd1 Osbpl1a Mcemp1   

          Rcn2 AI607873 Fkbp1a Oasl2   

          Pcdh9 Ptprc Thra Trim30a   

          Tmod2 Usp12 Iqgap1 Rps27l   
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          Msmo1 Cldn25 Cript Ldha   

          Pcdh7 Rpl14 Tmem256 Lrrfip1   

          Mapt Morf4l1 Ahnak Pirb   

          Plcd4 Actg1 Tonsl Dusp5   

          Cdh2 Rpl28 Dkk2 Malt1   

          Phyhipl Myo5a Eci1 Gpr35   

          Gm12346 Atp2b1 Gm4617 Rps18   

          Gm3764 Selt Sema3g Ctsc   

          Mdk Cd9 Limch1 Cd274   

          2900011O08Rik Csf2ra Pir Prdx6   

          Dlgap1 Zbed6 Lrp8 Tpi1   

          Ccdc88a Osbpl8 Sorbs2 Gadd45b   

          Phactr3 Prdm2 Tes Pfn1   

          Chl1 Naa35 St6galnac2 Mif   

          Gm12892 Gm17087 Cald1 Nfkbie   

          4930402H24Rik Col27a1 Slc30a1 Csrnp1   

          Dkk3 Fgd3 Mecom B2m   

          Nkain4 Tgfbr1 Gm8894 Sod2   

          Serpine2 Fam134b Arpc1a Actr3   

          Cyp2j6 Nptn Dnajc10 Myl12a   

          Kcnj16 Ramp1 Esyt2 Psma7   

          Rev3l Acer3 Nfib Gbp7   

          Hmgn5 C230081A13Rik Clec2d Bcl2a1a   

          Cfap36 Pdia3 Bcl2l1 RP23.354J5.3   

          Phlda1 Tm9sf3 Ddit4 Pkm   

          Pantr1 Plxdc2 Ccser2 Fcgr4   

          Npas3 Zfp949 Tinagl1 Neurl3   

          Cnp Timm21 S100a16 Igsf6   

          Cxcl14 Golga4 Aes Plaur   
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          Atp5g3 Gm21092 Fam63a Psme2   

          Syne2 5430435G22Rik Ctdnep1 Sdcbp   

          Ctnnd2 Cxcl14 Syne1 Rps24.ps3   

          Pmm1 Arrdc4 Gm8186 Ets2   

          Pea15a Tmem57 Grb14 Arhgap15   

          Cmtm5 Ptpra Hsp25.ps1 Prdx1   

            Pgrmc2 Ifnar1 Gm15427   

            1200014J11Rik Zic3 Gm9794   

            Tmed3 Gm11223 Rps13.ps2   

            Cux1 Sec61b Abracl   

            Zmiz1 Arhgap31 Wdr89   

            Nr2c2 Igf1 Cd52   

            Eml4 Clic5 Psma2   

            Nsa2 Robo4 Cfb   

            ZEB2-AS1-2 Polk Slc16a3   

            Nufip2 Usp46 Gbp8   

              Rabac1 H2.T22   

              Use1 Ptprc   

              Plscr2 Chmp4b   

              Kdelr1 Plin2   

              Capns1 Coro2a   

              Sntb2 C130026I21Rik   

              Rnpepl1 Cyba   

              Bola3 Oas1a   

              Rell1 Spty2d1   

              Map1b Rpl22   

              Cfdp1 Rps15a   

              Atp5j H3f3b   

              Myo1b Rel   
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              Myh10 Rbms1   

              Pinx1 Klf4   

              Ndufa3 Rps3   

              Agfg1 Gm15753   

              Vim Nr4a1   

              Gm11942 H2.D1   

                Clic4   

                Diaph1   

                Atp11b   

                Rps10.ps2   

                Cd47   

                Rnf213   

                Gm4332   

                Cd300lf   

                Cdk2ap2   

                Ccnd2   

                Rtp4   

                Metrnl   

                Snx10   

                Arpc5   

                Cox17   

                Gm9843   

                Ly6e   

                Il18bp   

                Nfkb2   

                Gm1966   

                Fosb   

                Capg   

                Rps9   
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                Gm5905   

                Gm6472   

                Vasp   

                Rps16.ps2   

                Tuba1c   

                Lcp1   

                Rplp0   

                Psmb10   

                Ezr   

                Irf1   

                Rpl29   

                Ell2   

                Psap   

                Rbpsuh.rs3   

                Rpl39   

                Gm9385   

                Sec61b   

                Gm12254   

                Trim25   

                H2.Q6   

                Stat2   

                Nfe2l2   

                Nfkbia   

                Rps15a.ps5   

                Slk   

                Gm8995   

                Gm9835   

                Myl12b   

                Ccl2   
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                Cast   

                Gpr65   

                Gpx1   

                Clec4a3   

                Gm6030   

                Gm10169   

                Aldoa   

                Rps15a.ps7   

                Cnn2   

                Neat1   

                Rpl36al   

                Gm5963   

                Gm15500   

                Rpl18.ps1   

                H2.Q4   

                Rps24.ps2   

                Sub1   

                Gm8822   

                Tmem123   

                Esyt1   

                Tpt1   

                Arpc2   

                Rps20   

                1810037I17Rik   

                Glrx   

                Prelid1   

                Sp110   

                Syngr2   

                Rps14   
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                Xaf1   

                Gm4204   

                Zfas1   

                Arpc3   

                F13a1   

                Psme1   

                Pid1   

                Rpl9.ps7   

                Hif1a   

                Mdfic   

                Lmnb1   

                Selenow   

                Trps1   

                Ncf4   

                Card19   

                Gm5835   

                Shisa5   

                Tap1   

                Irgm1   

                Spop   

                Tpm3.rs7   

                Pmaip1   

                Arl5c   

                Cyth1   

                Daxx   

                Ccl9   

                Atox1   

                Baz1a   

                Tes   
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                Gm5805   

                Ninj1   

                Mrpl33   

                Gm6204   

                Rps26   

                Herc6   

                Gsn   

                Arpc1b   

                Gm4617   

                Gm10250   

                Fth.ps3   

                Gm14586   

                Snx20   

                AI504432   

                Litaf   

                Rps5   

                Gm13092   

                Rps3a1   

                Got1   

                Pttg1   

                Gm11478   

                Rpl14.ps1   

                Atp5h   

                Rps19   

                Sri   

                Tax1bp1   

                Lsm4   

                Gm7809   

                Gm10443   
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                Dnaja2   

                Nlrp3   

                Cmpk1   

                Rps10.ps1   

                Gm9493   

                Gm14539   

                Apobec1   

                Trafd1   

                Nmi   

                Cox5a   

                Etf1   

                Rpl37rt   

                Sap18b   

                Ddx58   

                Slc7a2   

                Rpl38.ps2   

                Sdc4   

                Tgif1   

                Npc2   

                Trim30d   

                Gmfg   

                H3f3a   

                Gm4149   

                Rack1   

                Rpsa.ps10   

                Anxa4   

                Gm10275   

                Pilra   

                Eif4ebp1   
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                Kdm7a   

                Fos   

                Sf3b6   

                Rps11   

                Scand1   

                Pitpna   

                2010107E04Rik   

                Gabarap   

                Arhgdib   

                Rpl8   

                Nufip1   

 

Table S5. List of gene signatures applied for scRNA-seq analysis.      

          

Signature Human Mg Human Mo 
Enzymatic 
activation Homeostatic Mg Sensome 

Sensome w/o 
homeostatic Mg  Migration APC Phagocytosis 

Genes 12 13 25 35 140 127 464 106 219 

  HEXB CCR2 Rgs1 Bhlhe41 4632428N05Rik Abcc3 Abl1 Abcb9 4932438A13Rik 

  P2RY12 PLAC8 Hist2h2aa1 Crybb1 Abcc3 Adora3 Acvrl1 Ap3b1 4933434E20Rik 

  P2RY13 CLEC12A Hist1h4i Csf1r Adora3 Adrb2 Adam17 Ap3d1 Abca1 

  TMEM119 FCN1 Nfkbiz Ctsd Adrb2 Bin2 Adam8 Arl8b Abca7 

  GPR34 VCAN Klf2 Ctsf AF251705 C3ar1 Adam9 Atg5 Abl1 

  CXCR1 LYZ Junb Cttnbp2 Bin2 C5ar1 Adamts9 B2m Abl2 

  TGFBR1 LGALS3 Dusp1 Cttnbp2nl C3ar1 Ccr5 Adgra2 Bag6 Abr 

  CST3 CRIP1 Ccl3 Cx3cr1 C5ar1 Ccrl2 Adgrb1 Calr Adgrb1 

  OLFML3 S100A4 Hspa1a Fcrls C5ar2 Cd14 Adgrg1 Ccr7 Aif1 

  SALL1 S100A6 Hsp90aa1 Golm1 Ccr5 Cd180 Adipor1 Cd1d1 Ano6 

  SELPLG S100A8 Fos Gpr34 Ccrl2 Cd22 Adora2b Cd68 Anxa1 

  TREM2 S100A9 Hspa1b Gpr84 Cd101 Cd300a Agt Cd74 Anxa3 
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    CD44 Jun Hexb Cd14 Cd33 Aif1 Clec4a1 Appl1 

      Jund Hpgds Cd180 Cd37 Akirin1 Clec4a2 Appl2 

      Nfkbid Hspa1a Cd22 Cd48 Akt1 Clec4a3 Arhgap12 

      Gem Lgmn Cd300a Cd52 Akt3 Ctsl Arhgap25 

      Ccl4 Lrrc3 Cd33 Cd53 Amot Ctss Arl8b 

      Ier5 Ltc4s Cd37 Cd68 Amotl1 Erap1 Atg3 

      Txnip Mafb Cd48 Cd74 Angpt1 Ext1 Atg5 

      Hist1h2bc Nuak1 Cd52 Cd83 Angpt2 Fcer1g Atg7 

      Zfp36 Olfml3 Cd53 Cd84 Anln Fcgr1 Axl 

      Hist1h1c P2ry12 Cd68 Cd86 Ano6 Fcgr2b Bcr 

      Egr1 P2ry13 Cd74 Clec4a2 Anxa1 Fcgr3 Becn1 

      Atf3 Plxdc2 Cd79b Clec4a3 Anxa3 Fcgr4 Bin2 

      Rhob Rab3il1 Cd83 Clec5a Apoe Fgl2 C2 

        Sall1 Cd84 Clec7a App Gba C3 

        Scoc Cd86 Cmklr1 Aqp1 Gm8909 C4b 

        Serpine2 Clec4a2 Cmtm6 Arf6 H2.Aa Calr 

        Siglech Clec4a3 Cmtm7 Arl13b H2.Ab1 Camk1d 

        Slc2a5 Clec4b1 Csf2rb2 Arsb H2.D1 Ccl2 

        Tgfbr1 Clec5a Csf3r Atoh8 H2.DMa Ccr2 

        Tmem119 Clec7a Cxcl16 Atp2b4 H2.DMb1 Ccr7 

        Atp8a2 Cmklr1 Cysltr1 Atp5a1 H2.DMb2 Cd300a 

        Lag3 Cmtm6 Daglb Atp5b H2.Eb1 Cd300lf 

        Slco4a1 Cmtm7 Ecscr Axl H2.K1 Cd302 

          Csf1r Entpd1 Bcar1 H2.M3 Cd36 

          Csf2rb2 Fcer1g Bcas3 H2.Oa Cd47 

          Csf3r Fcgr1 Bmpr2 H2.Q10 Cdc42 

          Cx3cr1 Fcgr2b Bsg H2.Q4 Cdc42se1 

          Cxcl16 Fcgr3 Bst1 H2.Q6 Cdc42se2 

          Cysltr1 Fcgr4 C1qbp H2.Q7 Cfp 
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          Daglb Gpr160 C3ar1 H2.T22 Clcn3 

          Ecscr Gpr183 C5ar1 H2.T23 Clec7a 

          Emr1 Gsdmd Calr H2.T24 Cln3 

          Entpd1 H2.Oa Camk1d H2.T3 Cnn2 

          Fcer1g H2.Ob Capn7 Hfe Colec12 

          Fcgr1 H2.T23 Card10 Icam1 Coro1a 

          Fcgr2b Havcr2 Ccdc141 Ide Coro1c 

          Fcgr3 Hfe Ccl12 Ifi30 Csk 

          Fcgr4 I830077J02Rik Ccl17 Ighm Cyba 

          Fcrl1 Icam1 Ccl2 Mfsd6 Dnm2 

          Fcrls Icosl Ccl24 Mr1 Dock1 

          Gpr160 Ifitm6 Ccl25 Nod1 Dock2 

          Gpr183 Ifngr1 Ccl3 Nod2 Eif2ak1 

          Gpr34 Igsf6 Ccl4 Pdia3 Elmo1 

          Gpr56 Il10ra Ccl5 Pikfyve Elmo2 

          Gpr84 Il21r Ccl6 Psap Elmo3 

          Gsdmd Il4ra Ccl7 Psmb8 Fcer1g 

          H2-Oa Il6ra Ccl8 Psmb9 Fcgr1 

          H2-Ob Itgam Ccl9 Psme1 Fcgr2b 

          H2-T23 Itgb2 Ccr1 Psme2 Fcgr3 

          Havcr2 Itgb5 Ccr2 Ptpn22 Fgr 

          Hfe Kctd12 Ccr7 Pycard Gas6 

          I830077J02Rik Lair1 Cd200 Rab10 Gata2 

          Icam1 Laptm5 Cd200r1 Rab27a Gsn 

          Icam4 Lat2 Cd40 Rab32 Gulp1 

          Icosl Lgals9 Cd63 Rab33a Hck 

          Ifitm6 Lilra5 Cd74 Rab34 Hmgb1 

          Ifngr1 Ly86 Cd81 Rab35 Hspa8 

          Igsf6 Nckap1l Cd9 Rab3b Ighm 
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          Il10ra Nfam1 Cdh13 Rab3c Il15 

          Il21r Ninj1 Cdh5 Rab4a Il15ra 

          Il4ra Numb Cdk5 Rab5b Il1b 

          Il6ra P2ry6 Cdk5r1 Rab6a Il2rg 

          Itgam Pilra Ceacam1 Rab8b Irf8 

          Itgb2 Plekho1 Cib1 Relb Itga2 

          Itgb5 Pmepa1 Cklf Rftn1 Itgal 

          Kctd12 Pmp22 Clasp1 Slc11a1 Itgam 

          Lag3 Ptafr Clasp2 Tap1 Itgav 

          Lair1 Ptprc Clec14a Tap2 Itgb1 

          Laptm5 Selplg Cmklr1 Tapbp Itgb2 

          Lat2 Sirpa Cntn2 Tapbpl Itgb3 

          Lgals9 Slamf9 Col3a1 Thbs1 Jmjd6 

          Lilra5 Slc11a1 Coro1b Traf6 Lbp 

          Liph Slc16a3 Coro1c Trem2 Ldlr 

          Lpar5 Slc44a2 Creb3 Unc93b1 Lepr 

          Ltf Slc46a1 Csf1 Was Letmd1 

          Ly86 Slc7a7 Csf3r Wdfy4 Lman2 

          Nckap1l Slc7a8 Csnk2b Ythdf1 Lrp1 

          Nfam1 Slco2b1 Ctnnb1 H2.M5 Lyar 

          Ninj1 Stab1 Ctsh Kdm5d Lyst 

          Numb Tcirg1 Cul5 Flt3 Masp2 

          P2ry12 Tgfbr2 Cx3cl1 Gm11127 Megf10 

          P2ry13 Tlr13 Cxadr H2.Ob Mertk 

          P2ry6 Tlr2 Cxcl1 H2.Eb2 Met 

          Pilra Tlr4 Cxcl10 H2.M2 Mex3b 

          Plekho1 Tlr6 Cxcl12 H2.Q1 Mfge8 

          Plxdc2 Tlr7 Cxcl13 H2.Q2 Msr1 

          Pmepa1 Tmem173 Cxcl2 Treml4 Myd88 
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          Pmp22 Tmem206 Cxcl9 Ifng Myh9 

          Ptafr Tmem37 Cxcr4 Clec4b1 Myo18a 

          Ptprc Tnfrsf13b Cyp1b1 Ctse Myo1g 

          Selplg Tnfrsf1a Daam2 H2.M9 Myo7a 

          Siglec5 Tnfrsf1b Dab1 Azgp1 Ncf2 

          Siglece Trem2 Dab2ip Gm7030 Ncf4 

          Siglech Trpv2 Dcn Ccl21a Nckap1l 

          Sirpa Tyrobp Dicer1   Nod2 

          Slamf9 Icam4 Disc1   Nr1h3 

          Slc11a1 Cd79b Dixdc1   P2rx7 

          Slc16a3 Siglece Dnaja4   P2ry6 

          Slc2a5 Tlr1 Dnm1l   Pear1 

          Slc44a2 C5ar2 Dock1   Pecam1 

          Slc46a1 Cd101 Dock5   Pik3ca 

          Slc7a7 Liph Dpp4   Pikfyve 

          Slc7a8 Tlr12 Dusp1   Pip5k1c 

          Slco2b1 Tnfrsf17 Dusp10   Pla2g5 

          Stab1 Upk1b Edn1   Plcg2 

          Tcirg1 Fcrl1 Edn3   Pld4 

          Tgfbr1 Tmem8c Ednra   Pot1b 

          Tgfbr2 Clec4b1 Ednrb   Prkcg 

          Tlr1 Lpar5 Efhc1   Pros1 

          Tlr12 4632428N05Rik Efna1   Pten 

          Tlr13 AF251705 Efnb2   Ptk2 

          Tlr2 Emr1 Egf   Ptprc 

          Tlr4 Gpr56 Egfr   Ptprj 

          Tlr6 Siglec5 Emc10   Ptx3 

          Tlr7 Ltf Emilin1   Pycard 

          Tmem119   Emp2   Rab11fip2 
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          Tmem173   Emx2   Rab14 

          Tmem206   Enpp1   Rab20 

          Tmem37   Enpp2   Rab27a 

          Tmem8c   Epb41l4b   Rab31 

          Tnfrsf13b   Epb41l5   Rab34 

          Tnfrsf17   Epha2   Rab5a 

          Tnfrsf1a   Ephb4   Rab7 

          Tnfrsf1b   Ets1   Rab7b 

          Trem2   Evl   Rac1 

          Trpv2   Fap   Rac2 

          Tyrobp   Fbxo45   Rack1 

          Upk1b   Fbxw7   Rap1a 

              Fcer1g   Rap1gap 

              Fcgr3   Rapgef1 

              Fgf1   Rara 

              Fgf2   Rhobtb1 

              Fgf7   Rhobtb2 

              Fgfr1   Rhog 

              Flt1   Rhoh 

              Flt4   Scarb1 

              Foxc2   Sh3bp1 

              Foxg1   Sirpa 

              Foxp1   Slc11a1 

              Fstl1   Snx3 

              Fut10   Sod1 
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Table S6.  
Lists of differentially expressed genes between TMZ treated and control P3 PDOXs per each major cell type analysed. Differentially expressed genes were defined at threshold: FDR <=0.01 and |log2FC|>=0.5.  Genes 
are listed from the highest to lowest |log2FC|. 

         

Cell origin mouse TME human GBM 

Cell type Astrocytes Endothelial cells Myeloid cells Tumor cells 

Fold change  upregulated downregulated upregulated downregulated upregulated downregulated upregulated downregulated 

Number of genes 2 1 41 47 127 28 90 78 

  Scg2 Gm12222 RP23.269H21.1 Ttr Rnaset2b Rpl26 GDF15 BCAN 

  Aldoc   Rnaset2b Rpl26 Gm14513 Rpl35a CDKN1A ID3 
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7.1   Discussion  

Intratumoral heterogeneity and phenotypic plasticity are important hallmarks of GBM. They 

contribute to treatment failure and the development of resistance in GBM. To develop 

effective therapeutic strategies against GBM, understanding and targeting the 

heterogeneous GBM cells and TME is essential. In this thesis, I aimed to understand 

intratumoral heterogeneity and phenotypic adaptation of GBM cells and how GBM cells 

interact and co-evolve with TME components. To do this, I took advantage of the cohort of 

glioma PDOX models established in the NORLUX Neuro-Oncology laboratory and 

extensively characterized them using different histopathological and molecular techniques. 

I generated and interrogated scRNA-seq data of GBM cells and TME cell types using 

computational strategies to evaluate the heterogeneity between GBM cells, and the 

crosstalks between GBM cells and TME components. I found that the transcriptomic 

features of PDOX models closely resemble patient tumors and differ with cell lines and cell 

line-derived xenografts. Transcriptomic differences between patient tumors and PDOX 

were found to be due to the replacement of human TME with mouse TME. Single-cell 

profiling of tumor cells of PDOXs showed extensive inter and intratumoral heterogeneity. 

Subsequent characterization of the TME of PDOX models revealed extensive changes in 

the gene expression profiles indicating instruction of the TME by GBM cells. Myeloid cells, 

astrocytes, endothelial cells, and OPCs were found to change their gene expression profiles 

the most, as a result of the crosstalk with GBM cells. Importantly, heterogeneous 

subpopulations of microglia within the myeloid compartment of PDOX models were 

identified. These subpopulations show a transition from homeostatic microglia to activated 

microglia phenotype. To understand the short and long-term adaptations of tumor cells and 

TME to treatment pressure I generated scRNA-seq data from treated and longitudinal 

PDOX models. Treatment-induced tumor and TME adaptations were found in the treated 

PDOX model. Transcriptomic heterogeneity was observed in longitudinal PDOX models.  

 

7.1.1   Using scRNA-seq to interrogate intratumoral heterogeneity  

Methods relying on the generation and analysis of data from bulk tissue samples have 

proved to be ineffective in dissecting the complexity of organ systems made up of different 

cellular components. Single-cell techniques emerged as a suitable option for the mapping 

of cell types in a  tissue or organ of an organism (Aldridge and Teichmann, 2020; Han et 

al., 2018; Van Hove et al., 2019; The Tabula Muris Consortium, 2018). scRNA-seq allows 

the transcriptional profiling of individual cells rather than a group of cells, hence giving more 

information on the gene expression in each cell of interest and has thus proved to be 

beneficial in delineating the cellular composition and heterogeneity of tumor samples (Liang 
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and Fu, 2017; Valihrach et al., 2018). scRNA-seq techniques avoid the loss of information 

resulting from the aggregation of signals emanating from different cell types and cellular 

compartments as presented by the other transcriptomic techniques such as the bulk RNA-

seq and microarray technology (Nath and Bild, 2021; Stegle et al., 2015). Furthermore, 

studies of cancer cells at the single-cell level are required to decipher the evolutionary 

dynamics of cancer cells and how this process contributes to intratumoral heterogeneity. 

Sensitive scRNA-seq techniques allowed the dissection of the transcriptomic profiles of 

gliomas (Patel et al., 2014; Tirosh and Suvà, 2018; Tirosh et al., 2016; Venteicher et al., 

2017).  

Different single-cell techniques such as Drop-seq, Smart-seq, CEL-seq2, MARS-seq, and 

SCRB-seq are used with varying degrees of precision in single-cell capture and 

transcriptional profiling (Zhang et al., 2019; Ziegenhain et al., 2017). Recently 10x 

Genomics, a droplet-based technique was developed with increased throughput, speed, 

and of comparable or greater sensitivity to other single-cell techniques (Zheng et al., 2016). 

Among other available scRNA-seq protocols, Drop-seq (Macosko et al., 2015) was among 

the earliest scRNA-seq protocols and the precursor for 10x Genomics (Zheng et al., 2016). 

Both protocols apply UMIs (unique molecular identifiers) to quantify unique mRNA 

molecules, which confer to it the advantage of having a reduced noise due to PCR-based 

amplification errors. In addition to its comparable performance to other scRNA-seq 

techniques, Drop-seq is considered to have the added advantage of being the most cost-

effective when more cells are to be processed. Other protocols like Smart-seq, SCRB-seq, 

and other plate-based protocols are more preferred if a fewer number of cells and/or purified 

FACS sorted cells are to be analyzed. In addition, they offer the advantage of sequencing 

the whole transcript (Zhang et al., 2019; Ziegenhain et al., 2017). 

Thus, I used Drop-seq and 10x Genomics protocols to profile tumor and TME cells in PDOX 

models to unravel the transcriptomic features of the heterogeneous GBM ecosystem 

recreated in these preclinical models. scRNA-seq allowed us to characterize the 

heterogeneity of the TME and to understand the reciprocal crosstalk between GBM cells 

and tumor-associated myeloid subpopulations. It further allowed detailed analysis revealing 

how ITH is affected by treatment response and resistance. 

7.1.1.1 Establishing a scRNA-seq protocol for single-cell purification and 

preservation  

Majority of scRNA-seq protocols are based on sample collection and processing protocols 

that rely on the use of fresh tissue. This has made scRNA-seq very tedious and more 

expensive to implement. Designing robust and broadly applicable experiments that may 
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require tissue material from the same patient at different time points or from different mice 

models with variable endpoints is challenging. In addition, the use of archived patient 

material is limited. The optimization toward single-nucleus RNA sequencing (sNuc-seq) 

allows the extraction of nuclei from frozen and formalin-fixed tissue samples enhancing the 

use of the technologies in historical collections (Foley et al., 2019; Habib et al., 2017). 

However, these protocols still suffer from limited capture of the nuclear fraction of the 

mRNA, which requires specific analytical protocols for unmatured RNA molecules. 

Recently, single-cell purification and preservation protocols allowing the purification of 

tumor cells and the use of purified cryopreserved single-cell suspension have also emerged. 

Here, we have optimized a protocol allowing for efficient separation of human tumor cells 

and mouse-derived TME isolated from PDOXs. Our protocol involved mechanical and 

enzymatic dissociation of the developed tumor tissue followed by magnetic cell sorting, 

which allowed to deplete myelin fibers and separate mouse and human cell fractions (Oudin 

et al., 2021). This has yielded a sufficient amount of purified single tumor cells for the 

generation of organoids, scRNA-seq, or drug screening. Cell number and cell types 

recovered using our tumor dissociation protocol are comparable to other published 

protocols for fresh tumor biopsies and in xenograft models (Agorku et al., 2016; Johnson et 

al., 2021; Neftel et al., 2019; Patel et al., 2014). Interestingly, purification of the mouse-

derived TME cells was sufficient to assess transcriptomic profiles of distinct cell types. The 

comparison to a normal mouse brain allowed for the efficient assessment of transcriptomic 

changes in the GBM-educated TME, which is more challenging in human GBM. In human 

tumors, only a fragment of the tumor core is available, while in the PDOXs, the entire tumor, 

including the invasive niche, can be excised. The initial scRNA-seq protocols applied to 

glioma patient tumors did not allow for the assessment of TME cells, due to enrichment of 

tumor cells via CD45 cell depletion (Filbin et al., 2018; Patel et al., 2014; Tirosh et al., 2016).  

The unbiased scRNA-seq protocols of GBM patient tumors in general yield sufficient 

amounts of myeloid, OPC, and astrocytic cells (Friedrich et al., 2021; Johnson et al., 2021; 

Neftel et al., 2019; Wang et al., 2019), whereas analysis of less pronounced TME 

components, such as T cells and endothelial cells requires additional purification step 

(Darmanis et al., 2017; Mathewson et al., 2021). Additionally, differences in tissue handling, 

preservation, and storage may all contribute to variation in cell type recovery as recently 

reported (Denisenko et al., 2020). Since tumor cells separation in PDOXs is not 100% 

accurate, I further developed a computational strategy to separate contaminating mouse 

cells from human tumor cells and vice versa. For experiments requiring accurate separation 

between human and mouse cells, the magnetic sorting of cells should be replaced with 

fluorescent-activated cell sorting (Oudin et al., 2021).  
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Our cryopreservation protocol is similar to Wohnhaas et al. (Wohnhaas et al., 2019) and is 

based on DMSO-based preservation in 90% of serum. Indeed, the cell recovery protocol 

that does not contain any culture medium was shown to lead to a higher number of good 

quality cells following scRNA-seq when compared to the cell recovery protocol 

recommended by 10x Genomics that contains cell culture medium (Denisenko et al., 2020). 

More reports are indicating the utility and accuracy of scRNA-seq data obtained using an 

optimized cryopreservation protocol (Guillaumet-Adkins et al., 2017; Massoni-Badosa et al., 

2020; Wu et al., 2021). Interestingly, in line with our observations, cryopreserved tissue and 

single-cell suspension using a similar freezing medium (10% DMSO and 90% FBS) were 

shown to yield high-quality data that preserve cancer cells heterogeneity and TME with no 

alteration in the cellular proportion and gene expression profiles (Chen et al., 2021b; 

Wohnhaas et al., 2019; Wu et al., 2021). Data obtained from our optimized protocol and 

using other protocols presented in recent publications provide us and others with the 

experimental support to use these protocols for scRNA-seq experiments in the absence of 

logistical support needed to allow the use of fresh tumor samples. This optimized protocol 

will facilitate the use of scRNA-seq in PDOX models as well as longitudinal tumor samples. 

7.1.1.2   scRNA-seq data analyses pipeline  

Despite the progress made in single-cell transcriptomics, there are still challenges that are 

yet to be overcome, mostly relating to the analyses of the massive data generated by the 

different scRNA-seq platforms (Fan et al., 2020; Lähnemann et al., 2020). So far, efforts 

within the community to address these challenges have led to the development of more 

than 1000 computational tools (Zappia and Theis, 2021). I took advantage of existing 

computational tools (Butler et al., 2018; Trapnell et al., 2014) that have been extensively 

used within the community, to analyze our scRNA-seq generated from both Drop-seq and 

10x Genomics technologies (Macosko et al., 2015; Zheng et al., 2017). Due to the 

peculiarity of our datasets generated from PDOX models that may contain some proportion 

of cells contaminating either the mouse TME or the human tumor cells initially separated 

we developed a computational strategy to further analytically deplete contaminating human 

GBM cells in the TME dataset and vice versa. Although in silico methods have been 

developed to separate human from mouse transcripts, these methods were designed for 

situations when human and mouse cells are not separated before sequencing (Chivukula 

et al., 2015; Conway et al., 2012; Kluin et al., 2018). More also, these existing tools were 

specifically developed for bulk transcriptomics and do not consider the peculiarity of the 

single-cell datasets. Our in silico strategy is simple to implement and allows us to separate 

human tumor cells and mouse cells by mapping the scRNA-seq reads to both human and 

mouse reference genomes. The distributions of UMI counts and genes expressed in each 
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cell for each of the reference genomes are quantified. Only cells with the highest number of 

genes mapping to the mouse or human genome are classified as a mouse or human cell 

respectively (as applied in Chapter 6 of this thesis). This approach uses a similar principle 

of mapping transcripts to both genomes as also implemented in the bulk transcriptomic 

tools, however, it is implemented on a cell by cell bases and can be linked with cell clustering 

to interrogate single-cell clusters. Our in silico approach can easily be implemented in the 

pipeline for the analysis of scRNA-seq data from PDOX/PDXs and other cross-species 

animal models. 

Due to the different sets of scRNA-seq data we generated over the years from different 

mouse models and using different platforms, we optimized the data integration protocol that 

allows the efficient integration of data from different scRNA-seq technologies mainly the 

microfluidic-based Drop-seq (Macosko et al., 2015) and the automated 10x Genomics 

(Zheng et al., 2017) technologies. Although, both technologies are droplet-based with 

similar principles and similar designs containing primers with PCR handles, cell barcodes, 

UMI, and poly-T for mRNA capture attached to beads (Zhang et al., 2019). However, these 

technologies differ in the chemistry of the material used in making their beads and during 

the process of reverse transcription. While reverse transcription takes place outside the 

droplets in Drop-seq, in 10x Genomics it takes place inside the droplets. These differences 

may influence the mRNA capture rates and may introduce technical differences between 

the technologies. While scRNA-seq data generated using 10x Genomics was found to have 

fewer dropouts and better coverage in terms of the number of cells and genes captured 

compared to Drop-seq data, it is significantly more expensive (Zhang et al., 2019). Thus, 

batch correction and data integration of datasets with technical variations posed a challenge 

in scRNA-seq data analyses. Although other approaches including machine learning for 

single-cell data integration have recently emerged (Liu et al., 2021b; Lotfollahi et al., 2021; 

Peng et al., 2021), we found that using Harmony for batch correction (Korsunsky et al., 

2019) and Seurat based reference mapping (Hao et al., 2021) for data integration preserves 

the biological similarities of cell types in our datasets better. This finding based on our 

experience may be because most machine learning approaches are trained using datasets 

of normal cell types, while in our case, we have tumor-instructed cell types that have an 

altered transcriptomic profile compared to the normal brain cells. However, a robust, well-

structured comparative study will be needed to confirm this observation. 
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7.1.2   PDOX models recapitulate human GBMs 

The physiological relevance of preclinical cancer models is an important determinant of the 

efficacy of novel therapeutics in human patients (Unger et al., 2014). An interesting question 

within the cancer research community remains, how closely do different preclinical cancer 

models resemble human cancers? This is even more important in GBM mainly because it 

occurs in a highly complex organ, with many unique features and anatomical barriers to the 

rest of the body. To address this problem, several approaches have been used over the last 

decades to closely recapitulate human GBMs. Although many of the models developed 

using these approaches contributed to our current understanding of GBM, they failed to 

recapitulate the intrinsic, microenvironmental, and physiological features in which GBM cells 

exist in the brain. As a result, many potential anti-GBM agents found to be effective in 

preclinical models failed to show superior efficacy in GBM patients over existing treatment 

modalities in the clinical trials. This has contributed to the higher attrition rate of potential 

anticancer drugs compared to drugs developed for other diseases (Ocana et al., 2011). 

Thus, the absence of robust preclinical GBM models that fully recapitulate patient tumors is 

an impediment to curing GBMs and other brain tumors (Aldape et al., 2019). 

To address these identified problems, we generated and extensively characterized a cohort 

of 40 PDOXs from gliomas of different grades including 15 PDOXs generated from the same 

patient before and after treatment, and compared their molecular profiles with the parental 

tumors and cell lines generated from some of the tumors. To avoid pitfalls identified with 

other approaches for generating PDOXs, such as the long term in vitro culture and 

preselected GSCs that often lead to the loss of clonal heterogeneity and the cellular and 

extracellular composition of tumor tissue, our PDOXs were established by generating 

organoids from mechanically minced tumor fragments that are only briefly cultured ex vivo. 

Our approach produces stable PDOXs that are reproducible. We have also published the 

full derivation protocol to promote our model in the research community and to enhance 

reproducibility (Oudin et al., 2021). 

7.1.2.1   Histopathologic features of PDOXs 

Unlike other GBM models that fail to recapitulate the classical GBM histopathology, PDOXs 

show a gradient of histological features from highly invasive to highly angiogenic 

phenotypes likely reflecting inter-tumoral differences present in human GBM as 

demonstrated in pediatric high-grade glioma (Bougnaud et al., 2016; Wei et al., 2021). 

Immunofluorescence staining of brain sections of the PDOX model in our cohort against 

mouse-specific CD31 revealed a spectrum of blood vessel size and area present in different 

tumor niches. The highly angiogenic PDOXs show enlarged and highly aberrant blood 
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vessels in the tumor core, while the highly invasive PDOXs show blood vessel area and 

size similar to the normal brain (Golebiewska et al., 2020). These results indicate that 

indeed the blood vessel in mouse brains recapitulates the morphology and molecular 

features of endothelial cells seen in human GBM following instructions from human GBM 

cells implanted in mouse brain. These results are in line with reports by others indicating a 

gradient of phenotypic features in GBM PDOX models, other glioma mouse models, and 

other tumors such as head and neck cancers (Folaron et al., 2019; Inoue et al., 2012; 

Vaubel et al., 2020; Wakimoto et al., 2012). However, PDOXs generated in mice were 

generally observed to show less pronounced angiogenic features and pseudopalisading 

necrosis in comparison to rat models. This may be attributed to the smaller anatomic size 

of the mouse brain and/or the differences arising from cross-species molecular interactions 

and the varying speed of biochemical processes between human tumors and the mouse 

endothelial cells (Bakken et al., 2021; Golebieswka et al., 2021; Matsuda et al., 2020; 

Rangarajan and Weinberg, 2003). In contrast to PDOXs, subcutaneous tumors in PDXs are 

highly vascularized (Wakimoto et al., 2012). This suggests that the anatomic location of the 

tumors in subcutaneous PDXs that allow the growth of larger and more vascularized tumors 

than in the brain may likely explain the presence of enhanced angiogenic features in PDXs.  

7.1.2.2   PDOX models recapitulate GBM inter and intra-tumoral heterogeneity 

In order to interrogate the molecular fidelity of our PDOX models, we conducted extensive 

molecular characterization of the genetic, epigenetic, and transcriptomic features of 

PDOXs, their parental tumors, and patient-derived cell lines. In line with previous reports 

indicating that PDOX models retain patient tumor ploidy (Stieber et al., 2014), we 

investigated whether individual genetic events in patient tumors are also retained in PDOXs. 

Here we provide further evidence that in addition to chromosomal aberrations, PDOXs also 

retain patient-specific genetic amplification of key genes such as PDGFRα, EGFR, CDK4/6, 

MET, and MDM2/4 (Golebiewska et al., 2020). Interestingly, PDOXs did not only preserve 

CNAs and individual genetic events in parental primary tumors but also in recurrent tumors 

obtained from the same patient after treatment and only minor differences were observed 

between some PDOXs and the parental tumors. These minor differences were similar to 

differences observed in biopsies taken from different regions of the same tumor as reported 

in PDOXs and PDX models from different tumor types (Vaubel et al., 2020; Woo et al., 

2021). In contrast to PDOXs, GBM cells propagated in vitro were shown to rapidly acquire 

new CNAs and genetic events over time when compared to the parental tumors 

(Golebiewska et al., 2020). At the intra-tumor level, PDOXs also retained genetic events 

present in parental tumors. These results indicate that PDOXs recapitulate both inter- and 

intra-tumor heterogeneity at the genetic level.  
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At the transcriptomic level, PDOXs showed a remarkable similarity with patient tumors, and 

a pronounced transcriptional difference was observed between patient tumors and both the 

classical adherent cell lines and stem-like cultures. Marginal difference observed in PDOXs 

was due to the replacement of human TME with mouse counterparts in PDOXs which is 

known to impact gene expression profiles of tumor samples at the bulk level (Wang et al., 

2017). Interestingly, PDOXs show a marked similarity with patient tumors in terms of the 

enrichment of their transcriptomic profiles with tumor intrinsic signatures of different GBM 

molecular subtypes (Wang et al., 2017), indicating the retention of inter-patient 

transcriptomic heterogeneity. Furthermore, PDOXs showed a striking resemblance to 

patient tumor intratumoral features. Specifically, tumor cells in PDOXs display variable 

expression of cell cycle and hypoxia signature as well the presence of different cellular 

states described in GBM (Neftel et al., 2019; Patel et al., 2014). These results strongly 

indicate the recapitulation of both inter- and intratumoral transcriptomic heterogeneity in 

PDOXs. 

7.1.2.3   TME diversity and crosstalk with GBM cells in PDOX models 

Understanding the TME in GBM represents one of the biggest challenges in curing brain 

tumors (Aldape et al., 2019). Although the cellular and molecular features can be nowadays 

assessed directly in patient tumors, functional studies will require adequate preclinical 

models. PDOX models provide the unique advantage of modeling GBM cells in their natural 

environment and conserving the physiological and anatomical features and barriers within 

which the tumor cells grow. This offers the advantage of studying the interactions between 

GBM cells and other cells within their natural environment. The TME is vital in maintaining 

the growth and proliferation of tumor cells (Pine et al., 2020). In addition, it also aids tumor 

cells to escape from therapeutic and immune attacks. Thus, it is important to better 

understand the TME and how each TME component interacts with the tumor cells and other 

cells within the TME. Our PDOX models recapitulate the majority of TME cells types present 

in human GBMs. Using an unbiased scRNA-seq approach, we revealed the transcriptomic 

profiles of TME compartments in the PDOX models and GL261 glioma models. Our analysis 

uncovered the presence of distinct cell types in the TME of PDOXs similar to previously 

identified cell types in tumor biopsies. Notably, I  identified the presence of diverse myeloid 

cells subpopulations that are the major resident immune cells in the brain and account for 

the highest proportion of TME cell types in GBM as previously reported (Klemm et al., 2020; 

Ochocka et al., 2021; Pombo Antunes et al., 2021). Other cell types identified with distinct 

transcriptomic profiles include astrocytes, endothelial cells, oligodendrocytes, OPCs, 

ependymal cells, pericytes, and lymphocytes (Bhaduri et al., 2020; Johnson et al., 2021; 
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Neftel et al., 2019; Wang et al., 2019). These cell types showed enhanced tumor-specific 

transcriptomic profiles in the PDOXs and GL261 model compared to the non-tumor-bearing 

brains used as controls. The upregulation of key markers of reactive astrocytes in the TME 

of PDOXs compared to the normal brain indicates efficient crosstalk between human GBM 

cells and mouse astrocytes as earlier reported in patient tumors (Bhaduri et al., 2020; 

Darmanis et al., 2017; Wang et al., 2019). Endothelial cells also express key genes 

expressed by GBM-associated endothelial cells as previously reported in our PDOX models 

and patient tumors (Bougnaud et al., 2016). I further identified the upregulation of tumor-

related genes in OPCs and oligodendrocytes, which were reported to consist of different 

subpopulations in human GBMs, indicating heterogeneity and tumor-specific activation of 

these cell types (Bhaduri et al., 2020). Our data suggest that the human GBM cells in 

PDOXs can instruct the mouse TME towards GBM specific phenotypic states. In this work, 

I concentrated on the transcriptomic heterogeneity of the myeloid cell compartment. Further 

work should investigate transcriptomic heterogeneity in other TME cell types. In particular, 

my preliminary analysis revealed heterogeneous transcriptomic states within astrocytic 

cells, which warrants a more detailed analysis in the future. 

Importantly, the TME in our PDOXs is limited by the absence of T lymphocytes. Although it 

was reported that CD3+ lymphocytes have been identified in tumors from intracranial 

xenografts (Candolfi et al., 2007), these cells were not identified in our PDOXs. Interestingly, 

we identified other cells of lymphocytic lineage, mainly the B lymphocytes and the NK cells 

in the PDOX models derived in nude mice. The relevance of B and NK cells in GBM is still 

under intense investigation. Initial findings suggest that B cells possess antigen 

presentation capacity, presenting tumor antigens to T cells and thus aiding in the expansion 

of tumor-specific T cells which results in tumor regression in mouse models (Candolfi et al., 

2011).  Recently, contradictory functions have been linked to the presence of B cells in GBM 

and other tumors (Lee-Chang et al., 2019; Yuen et al., 2016). Different B cells 

subpopulations differ in their function based on their location within the tumor (Lee-Chang 

et al., 2019). This suggests variable functionalities based on what other cell types they 

interact with. Accumulating evidence emerging from studies with larger datasets in other 

tumors including gliomas associates response to treatment with increased B cell infiltration 

in tumors (Cabrita et al., 2020; Helmink et al., 2020; Petitprez et al., 2020; Wheeler et al., 

2021). It remains to be seen if B cells can establish crosstalks with other cell types as was 

reported for T cells and the impact of this interaction in remodeling the TME if established. 

Our results and that of others suggest that B cells are an integral part of GBM TME, although 

very limited in number, they may be exploited as a potential target for immunotherapy in 

GBM. This data provides important insight into the alterations in the TME following GBM 
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instruction as well as a resource for the testing of certain immunotherapeutic targets against 

the TME components that are present and activated in the PDOX models. It remains to be 

seen whether reintegration of human T cells into the TME of PDOXs will be successful. 

Various protocols emerge, allowing for implantation of human tumor cells into the so called 

‘humanized mice’’, that partially reconstitute human T cell compartment (Klein et al., 2020). 

7.1.2.4   Phenotypic and functional heterogeneity and plasticity of microglia in GBM 

Among the myeloid cells, macrophages-derived TAMs have been extensively studied in the 

context of GBM. Recent studies taking advantage of improved imaging and sequencing 

techniques are increasingly uncovering the role and function of microglia-derived TAMs 

(Mg-TAMs). In this work, I demonstrate using scRNA-seq that Mg-TAMs display 

heterogeneous transcriptional programs with functional significance. I showed that Mg-

TAMs exist in distinct transcriptional states ranging from homeostatic to activated states 

with an intermediary transitory state that may be the key driver of Mg activation. Each Mg-

TAMs state is controlled by key master transcriptional regulators. Targeting these master 

transcriptional factors (TFs) may interfere with the Mg-TAMs activation process which 

provides an anti-inflammatory environment needed for GBM proliferation and invasion. 

Recent studies using scRNA-seq profiling have also identified heterogeneous Mg-TAMs 

clusters, marking the departure from the traditional M1/M2 binary classification (Abdelfattah 

et al., 2022; Ochocka et al., 2021). Notably, our analyses revealed Mg subpopulations with 

astrocytic and endothelial cell-like transcriptomic features while expressing classical Mg 

markers. Activated myeloid cells in the brain and gliomas were reported to express 

angiogenic markers such as VEGF that are linked to the pro-angiogenic function of TAMs 

(Glass and Synowitz, 2014). The expression of these markers instructs endothelial cells to 

grow within the tumors thereby supporting the growth and proliferation of surrounding tumor 

cells (Nishie et al., 1999). These subpopulations however displayed lower phagocytosis and 

antigen presentation capacity suggesting other functions. Additional studies are needed to 

reveal their localization and role in the context of GBM. 

Mg has since been linked to phagocytic functions in gliomas (Penfield, 1925). However, 

recent studies mainly focused on the phagocytic roles of Mo-TAMs in tumor immunity 

(Gordon et al., 2017; Poh and Ernst, 2018; Zhang et al., 2016a). I show that MG 

subpopulations in PDOXs possess variable phagocytic and antigen presentation capacity 

as well as sensome features as previously reported (Goddery et al., 2021; Hickman et al., 

2013; Saavedra-López et al., 2020). In addition, I identified an increase in migratory 

capacity of Mg-TAMs from homeostatic towards activated subpopulations, in line with the 

typical features of activated Mg (Hammond et al., 2019). This suggests that activated Mg-
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TAMs are more capable of sensing changes within their environment and can detect foreign 

pathogens as well as cellular debris to phagocytize and present their antigens. It also 

suggests enhanced migratory ability effects these functions in activated subpopulations. 

This is also in line with accumulating evidence supporting microglial plasticity that enables 

Mg cells to have anti-inflammatory and pro-inflammatory roles during CNS injury (Gomes‐

Leal, 2012; Ye et al., 2021). The phagocytic function of Mg was shown to be 

spatiotemporally dependent in GBM as well as in the injured brain (Hammond et al., 2019; 

Saavedra-López et al., 2020). The spatial location of Mg-TAMs in GBM was found to also 

dictate their role in either tumor progression or tumor regression (Saavedra-López et al., 

2020). Mg-TAMs migrate to populate the pseudopalisades with an enhanced phagocytic 

ability in this region. Their function was shown to mainly target cellular debris in the necrotic 

tumor niche, thereby aiding in GBM cells invasion. On the other hand, Mg-TAMs in the pro-

inflammatory region were shown to phagocytose tumor cells (Saavedra-López et al., 2020). 

This further suggests the plasticity of Mg-TAMs enabling them to play dual roles depending 

on their spatial location. Interestingly, hypoxia was shown to alter the phenotypes of Mg-

TAMs and enhance their migratory ability towards the necrotic areas of the tumor 

(Saavedra-López et al., 2020), indicating the importance of TME niches in the functions of 

Mg-TAMs. 

Tumor cells are known to overexpress CD47, the “don’t eat me” signal, to evade phagocytic 

cells, and therefore represent a therapeutic target against tumors. Anti-CD47, as well as 

anti-PD-1 and PD-L1 treatments, were shown to increase tumor cells phagocytosis by 

TAMs mainly carried out by Mo-TAMs (Gordon et al., 2017; Li et al., 2018; Willingham et 

al., 2012; Zhang et al., 2016a). Interestingly, Mg was recently shown to also impact tumor 

cell phagocytosis on their own following anti-CD74 treatment (Hutter et al., 2019). Mg 

displayed a reduced inflammatory response compared to Mo-TAMs following anti-CD47 

treatment, further indicating the benefit of targeting Mg-TAMs for immunotherapy. 

Although previous reports indicate increased phagocytic capacity of Mo-TAMs compared to 

Mg-TAMs (Müller et al., 2017; Pombo Antunes et al., 2021), this was not observed in 

activated Mg-TAMs subpopulations and Mo-TAMs in this study. This may be due to the 

comparison between all Mg-TAMs and Mo-TAMs in the other studies, which did not assess 

individual subpopulations as performed in the present study. Homeostatic Mg-TAMs with 

low phagocytic signals may have diluted the signals coming from activated Mg-TAMs 

leading to an overall lower signal for Mg-TAMs. These results highlight the different 

subpopulations in Mg-TAMs and their functional characteristics that, if functionally validated, 

will provide important information for the development of potential immune therapies that 
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will exploit the anti-tumor functions of TAMs and/or redirect pro-tumor TAMs towards anti-

tumor functions. 

In addition to their phagocytic ability, activated Mg has been shown to have an enhanced 

migratory and invasion capacity over other Mg phenotypes (Lively and Schlichter, 2013). 

Mg is also reported to act as APCs to promote CD8 T cells infiltration in the brain during 

viral infections (Goddery et al., 2021). However, unlike the classical APCs such as DCs that 

are shown to present tumor antigens to T cells (Huang et al., 1994), it is not fully clear how 

Mg presents processed antigens to T cells and/or other cell types in the brain (Schetters et 

al., 2018). Antigen presentation by conventional APCs to T cells classically occurs in the 

lymph nodes where naïve T cells are primed (Lecoultre et al., 2020). Recently, the dural 

sinuses and the meninges in the brain have also been shown to be antigen presentation 

hubs in the brain (Hu et al., 2020b; Louveau et al., 2015; Rustenhoven et al., 2021). 

However, TAMs are unable to travel to the lymph nodes to present the antigens of 

phagocytosed cells, thus they have been shown to present antigens to T cells within the 

TME (Engelhardt et al., 2012). This suggests T reactivation rather than priming of naïve T 

cells. This could however still be beneficial for immunotherapy in the context of adoptive T 

cell transfer (Muraoka et al., 2019). Specifically, in PDOXs, where T cells are absent, it 

remains unclear to which cell types antigens processed by APCs including Mg are 

presented. The role of Mg-TAMs as effector cells triggering cytotoxic T cell infiltration in 

GBM is still under investigation. Since PDOXs models are T cell-deficient, the use of other 

preclinical models with T cells and Mg in situ, such as the patient-derived organoids, GL261, 

or humanized mouse models will help in revealing the crosstalk between activated Mg-

TAMs and T cells.  

 

7.1.3   Interrogating treatment-induced transcriptomic changes in GBM 

Although there are available therapeutic options for GBM patients, most GBMs resist the 

treatment and inevitably recur shortly after with most patients eventually dying from the 

recurrence (Aldape et al., 2018). Thus there is a need to elucidate the molecular 

mechanisms of treatment resistance in GBM. So far genetic analysis of treated GBMs did 

not reveal common and or consistent changes in recurrent GBMs and tumor evolution 

following therapy mostly occurs in a stochastic manner (Barthel et al., 2019). More also 

epigenetic profiling of longitudinal GBMs revealed a largely unchanged epigenome at 

recurrence, with only a minute difference between primary and recurrent tumors that are 

restricted to a subset of patients (Klughammer et al., 2018; Malta et al., 2021), prompting 

the need to look at individual cell populations within each tumor at different time points. 
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Patient data on the transcriptomic profiles of matched primary and recurrent tumors at the 

single-cell level is currently not available.  

7.1.3.1   Deciphering longitudinal changes in GBM 

I took advantage of our longitudinal PDOX models to investigate the transcriptomic changes 

between matched primary and recurrent GBMs using scRNA-seq. Analysis of the scRNA-

seq data obtained revealed transcriptomic differences between primary and recurrent 

samples coming from the same patient. Differences between patients at the transcriptional 

level were dictated by their genetic backgrounds. Interestingly, using copy number inference 

analysis, I identified that differences between longitudinal samples were not influenced by 

genomic alterations. Primary and recurrent tumors had similar copy number variations in 

line with the preservation of the copy number variations earlier identified on a cohort of 15 

longitudinal gliomas including these samples. Furthermore, targeted sequencing using a 

diagnostic panel specific to gliomas also confirmed the conservation of genetic variants at 

recurrence (Golebiewska et al., 2020). These data is in accordance with previous reports 

that profiled a larger cohort of GBMs and found only limited instances of treatment-induced 

genetic changes at recurrence that are largely patient-specific (Barthel et al., 2019). I also 

revealed the presence of different cellular states and molecular subtypes in both primary 

and recurrent GBMs as reported in several studies that profiled GBMs using bulk and single-

cell transcriptomics and including primary, recurrent as well as matched longitudinal 

samples (Dekker et al., 2020; Johnson et al., 2021; Kim et al., 2020a; Neftel et al., 2019). 

This suggests that both inter-and intra-tumoral heterogeneity are intrinsic properties of both 

primary and recurrent GBMs. We did not observe a consistent variation or a switch in 

cellular state and or molecular subtypes in our matched longitudinal GBMs as previously 

reported (Phillips et al., 2006). Recent bulk transcriptomic profiling of matched primary and 

recurrent GBM did not also find any evidence of molecular subtype switch at recurrence 

and reports preservation of transcriptomic features of primary tumors at recurrence  (Dekker 

et al., 2020; Kim et al., 2020a). Our differential expression analysis between primary and 

recurrent samples revealed mostly mutually exclusive lists of differentially expressed genes 

with only a few common genes between the two patients. The variable differentially 

expressed genes may have reflected the genetic differences between the patients or the 

influence of the different treatment regimens each patient received. The absence of 

pronounced differences may reflect long-term adaptation to treatment facilitated by the 

discontinuation of treatment in cancer patients, often referred to as “drug holiday”. 

Trajectory inference analyses revealed varying subpopulations with distinct transcriptional 

states and regulatory networks representing heterogeneous subpopulations from both 

primary and recurrent tumors. This result is similar to previous observations indicating 
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subpopulation differences in longitudinal samples (Bastola et al., 2020). This suggests that 

changes at recurrence mirror different cellular phenotypes with different mechanisms of 

resistance, including cells with pre-existing resistance that are also present in primary 

tumors. The lack of a definite transcriptomic and genetic difference between primary and 

recurrent tumors suggests that investigating individual molecular features may not explain 

the difference but rather a multi-omic approach may be beneficial. More also, focusing on 

and targeting subpopulation changes upon treatment may be more beneficial than targeting 

the whole tumors (Keshava et al., 2019). 

7.1.3.2   Understanding short-term treatment changes 

Unlike in longitudinal samples, TMZ treated PDOX revealed marked transcriptomic changes 

upon treatment. I observed differences in transcriptomic features in tumor cells between 

treated and untreated PDOX models. Copy number inference analyses revealed largely 

similar genomic alterations between TMZ treated and untreated tumors. Intriguingly, we 

observed a marked shift in the GBM cellular state's distribution, with an increase in the 

proportion of mesenchymal-like GBM cells in TMZ treated. This is in line with a recent report 

indicating an expansion of mesenchymal cluster following short-term exposure of GBM cells 

to environmental stress specifically hypoxic condition (Johnson et al., 2021) or targeted 

therapy (Eyler et al., 2020; Liau et al., 2017). More also mesenchymal transition was 

observed following single-cell profiling of circulating tumor cells in lung cancer after 

treatment (Stewart et al., 2020). Therapy-induced cellular state changes in residual disease 

were also reported following treatment (Maynard et al., 2020). These results taken together, 

suggest treatment-induced phenotypic changes in GBMs and other tumors that are 

observed shortly after treatment. 

Furthermore, transcriptomic characterization of the TME cells of TMZ treated PDOX 

revealed variations in the proportions of TME cell types. Importantly, I observed an upward 

shift in the proportion of myeloid cells with a decrease in the proportion of endothelial cells 

in TMZ treated compared to untreated PDOX. The correlation between an increase in the 

MES-like cells and the proportion of myeloid cells in the treated PDOX corroborates recent 

findings linking myeloid cells infiltration with a switch towards a mesenchymal phenotype in 

GBM (Hara et al., 2021). Single-cell profiling revealed an increased proportion of myeloid 

cells following treatment. This observation was confirmed by immunostaining showing a 

significant increase in Mg-TAMs in the tumor core of treated PDOXs when compared with 

untreated PDOXs. Interestingly, Mg-TAMs adapted their transcriptomic profiles towards 

inflammatory responses such as migration, chemotaxis, and gliogenesis as well as 

regulation of translation, endocytosis, cholesterol homeostasis, and actin cytoskeleton. This 
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was concomitant with decreased levels of TAM markers involved in promoting tumor growth 

and an increase in the homeostatic and transitory Mg-TAMs subpopulations. These 

changes upon treatment further indicate the plasticity of myeloid cells during therapy and 

corroborate earlier findings showing an increase in the number of myeloid cells during TMZ 

and anti-CD47 treatment in GBM (von Roemeling et al., 2020). This finding is also in 

agreement with several recent reports revealing TME related changes in recurrent tumors 

(Pombo Antunes et al., 2021; Sa et al., 2020; Varn et al., 2021). 
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7.2   Conclusions 

In this doctoral thesis, I presented original research work that aimed at answering important 

questions regarding the suitability of PDOXs as relevant pre-clinical models for GBM 

research. I used scRNA-seq and different computational techniques to interrogate the 

transcriptomic features of GBM cells and to understand the crosstalk between GBM cells 

and TME in PDOX models. Additionally, as proof of concept, I used a special cohort of 

longitudinal PDOXs and a treated PDOX model to decipher the mechanisms of treatment 

resistance in GBM. The findings from this work further highlight the relevance of GBM PDOX 

models as a powerful platform for high-quality preclinical research that enables the 

identification and characterization of longitudinal tumors from the same patient. It also 

confirmed the clinical relevance of GBM PDOXs for the testing of novel therapeutics 

including immunotherapeutics designed to target myeloid cell types. Results from our 

scRNA-seq analysis demonstrate the value of single-cell transcriptomics for interrogating 

intratumoral heterogeneity and the identification of novel subpopulations that have been 

masked in bulk transcriptomic techniques.  

In Chapter 3, I presented an overview of the concept of cellular heterogeneity and plasticity 

and their role in enhancing treatment resistance in GBM. Based on the recent research 

findings presented, the heterogeneous GBM ecosystem appears to be heavily dependent 

on the tumor's intrinsic features such as genetics, transcriptomics, epigenetics as well as 

the TME niches. The intrinsic developmental plasticity in GBM is at variance with the 

proposed hierarchical model described in CSCs that mirrors normal neural development. In 

GBM, cellular plasticity allows for the maintenance of dynamic tumor cell populations that 

can easily transit into the different cellular states following TME cues. Importantly, this 

allows GBM to easily maintain intratumoral heterogeneity and adapt to treatment pressure 

giving rise to drug-tolerant persister cells. More also, cells with a pre-existing genetic and 

phenotypic advantage also give rise to different resistant clones within the GBM following 

therapy. It is therefore important to target the different dynamic subpopulations within GBM 

to effectively eliminate all tumor cells and completely cure the disease. To achieve this, 

extensive research should be embarked on to fully understand the molecular features and 

regulators enabling plasticity in GBM. 

In Chapter 4, I presented our protocol for the derivation of PDOX models. This protocol 

provided detailed guidelines on the generation of PDOXs used in this thesis. Additionally, 

we described in detail our optimized tumor tissue processing technique for the purification 

of single cells that can be used for ex vivo functional assays, generation of tumor organoids, 

and scRNA-seq. Using our protocol, debris-free TME cells can be obtained for further 
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analysis such as co-culture of organoids and TME in a controlled ratio. Following single-cell 

dissociation, purification, and freezing of single-cell suspensions, I optimized the use of 

thawed single cells for scRNA-seq. While scRNA-seq is currently being adapted to be 

applied on frozen and or fixed tissue samples, so far current protocols are largely optimized 

to capture single cells from fresh samples. Our protocol for single-cell purification and 

preservation is a viable option that will aid the rapid transition toward the utilization of 

archival tissue samples and especially for the longitudinal profiling of tumors in PDOX 

models. However, this protocol should be used with caution in dissociating TME cells in the 

brain, especially when targeting microglia. As this protocol involves an enzymatic 

dissociation step, recent studies indicate the possibility of enzymatically activating microglia 

cells (Van Den Brink et al., 2017; Marsh et al., 2022). Importantly, our analysis showed that 

this procedure impacts more homeostatic microglia in the normal brain, rather than in GBM-

educated TAMs. 

In Chapter 5, I presented our work on the extensive molecular profiling of PDOX models. 

Our PDOXs models show a remarkable recapitulation of tumor intrinsic genetic, 

transcriptomic, and epigenetic features. PDOXs also retain both inter- and intratumoral 

heterogeneity observed in patient tumors. I also demonstrated the presence of GBM 

specific TME suggesting evidence of tumor-TME crosstalk in the PDOX models. An 

important relevance of our PDOXs is the ability to study longitudinal patient biopsies 

implanted in the PDOX models. Hence, PDOXs and other preclinical models are an 

invaluable option to study and monitor treatment responses in GBM patients. Based on its 

recapitulation of major molecular features of the parental tumor and an intact TME that 

allows tumor-TME crosstalks in a physiologically relevant environment, the PDOX model is 

invaluable for preclinical GBM studies including testing of novel therapeutics (Hidalgo et al., 

2014; Jacob et al., 2020; Sun et al., 2021).  

In Annex 1, I presented data on the use of the PDOX model to understand longitudinal 

changes in GBM. Obtaining matched primary and recurrent patient tumor biopsies has 

remained a challenge, mainly because most recurrent GBMs are inoperable due to the 

deteriorating conditions of the patients and other concerns such as insufficient tumor tissue 

that are prioritized for diagnosis as well as other clinical and ethical concerns relating to 

patient welfare (Aldape et al., 2019; Turajlic et al., 2019). Thus, our PDOX models are an 

important tool to investigate longitudinal changes in GBM. With the advent of new protocols 

optimized for the single-cell transcriptomic profiling of frozen and formalin-fixed tissues, a 

large cohort of longitudinal GBMs will be available for in-depth analyses to reveal molecular 

changes following treatment. I initially planned to profile the longitudinal tumors from six 
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patients obtained before and after treatment. As a result of the massive restrictions imposed 

by the COVID-19 pandemic, only data from two patients were available for analysis. 

Therefore, this study was constrained by the limited data available which represents only a 

pilot study that is difficult to infer any solid conclusions from the preliminary observations. 

Hence, there is the need to further profile sufficiently large cohorts of PDOXs generated 

from longitudinal GBMs to be able to fully decipher the transcriptomic changes upon 

treatment at the single-cell level. We also performed TMZ treatment in a PDOX model to 

understand the adaptation of GBM tumor and TME subpopulations directly upon treatment. 

However, data from the treated PDOX model is also limited by sample size and the lack of 

other components of the standard-of-care treatment, namely surgical resection and 

radiotherapy.  

In Chapter 6, I presented the single-cell transcriptomic phenotyping of TME in PDOXs and 

GL261 glioma models. TME in PDOXs models showed an outstanding similarity with the 

patient GBM TME. TME subpopulations reflected a GBM-specific transcriptomic profile 

indicating instruction by GBM tumor cells. The tumor-associated myeloid compartment was 

shown to be predominantly of microglial origin in both PDOX models and human GBMs. 

We demonstrated that Mg-derived TAMs are heterogeneous with distinct subpopulations 

controlled by specific transcriptional regulators. We further revealed using computational 

analyses that microglia-TAMs displayed functional features such as chemotaxis,  

phagocytic, sensome, and antigen presentations capacity toward GBM cells. We further 

showed that TMZ treatment leads to a rapid transcriptional adaptation of both tumor cells 

and TME in PDOX models demonstrating the utility of the TME in PDOX models for the 

assessment of treatment response. Our findings highlight the similarity of the TME of PDOX 

models with that of human GBM, especially the TAMs subpopulations, further indicating the 

relevance of these models for preclinical research, especially for the testing of 

immunotherapies targeting TAMs and other TME subpopulations like B cell and NK cells 

but not T cells.  

Overall, the finding presented in this thesis demonstrated an optimized protocol and 

analytical pipelines for single-cell purification and transcriptomics characterization of GBM 

cells and TME in PDOX models. This work also revealed the transcriptomic fidelity of GBM 

cells and TME in PDOXs to human GBM cell and TME, that further establish the relevance 

of PDOX models as clinically relevant models. Using longitudinal PDOXs and a treated 

PDOX model, I presented evidence on the relevance of PDOX in understanding treatment-

induced changes in GBM. Finally, I presented evidence on the importance of focussing on 

the microglia subpopulations as potential antitumor agents within the TME, indicating that 
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the successful elimination of this dynamic entity, GBM, would require taking the fight directly 

to the tumor microenvironment.  
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7.3   Outlook  

Reprogramming TME to exploit GBM vulnerabilities 

Characterization of PDOX models has mainly focused on the interrogation of the degree of 

the fidelity of tumor cells propagated in PDOX in comparison to human tumor cells. In 

addition to the characterization of tumor cells, I present here, to my knowledge, the first 

report of extensive characterization of the TME in PDOX models. More research efforts are 

needed to fully characterize all the different TME components in PDOXs and other 

preclinical models. Among the different TME subpopulations, myeloid cells especially the 

macrophages have been extensively studied for their role in maintaining an 

immunosuppressive TME in GBM. There is the need to extensively study other cells types 

especially the astrocytes, endothelial cells, OPCs, and oligodendrocytes for their potential 

role in promoting a pro- or anti-tumorigenic environment in GBM. Recent findings that may 

be studied in the context of GBM to exploit the potential phagocytic and antigen-presenting 

capacities of reactive astrocytes and “immunological” OPCs in the brain (Absinta et al., 

2021; Kirby et al., 2019; Liddelow and Barres, 2017; Rostami et al., 2020) and neutralizing 

the pro-tumoral functions of reactive astrocytes as they have been reported to aid therapy 

resistance in GBM (Niklasson et al., 2019). While T cells have also been deeply 

characterized with available knowledge points to the regulatory T cells as the prime 

suspects for immunosuppression and failure of immunotherapies in GBM, other lymphocytic 

cells such as the B cells are less studied but have been shown to possess an immune 

regulatory ability (Lee-Chang et al., 2019). In-depth characterization of these less 

interrogated cell types can provide vital information that could be exploited to design 

efficient immunotherapies against GBM. It is also important to interrogate the mechanisms 

of the interactions between tumor cells and TME at the molecular level. Although, the 

species differences between human tumor cells and mouse TME as well as the sample size 

variation in terms of the cell abundance between the bulky tumor cells and TME are 

currently a barrier to directly studying the tumor cell interactions in PDOXs, targeting a 

higher cell number, and developing computational techniques that will be able to handle 

and compare transcriptomes from different species may be a viable option. 

Less attention has been given to Mg even though they form the highest proportion of TME 

cell types in GBM (Woolf et al., 2021). Functional validation of the phagocytic functions of 

the subset of Mg we identified should be functionally validated. If validated, the population 

of Mg-TAMs subpopulations with phagocytic capacity can be increased with the ultimate 

goal of enhancing tumor innate immunity and facilitating T cell adaptive response in GBM. 

Additionally, perturbation experiments to remodel anti-inflammatory Mo-TAMs and Mg-



 

 248 

Chapter 
Seven 

 

 

TAMs to pro-inflammatory Mg-TAMs by overexpressing the identified transcription factors 

maintaining pro-inflammatory Mg-TAMs cell state may be a viable approach to 

reprogramming the TME against GBM cells.  

Multiomic profiling of longitudinal GBMs in a larger cohort  

So far no specific consistent changes have been reported in tumor cells at GBM recurrence. 

Changes reported in recurrent tumors are mostly restricted to the TME specifically the 

myeloid compartment where higher monocyte infiltration was reported in recurrent tumors 

(Pombo Antunes et al., 2021; Sa et al., 2020).  Upregulation of T cell activation pathways 

in GBM patients that received standard-of-care treatment (Kim et al., 2020a) as well as 

immunotherapy (Zhao et al., 2019) was also reported. An extensive analysis of immune 

signatures in different tumors following immune therapy further confirmed T cell infiltration 

following treatment (Chen et al., 2016; Wang et al., 2020a). In addition, massive B cell 

infiltration following therapy is a feature of TME remodeling following treatment (Helmink et 

al., 2020). To understand the treatment-induced changes enabling GBM cells adaptability 

and treatment escape, future studies should be designed to comprehensively characterize 

longitudinal tumors in a larger cohort using tumor multisampling, spatial-omics, and 

emerging multi-omics technologies permitting the simultaneous assessment of genetic, 

epigenetic, and transcriptomic information to understand the dynamic states in the spatio-

temporal context within distinct TME niches. This may require the development of new or 

the optimization of existing computational tools with high sensitivity of detecting and 

compounding salient changes coming from each layer of the molecular data.  

Understanding drug-tolerant persister cells in a larger cohort of treated PDOXs 
receiving the full standard-of-care regimen 

An emerging model of treatment resistance in tumors is the plasticity of tumor cells upon 

treatment giving rise to varying subpopulations such as the drug persister cell that survive 

treatment and become the origin of recurrent tumors (Sharma et al., 2018). Their immediate 

response and adaptation to treatment pressure should be studied to better design effective 

treatment strategies. Studying the impact of treatment on GBM cells directly in patients is 

limited by technical difficulties and concerns about patient consent and welfare. The use of 

non-invasive approaches such as liquid biopsies and enhanced imaging techniques to 

monitor tumors following treatment is currently under intense investigation and provides a 

platform for monitoring tumor cells response to treatment (Aldape et al., 2019; Fontanilles 

et al., 2020; Piccioni et al., 2019; Sharma et al., 2021b; Turajlic et al., 2019). When using 

PDOX models as a viable experimental model, in addition to increasing sample size, 

surgical resection and radiotherapy that are an integral part of the standard treatment 
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strategies in GBM should be incorporated into the treatment modalities to fully recapitulate 

the treatment administered to human patients. 

 

 

 

 

 



      

 
250 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Annexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 251 

Annex 
One 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annex 1 

Deciphering treatment-induced changes in tumor cells 
and TME in GBM PDOXs using scRNA-seq 

Yabo YA, Oudin A, Grzyb K, Nazarov PV, Skupin A, Niclou SP, Golebiewska A. 

 

Result report 

 

 

 

 

 

 

 



 

 252 

Annex 
One 

The rationale of the study 

In this work, we aimed to understand longitudinal transcriptomic changes in GBM using 

scRNA-seq. We took advantage of the longitudinal PDOX models generated from patient 

tumor biopsies obtained before and after treatment. We systematically compared gene 

expression between primary and recurrent samples from the same patient. We used frozen 

single cells from the dissociated tumors developed in the PDOXs to circumvent the logistical 

difficulties associated with collecting and processing longitudinal patient samples and 

PDOXs reaching the endpoint at the same time. In this work, we generated an important 

and unique set of data that profiles the transcriptome of primary and recurrent GBM from 4 

patients at the single-cell level. This work represents to our knowledge the first available 

datasets with the potential to reveal important insights into the transcriptomic landscape of 

treated GBMs at the single-cell level.  

 

Personal contributions 

I have collected and cryopreserved single cells from longitudinal PDOXs for 12 PDOXs 

representing 6 patients. Up to date, 8 PDOXs have been processed by the 10x Genomics 

platform and sequenced. This work was severely delayed by the lockdown imposed due to 

the COVID-19 pandemic and the fallouts of the lockdown resulted in a protracted delay in 

receiving laboratory supplies and consumables that affected the normal operations of the 

laboratories and the sequencing platform. Due to these challenges faced, here I present 

data from only 4 PDOXs representing 2 patients. In Figures 1A and B, I illustrated the 

patients' treatment regimens. In Figure 1C, I show the histopathological features of the 

selected PDOXs. I summarized the clinical information of patients' tumors used to generate 

the PDOX models in Table 1 and the scRNA-seq data generated in Table 2. I illustrated 

the scRNA-seq workflow in Figure 2A. Using the generated scRNA-seq data, I performed 

dimensionality reduction using UMAP shown in Figure 2B where primary and recurrent 

samples clustered based on the patient of origin indicating close similarity in their genetic 

background. I showed that all GBM cell states and molecular subtypes are present in both 

primary and recurrent GBM in Figure 2C. I reconstructed the copy number profiles from the 

gene expression data in Figure 2D showing the absence of pronounced genetic changes 

following treatment. I identified common differentially expressed genes and enriched 

pathways between primary and recurrent tumors in Figures 3A, B, C, and D. I 

reconstructed the trajectory and identified transcriptional regulators of different 

subpopulations in primary and recurrent GBM as shown in Figures 4A, B, and C. I 

contributed to project design, data generation, and analysis and also prepared this 

preliminary report. 
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ABSTRACT 

Intra-tumoral heterogeneity and phenotypic plasticity are major barriers in the treatment of 

many tumor types. In glioblastoma (GBM) – the most aggressive brain tumor - survival of 

patients following standard therapy has stagnated to an average of 14 months, largely due 

to the inherent heterogeneity and phenotypic plasticity. Patient-derived orthotopic 

xenografts (PDOX) are important tools for preclinical cancer studies. We have shown that 

they recapitulate histological and molecular features of patient tumors, thus producing more 

clinically relevant study outcomes when compared to other preclinical models. To 

understand the longitudinal evolution of phenotypic intratumoral heterogeneity, we applied 

single-cell RNA-seq in GBM PDOX models generated from naive and treatment-exposed 

patient tumors. Advanced computational algorithms, were applied to identify treatment 

resistance signatures and master regulators of the identified treatment-resistant 

subpopulations. We show that both treated and untreated PDOX models recapitulate inter 

and intra-tumoral transcriptional programs reported in GBM patient samples. Differential 

expression analyses identified treatment-induced signatures and GO terms linked to GBM 

recurrence. Trajectory and transcription factor inference analyses revealed variable cell 

state changes and transcriptional regulators at recurrence. Our GBM PDOX models provide 

a platform for high-quality preclinical research and an improved clinical relevance in the 

development and testing of novel therapeutics. 

 

Keywords 

Glioblastoma, Preclinical models, Recurrence, Patient-derived orthotopic xenografts, 

Treatment resistance, Single-cell RNA-sequencing.  
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INTRODUCTION 

Glioblastomas (GBMs) are among the most heterogeneous tumors, which hampers patient 

stratification and the development of effective therapies (Aldape et al., 2018; Wen & Kesari, 

2008). The standard-of-care in GBM involves surgical resection followed by radiotherapy 

and chemotherapy with temozolomide (TMZ) (Stupp et al., 2005). However, following the 

aggressive standard treatment, most GBMs resist treatment and invariably recur into a more 

aggressive tumor. The nature and mechanism of treatment resistance in GBM is not fully 

understood. TMZ is an alkylating agent that is shown to benefit GBM patients with a 

methylated MGMT (O6-methylguanine–DNA methyltransferase) gene promoter (Hegi et al., 

2005). Both TMZ and radiation are cytotoxic agents that exert DNA damage to proliferating 

cells (Chalmers, Ruff, Martindale, Lovegrove, & Short, 2009). The expression of MGMT is 

regulated by the methylation of its promoter. Thus, in the absence of this promoter 

methylation, the active MGMT enzyme renders TMZ treatment ineffective, therefore GBM 

cells with a methylated MGMT promoter lack MGMT-mediated DNA repair ability and are 

more sensitive to TMZ treatment (Haar et al., 2012). Intra-tumoral heterogeneity and 

phenotypic plasticity are intrinsic features of GBMs and are thus considered to be important 

factors contributing to the resistance mechanisms in GBM (Qazi et al., 2017; Yabo, Niclou, 

& Golebiewska, 2021). GBM cells manifest remarkable plasticity and respond flexibly to 

selective pressures including therapeutic pressure by transiting towards states favorable to 

the new tumor microenvironment (Dirkse et al., 2019; Johnson et al., 2021; Neftel et al., 

2019). How intra-tumoral heterogeneity and phenotypic plasticity contributes to treatment 

resistance is currently less clear. The exact nature of treatment-resistant, tolerant and 

sensitive GBM cells remains unresolved. Treatment resistance is currently viewed to be 

multifaceted in GBM and treatment-resistant cells display varying degrees of sensitivity to 

treatment (Yabo et al., 2021). The development of treatment-resistant genetic clones or 

phenotypic states may be driven by pre-existing resistant cells with genetic or phenotypic 

advantages favored by Darwinian selection (Shen, Vagner, & Robert, 2020; J. Wang et al., 

2016). Other tumor cells develop resistance through adaptation towards a drug-tolerant 

persister state with a plastic ability (Oren et al., 2021). Transcriptomic profiling of cells within 

each tumor niche at the single-cell level allows the revealing of transient and long-term 

signatures of the resistant states (Rabé et al., 2020). In the past years, bulk sequencing 

technologies have revolutionized investigations of inter-patient heterogeneity of cancer 

tissues for precision medicine. However, bulk sequencing alone is not sufficient to deeply 

characterize the intra-tumoral heterogeneity of each individual tumor. Thus, molecular 

analyses at the single-cell level will be crucial to the understanding of resistance 

mechanisms in cancer. Recent development of sensitive scRNA-seq opened promising 
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opportunities for dissecting transcriptomic profiles of heterogeneous tumors (Neftel et al., 

2019; Patel et al., 2014; Tirosh et al., 2016; Q. Wang et al., 2017). Unlike the bulk RNA-

seq, scRNA-seq can identify different sub-population of cells within a tumor and the 

changes arising from the impact of therapy on different tumor cells sub-populations. scRNA-

seq was shown to be instrumental in unveiling plasticity and gene regulatory, which can be 

further exploited to limit therapy resistance networks (Aibar et al., 2017; Neftel et al., 2019; 

Rambow et al., 2018). scRNA-seq profiles further allow for elucidating cell-cell cross-talks 

in heterogeneous tissues (Kumar et al., 2018; Raredon et al., 2019; Yuan, Tao, Chen, & 

Shi, 2019). Key molecular regulators of tumor cell plasticity towards treatment resistance 

states represent novel targets for future combinatory treatments. Understanding treatment-

induced changes in GBM will help in revealing key molecular regulators enhancing tumor 

cell plasticity and resistance that could be targeted in combinatory treatments. In this study, 

we profiled the histologic and transcriptomic features of longitudinal GBMs implanted in 

PDOX models derived from patients prior to and after treatment. We identified 

transcriptomic adaptations of GBM cells to therapeutic pressure. 

 

MATERIALS AND METHODS 

Patient samples and derivation of PDOX  

Fresh glioblastoma tumor tissues biopsies were collected from patients following surgeries 

on primary tumors and at recurrence at the Centre Hospitalier of Luxembourg (CHL; 

Neurosurgical Department) All patients gave their consent and the study was approved by 

the local research ethics committee (National Committee for Ethics in Research (CNER) 

Luxembourg). 3D organoids from patient samples were prepared as previously described 

(Oudin et al., 2021). The handling of animals and the surgical procedures were performed 

in accordance with the regulations of the European Directive on animal experimentation 

(2010/63/EU). The experimental protocols were approved by the Animal Welfare Structure 

of the Luxembourg Institute of Health (protocols LRNO-2014-01, LUPA2019/93 and LRNO-

2016-01) and by the Luxembourg Ministries of Agriculture and of Health.  

Immunohistochemistry and histopathological analysis 

Paraffin-embedded brains were sectioned and stained and stained with hematoxylin (Dako) 

and 1% eosin (H&E) (Sigma). For immunostaining, brain sections were pre-treated with 

Proteinase K (Dako) for 5min followed by incubation at 95°C for 30 min in retrieval solution 

(Dako). The Dako Envision+System-HRP was used according to the manufacturer’s 
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instructions. Primary and secondary antibodies were incubated for 1h. Signal was 

developed with 3,3′-diaminobenzidine chromogen in 5–20 min. Additional 

immunohistochemistry (IHC) preparations were performed using a Discovery XT automated 

staining module (Ventana) and standard protocols as reported (Golebiewska et al., 2020). 

The existence of necrosis and the degree of invasion was assessed on the basis of H&E 

and human-specific Nestin staining. IHC of mouse endothelial cells (CD31) was performed 

on isopentane flash-frozen tissues sectioned with cryostat (10µm) were fixed with acetone 

and chloroform. Nonspecific binding was blocked with 2% FBS in TBS and antibodies were 

incubated for 1h at RT. Pictures were acquired with a Leica DMI 6000B microscope. Vessel 

quantification was done using ImageJ software. Average vessel area (µm2) was used as a 

proxy for vessel abnormality.  

Single-cell isolation and sequencing using 10x Genomics 

PDOXs were deeply anesthetized and transcardially perfused with PBS before dissecting 

the tumor-bearing brain. To purify human tumor cells and mouse TME cells, tumor-bearing 

brains from PDOXs were mechanically and enzymatically dissociated followed by MACS-

based purification with Myelin Removal Beads II and then Mouse Cell Depletion Kit (Miltenyi 

Biotec) in accordance with manufacturer’s recommendations and as described (Oudin et 

al., 2021). Purified single tumor cells were placed in a medium containing 10% DMSO and 

90% FBS and frozen using Mr Frosty, first in -80o freezer overnight and then transferred to 

the liquid nitrogen tank. Vials containing frozen cells were suspended in a 4oC water bath 

until they thaw. 10ml of RNAse free DPBS + 0.05 % FBS were slowly added to thawed cells 

to wash out the DMSO. The cells were then centrifuged at 300g for 5min at 4oC. This was 

repeated 3 times until all the DMSO is washed out. Cells were then diluted to 106 cells/ ml 

with RNAse free DPBS + 0.05 % FBS. Diluted cells were filtered using a 50µm filter. The 

viability of cells was verified using Bechman coulter automatic cell counter and C-Chip – 

Disposable Haemocytometer (NanoEntek) viability analyzer. Cell concentration was 

adjusted to target the encapsulation of 3000 cells according to 10x Genomics cell 

preparation guidelines. Chromium Next GEM Chip with single-cell suspension was loaded 

to the Chromium Controller (10x Genomics) for generation of encapsulated cells and GEMs. 

scRNA-seq libraries were prepared using the Chromium Next GEM Single Cell 3’ GEM, 

Library & Gel Bead Kit v3.1 and a Chromium i7 Multiplex kit according to the manufacturer’s 

protocol. Libraries were purified using SPRIselect magnetic beads and analyzed using 

Agilent 2100 Bioanalyzer. Sequencing was performed using NextSeq 500/550 High Output 

Kit v2.5 (75 Cycles). 
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scRNA-seq data analysis 

FASTQ files were assembled from the raw BCL files using Illumina’s bcl2fastq converter 

and ran through the FASTQC codes [Babraham bioinformatics; 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/] to check library qualities by the 

assessment parameters a) quality per base sequence, b) per base N content, c) per base 

sequence content and d) over-represented sequences. Libraries with significant deviation 

were re-sequenced. FASTQ files were subsequently merged and converted to binaries 

using PICARD’s fastqtosam algorithm. Barcode processing and UMI filtering were 

performed using the Cell Ranger 4.0.0. To generate DGE matrices mouse library (mm10) 

and human library (GRCh38) was used. The mean reads average per cell across the gene 

expression libraries was 7207, and the average saturation of the sequencing was 30-40%, 

as calculated by Cell Ranger. The generated digital gene expression matrix (DGE) was 

filtered using the Seurat (version 3) in R (version 3.6.0) based on ribosomal and 

mitochondrial genes as well as on low and high transcript content. The following threshold 

filters were used: only cells that expressed at least 200 genes, and only genes that were 

expressed in at least 5 cells were selected for further analysis. To normalize for transcript 

capturing between the beads, Seurat ‘LogNormalize’ function was used. Dimensionality 

reduction and the identification of marker genes and visualization were done using UMAP 

implemented in the Seurat package version 3 (Stuart et al., 2019). Differentially expressed 

genes between primary and recurrent samples were calculated using the Wilcoxon rank-

sum test via the Seurat ‘FindMarkers’ function. P-value adjustment was performed using 

the Bonferroni correction method. Differentially expressed genes (DEGs) were generated 

using ‘FindAllMarkers’ function in Seurat.  

Single-cell signature scores for cellular phenotypic states and meta-modules (MES, AC, 

NPC, and OPC-like) were implemented as described in Neftel et al., 2019 (Neftel et al., 

2019). TCGA subtypes of single cells were assessed based on signatures described in 

Wang et al., 2017 (Q. Wang et al., 2017). The signature scores for TCGA subtypes were 

determined using a similar approach as in Neftel et al., 2019 (Neftel et al., 2019). Briefly, 

scores (averages expression levels) of signature genes of the cell state or subtypes were 

calculated in every single cell and then subtracted the total scores of the control gene sets. 

Analyzed genes were binned based on the averaged expression, and the control genes 

were automatically and randomly selected from each bin. METASCAPE gene functional 

classification tool (https://metascape.org/) was used for gene ontology analysis. Single-cell 

trajectory inference analysis was done with Monocle v2 (Qiu et al., 2017). Gene regulatory 

network inference, identification of regulons, motif enrichment TFs prediction as well as the 



 

 259 

Annex 
One 

quantification of the activity of identified regulons in each cell were done according the 

standard SCENIC workflow (Aibar et al., 2017). 

 

RESULTS 

PDOX models retain histopathologic features of primary and recurrent human GBMs 

We selected from the cohort of our PDOXs models earlier characterized two longitudinal 

models (LIH192 and LIH347) (Golebiewska et al., 2020). Four PDOXs from two patients 

were generated from primary and recurrent tumors of each patient. We selected patients 

with IDH wildtype and MGMT unmethylated GBMs to represent GBM patients that are 

known to have the natural ability to resist TMZ treatment (clinical data of patients shown in 

Table 1). All patients received standard-of-care treatment in GBM as illustrated in Figure 

1A-B patients LIH192 and LIH347 respectively. Interestingly, additional PDOX is available 

for patient LIH192 from the third surgery, however, the patient did not receive additional 

treatment between the second and third surgery. Thus this PDOX has received lower 

priority and will be processed later in the project. The PDOXs were histopathologically 

characterized for the presence of human tumor cells using human-specific Nestin or 

Vimentin antibody and GBM pathological lesions such as blood vessel aberrations using 

mouse-specific CD31 antibodies (Figure 1C). All models show invasive tumor phenotypes 

and no particular differences were observed between PDOXs derived from treatment naïve 

and treated tumors. Thus, histopathologic features of primary tumors especially the invasive 

phenotype are retained at recurrence.  

 

Table 1. A summary of clinical information of patients tumors used to generate the 
corresponding PDOX model. NA= not available, TMZ = temoxolomide, PDOX = patient-
derived orthotopic xenografts, MGMT = O6-methylguanine-DNA methyltransferase, RTK = 
receptor tyrosine kinase. 

Patient        PDOX   Sex Age     Tumor      MGMT                  Treatment       Methylation  
                 type      mythylation        received               class 

 
LIH192       T192       F      42        Primary       Unmethylated         Untreated         Mesenchymal-like
   
LIH192       T233      F      42        Recurrence    Unmethylated        Radiotherapy +TMZ Mesenchymal-like 
 
LIH347       T347      M 41        Primary      Unmethylated         Untreated  Classic-like 
 
LIH347       T470      M 42        Recurrence   Unmethylated         Radiotherapy +TMZ Classic-like 
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Figure 1. Generation of longitudinal GBM PDOX models 

A-B. Schematic illustration of the derivation of longitudinal PDOXs from the tumors obtained 
at different stages of the disease of the patient LIH192 (A) and LIH347 (B). The treatment 
received by each patient is depicted; CCRT = concurrent chemoradiotherapy with 
temozolomide C. Histopathological characterization of the PDOX models used for the 
experiments. Hematoxylin/Eosin, human-specific Nestin/Vimentin, and mouse-specific 
CD31 stainings were performed to assess histopathological characteristics of PDOXs. H&E 
and human-specific stainings indicate tumor center and varying levels of tumor cells 
invasion of the contralateral hemisphere. CD31 staining shows varying levels of aberrant 
vessels across the samples.  

 

Single-cell RNA-seq analysis of longitudinal PDOXs reveals transcriptomic 

differences between treatment naïve and treated tumor cells 

To investigate the transcriptional adaptation of GBM cells upon treatment at the single-cell 

level we performed scRNA-seq using 10x Genomics Chromium technology on the selected 

longitudinal PDOX models. Tumor mass was excised from the perfused mice brain was 

mechanically and enzymatically dissociated. Tumor cells were purified via magnetic cell 

separation, including myelin removal and the depletion of mouse TME as previously 

described (Oudin et al., 2021) and illustrated in Figure 2A. Single-cell suspension for each 
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PDOX was frozen to process all samples at the same time. A summary of the scRNA-seq 

data generated per each sample is presented in Table 2. We projected the normalized gene 

expression matrix on 2D dimensionality space using UMAP (Uniform Manifold 

Approximation and Projection for Dimension Reduction) algorithm to understand the 

transcriptomic diversity of the different samples (Figure 2B). Primary and recurrent tumors 

from each patient (LIH192 and LIH347) clustered close to each other, demonstrating the 

similarity of tumors originating from the same patient as dictated by similar genetic 

backgrounds, while cells from different patients clustered away from each other indicating 

patient-specific differences. Although longitudinal tumors from each patient clustered close 

to each other, marked differences in the transcriptomic profiles were observed between 

primary and recurrent tumors. We then scored each cell with the signatures for GBM cells 

states (Neftel et al., 2019) and TCGA subtype (Q. Wang et al., 2017) signatures and plotted 

the distribution of the cell states and subtypes for each sample (Figure 2C). We observed 

the presence of all GBM cell states and subtypes previously described in primary GBM in 

both primary and recurrent tumor samples. There was no consistent difference in the 

proportions of primary and recurrent tumor samples. To verify if the transcriptomic 

difference observed was as a result of genomic changes we inferred the copy number 

variations from the scRNA-seq data (Figure 2D). Copy number variation inference analysis 

revealed similar genomic alterations between naive and treated PDOX models, suggesting 

that the transcriptional changes did not arise from the acquisition of novel genetic changes 

upon treatment.  

 

Table  2.  Summary of scRNA-seq data per sample and cells  
 

Patient   PDOX      Number Average number       Average % mitochondrial Average 
number 
ID        of cells of genes per cell       genes per cell   of counts 
per cell 

 
LIH192  T192        374          2932.703  11.50                9073.05 
  
LIH192  T233             617   2164.543  15.36   6068.382 
 
LIH347  T347        2495   1969.007          22.20   5903.588 
 
LIH347  T470        1142 2398.626  22.36   7787.963 
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Figure 2.  scRNA-seq analysis of longitudinal PDOX models. 

A. Workflow of scRNA-seq showing mechanical and enzymatic dissociation of PDOX-
derived tumor tissue followed by single cells separation into tumor cells and TME cells using 
MACS purification, single cells isolation using 10x Genomics technology, sequencing, and 
bioinformatics data analysis. B. Dimensionality reduction of scRNA-seq data showing tumor 
cells of longitudinal PDOXs derived from LIH192 (T192, T233) and LIH347 (T347, T470). 
C. GBM cell states and TCGA subtypes classification of single cells in each PDOX model. 
D. Copy number variation inference analysis based on scRNA-seq data comparing genomic 
alterations between longitudinal PDOX models generated from the 2 patients. 
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Identification of longitudinal transcriptomic changes  

Next, we generated the list of differentially expressed genes (DEGs) by comparing primary 

(treatment-naïve) and recurrent (treated) tumor samples from each of the 2 patients and 

compared up and down-regulated genes. Comparison of DEGs from the two patients 

identified only 3 genes (SEC61G, FOS, KHDBS3) commonly upregulated (Figure 3A) and 

6 genes (CH13L1, IGFBP3, MT2A, TIMP1, IGFBP5, PMP2) commonly downregulated 

between the patients (Figure 3B). Gene ontology analysis for both up and down-regulated 

DEGs revealed biological processes related to tumor intrinsic properties such as 

developmental process, biological adhesion, signaling, and cell proliferation (Figure 3C and 

D). Interestingly, metabolic processes were highly enriched in both primary and recurrent 

tumors. Overall, the GO terms identified appear to be similar in the longitudinal pairs, but 

were not necessarily commonly up or downregulated. Further analysis is needed to identify 

transcriptomic differences at the subpopulation level after removing inter-patient 

differences.  
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Figure 3. Differential expression analysis of longitudinal PDOX models. 

A. Venn diagram of common up-regulated genes between recurrent and primary tumors in 
each patient. B. Venn diagram of common down-regulated genes between recurrent and 
primary tumors in each patient. (Adjusted P-value ≤0.01, log2FC ≥1 and ≤-1, the Wilcoxon 
rank-sum test with Bonferroni correction); C. Gene ontology terms characterizing up and 
down-regulated genes in patient LIH192 (T233  vs T192). D. Gene ontology terms 
characterizing up and down-regulated genes in patient LIH347 (T470 vs T347).  

 

Trajectory and transcriptional regulators inference analysis 

To further understand the differences between primary and recurrent tumors, we applied 

Monocle (Qiu et al., 2017) to order all single cells from both primary and recurrent tumors 

for each patient along a trajectory base on their transcriptional profiles (Figure 4A). This 

analysis showed that cells from both primary and recurrent tumors are present in all the 

cellular states along a trajectory. This indicates that although different cellular states exist 

in both primary and recurrent tumors, there is no specific cellular state dominated in 

longitudinal tumors. We applied SCENIC (Aibar et al., 2017) to identify complex cellular 

states and gene regulatory networks (GRN) regulating potential treatment-resistant 
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subpopulations in recurrent tumors (Figures 4B and C). This analysis revealed different 

subpopulations consisting of cells from both primary and recurrent tumors, further 

highlighting the higher importance of intra-tumoral transcriptomic heterogeneity present in 

each PDOX over the longitudinal transcriptomic changes. We identified key master 

regulators controlling the different cell states identified that are resented by both primary 

and recurrent tumors. We did not identify transcriptional regulators exclusive to either 

primary or recurrent tumors.  

 

 

 

Figure 4. Trajectory and regulatory networks inference analysis revealed relevant cell 
states and GRNs in longitudinal PDOXs. A. Trajectory inference analysis showing the 
distribution of tumor cells along a trajectory. Tumor cells isolated from PDOXs of each 
longitudinal patients were analyzed separately B. tSNE of single cells based on the activity 
of transcriptional regulons in patient LIH192 C. Heatmap of the relative transcription factor 
activity between naïve and treated tumor cells from PDOXs of patient LIH192. 

 



 

 267 

Annex 
One 

Discussion 

Although the standard-of-care has been shown to confer survival benefits to a subset of 

GBM patients, it only offers about 14 months of survival advantage. Most GBMs resist the 

treatment and inevitably recur shortly after with a more aggressive tumor that eventually 

leads to the death of most patients even before a second surgery (Aldape et al., 2018; Hegi 

et al., 2005; Stupp et al., 2005). Thus there is a need to fully understand the molecular 

mechanisms of treatment resistance in GBM. So far genetic analysis of treated GBMs did 

not reveal common targetable changes in recurrent GBMs and tumor evolution following 

therapy mostly occurs in a stochastic manner (Barthel et al., 2019). More also epigenetic 

profiling of longitudinal GBMs revealed a largely unchanged epigenome at recurrence, with 

only a minute difference between primary and recurrent tumors that are restricted to a 

subset of patients (Klughammer et al., 2018; Malta et al., 2021), prompting the need to look 

at individual cell populations within each tumor at different time points. Patient data of the 

transcriptomic profiles of matched primary and recurrent tumors at the single-cell level is 

currently not available. We took advantage of our longitudinal PDOX models to investigate 

the transcriptomic changes between matched primary and recurrent GBMs using scRNA-

seq. Analysis of the scRNA-seq data obtained revealed transcriptomic differences between 

primary and recurrent samples coming from the same patient. Differences between patients 

at the transcriptional level were dictated by their genetic backgrounds. Interestingly, using 

copy number inference analysis, we identified that differences between longitudinal 

samples were not influenced by genomic alterations. Primary and recurrent tumors had 

similar copy number variations in line with the preservation of the copy number variations 

earlier identified in a cohort of 15 longitudinal gliomas including these samples 

(Golebiewska et al., 2020). Furthermore, targeted sequencing using a diagnostic panel 

specific to gliomas also confirmed the conservation of genetic variants at recurrence 

(Golebiewska et al., 2020). This data is in accordance with previous reports that profiled a 

larger cohort of GBMs and found only limited instances of treatment-induced genetic 

changes at recurrence and are patient-specific (Barthel et al., 2019). We show that PDOX 

models recapitulate all the major cellular states and transcriptional programs reported in 

GBM patient samples (Dekker et al., 2020; Johnson et al., 2021; Kim et al., 2020; Neftel et 

al., 2019). This suggests that both inter-and intra-tumoral heterogeneity are intrinsic 

properties of both primary and recurrent GBMs. We did not observe a consistent variation 

or a switch in cellular state and or molecular subtypes in our matched longitudinal GBMs as 

previously reported (Phillips et al., 2006). Recent bulk transcriptomic profiling of matched 

primary and recurrent GBM did not also find any evidence of molecular subtype switch at 

recurrence and reports preservation of transcriptomic features of primary tumors at 
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recurrence (Dekker et al., 2020; Kim et al., 2020). Our differential expression analysis 

between primary and recurrent samples revealed mostly mutually exclusive lists of 

differentially expressed genes with only a few common genes between the two patients. 

The variable differentially expressed genes may have reflected the genetic differences 

between the patients or the influence of the different treatment regimens each patient 

received. The absence of pronounced differences may reflect limited long-term adaptation 

to treatment facilitated by the discontinuation of treatment in cancer patients, often referred 

to as “drug holiday”. Trajectory inference analyses revealed varying subpopulations with 

distinct transcriptional states and regulatory networks representing heterogeneous 

subpopulations from both primary and recurrent tumors. This result is similar to previous 

observations indicating subpopulation differences in longitudinal samples (Bastola et al., 

2020). This suggests that changes at recurrence mirror different cellular phenotypes with 

different mechanisms of resistance, including cells with pre-existing resistance that are also 

present in primary tumors. The lack of a definite transcriptomic and genetic difference 

between primary and recurrent tumors suggests that investigating individual molecular 

features may not explain the difference but rather a multi-omic approach may be beneficial. 

More also, focusing on and targeting subpopulation changes upon treatment may be more 

beneficial than targeting the whole tumors (Keshava et al., 2019). Future studies should be 

designed to comprehensively characterize longitudinal tumors in a larger cohort using tumor 

multisampling, spatial-omics, and emerging multi-omics technologies permitting the 

simultaneous assessment of genetic, epigenetic, and transcriptomic information to 

understand the dynamic states in the spatio-temporal context. This may require the 

development of new or the optimization of existing computational tools with high sensitivity 

to detecting and compounding salient changes coming from each layer of the molecular 

data. In conclusion, we show that our longitudinal PDOX models are clinically relevant 

models for investigating the longitudinal adaptation of tumor cells during treatment 

progression. 
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ACOD1 deficiency 
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The rationale of the study  

In this paper, the heterogeneity and adaptation of TAMs at different stages of tumor growth 

were studied to decipher the different TAMs subpopulations, their evolution, and phenotypic 

changes using scRNA-seq, flow cytometry, and immunohistochemistry in the GL261 glioma 

mouse model. Heterogeneity of TAMs during tumor progression was also investigated in 

the absence of Acod1/Irg1 in tumor TME subpopulations to understand how macrophages 

are metabolically programmed in GBM. Acod1/Irg1 is crucial in reprogramming 

macrophages towards an anti-inflammatory function during inflammation. Different TAMs 

subpopulations were uncovered in the GL261 mouse model and verified in PDOX models 

and human GBMs. An enhanced antigen presentation capacity was uncovered in 

Acod1/Irg1 deficient mice in comparison to the reduction observed in Acod1/Irg1 wild-type 

mice. The work in this paper provided insight on TAMs heterogeneity and part of the data 

that was used in the paper presented in Chapter 6. 

  

 

Personal contributions 

I performed trajectory inference analysis using the scRNA-seq data of myeloid cells 

subpopulations of both Acod1/Irg1 deficient and wildtype mice. This analysis revealed a 

diverse trajectory with four distinct cellular states in TAM II subsets of Acod1/Irg1 deficient 

myeloid cells in comparison to wild-type myeloid cells. This result was shown in Figures 

5G, S10A-B in the paper. This analysis further identified genes sets that are exclusively 

expressed by TAM II subsets in Acod1/Irg1 deficient mice, supporting enhanced 

immunogenicity under Acod1/Irg1 deficiency, these results are shown in Figure S10C. I 

compared the transcriptomic profiles of the TME in the angiogenic PDOX model (P13) with 

a naïve nude brain. This analysis revealed tumor-specific activation of myeloid and 

endothelial cells as observed in the GL261 model. These results were shown in Figures 

S4B, C, and D. Finally, in addition to the figures outlined, I also contributed to the writing, 

proofreading, and revision of the manuscript. 
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