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1. Pediatric cancer 

According to World Health Organization (WHO), 400,000 children and 

adolescents of 0-19 years old are diagnosed of cancer every year, compared to 

approximately 18 million adult diagnoses, worldwide. Although the survival rate 

of children with cancer has increased to almost over 80% in the last decades, 

cancer remains the leading cause of disease-related death in children under 15 

years old1,2.  

Growth and development is a physiological process which, from a pluripotential 

and undifferentiated cell, makes possible the differentiation, maturation, 

organization, and function of tissues, organs, and apparatuses that, as a whole, 

make up the human body3. Genomic technology advances over the last decade 

allowed for a better understanding of the genetics of cancers, finding key sporadic 

somatic mutations a cell may suffer which can lead to malignant cells potentially 

causing a tumor, and discovering germline inherited mutations present in the 

genome from birth that may predispose an individual to cancer. Childhood 

cancers have not generally been associated to genetic predisposition, with only 

approximately 10% of them harboring a germline mutation in an oncogene2. Most 

adult cancers are caused by the exposure to environmental factors, which induce 

de-novo mutations in somatic cells of the already fully developed tissues. In 

contrast, pediatric cancer develops in apparent absence of environmental factors, 

tends to originate from stem and progenitor cells, have low mutational burden, 

and present more oncogenic fusion genes and a greater epigenetic 

dysregulation. Recently, thanks to the deep DNA sequencing, several genes 

have been associated with a high risk of childhood cancer. Germline variants in 
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these genes have been identified in approximately 10% of cases, many being de 

novo4.  

2. Pediatric-type diffuse high-grade gliomas and diffuse midline gliomas 

Central nervous system (CNS) tumors are the most common developmental solid 

malignant neoplasms (Figure 1). Gliomas in particular represent the most 

prevailing subgroup, corresponding to a 52% and 31% of total cases of CNS 

cancers in children (0-14) and adolescents and young adults (15-19), 

respectively5. Moreover, these cancers represent the leading cause of childhood 

deceases due to cancer, accounting for 30% of deaths.  

 

 

Figure 1. Proportional distribution of cancer type by age group. Proportional distribution of 

cancer type by age group. CNS tumors represent the second most common cancer type in 

children and young adults. Reproduced from Steliarova-Foucher et al. 20176. 

 



Introduction 

4 
 

Pediatric-type diffuse high-grade gliomas (pHGG) are the most lethal and 

aggressive pediatric brain tumors and, for many years, they have been grouped 

and studied from the same perspective as their adult analogues, despite various 

differences have been stablished between them7. However, the identification in 

2012 of unique genetic aberrations in pHGG allowed the distinction of different 

entities and their consequent reclassification in different subgroups, based on 

histopathological and molecular characteristics8 (Table  1). 

 

Table  1. Clinical and molecular characteristics of the four pHGG subtypes according to 

the WHO CNS5 classification. Adapted from and Gianno et al. 20229. 

 

Around 80% of diffuse midline gliomas H3 K27-altered (DMG) are expansive 

lesions in the pons, also known as Diffuse Intrinsic Pontine Glioma (DIPG)8, 

which account for 10-20% of pediatric brain tumors. DIPG is the leading cause of 

death of brain cancer in the pediatric age with a survival rate of 0%10. Only 10% 

of patients survive for more than two years from diagnosis; in all other cases, life 

expectancy does not exceed 16 months11. Primarily occurring in children, DMG 

WHO CNS5 diffuse pHGG 
subtypes 

Location Molecular characteristics 

Diffuse midline glioma 
H3 K27-altered 

Thalamus,  
brainstem 

Mutation K27M in H3F3A or 
HIST1H3B, EZHIP 
overexpression 

Diffuse hemispheric glioma 
H3 G34-mutant 

Cerebral 
hemispheres 

Mutation G34R/V in H3F3A 

Diffuse pediatric-type high-grade  
glioma, H3-wildtype and IDH-
wildtype 

Supratentorial, 
brainstem,  
cerebellum 

Lack of IDH1/IDH2/H3 
mutations, MYCN/RTK1/RTK2 
amplifications 

Infant-type hemispheric glioma 
Cerebral 
hemispheres 

Fusion genes ALK, ROS1, 
NTRK1/2/3 or MET 
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infiltrates midline brain structures, and it is considered the most aggressive 

pediatric cancer. The median age at which DMG is diagnosed is 6-7 years old, 

and it is rarely identified in adult patients12. Diagnosis is based on clinical 

presentation (ataxia, diplopy, nystagmus, hemiparesis, equilibrium problems and 

difficulty controlling movement and body position), MRI findings and molecular 

studies. Surgical resection remains an unsuitable option for patients due to tumor 

location and diffuse behavior10. However, the use of stereotactic catheters as 

relatively common technique in CNS surgeries has allowed obtaining precious 

biopsy samples, widely contributing to the understanding of the unique biology of 

this disease13,14. 

2.1. Genomic Landscape 

Genome-wide sequencing of tumors allowed the identification of the driver 

mutations in histone 3 (H3) in diffuse pHGG, which are not found in adult high-

grade gliomas and evidence a unique molecular signature15. Post-translational 

histone modifications represent the dysregulation of key mechanisms responsible 

for the control of gene transcription and, consequently, the control of gene 

expression, stem-signature maintenance and cell differentiation processes16,17. 

H3 mutations can occur in two different residues and allow the classification of 

diffuse pHGG into different subgroups with distinct molecular signatures, biology, 

anatomical location and behavior18. G34R/V mutation, characteristic of 

hemispheric gliomas of adolescents and young adults, results in the substitution 

of a glycine (G) in position 34 for arginine (R) or valine (V)15 (Figure 2A and B). 

H3K27M mutations, on the other hand, are characteristic of DMGs and result in 

the substitution of a lysine (K) for a methionine (M) at position 2715 (Figure 2A 

and B). H3F3A (H3.3K27M) and HIST1H3B (H3.1K27M) represent two hotspot 



Introduction 

6 
 

mutations for this subclassification. Both histone isoforms, H3.3K27M and 

H3.1K27M, are synthesized during the cell cycle and have the functions of 

replacing histones in disrupted nucleosomes and packaging newly replicated 

DNA in the S phase, respectively. HIST1H3B mutant DMG represents a smaller 

subgroup (20-25%) of mostly female younger patients (4-5 years) with a longer 

survival time (15 months) and is located exclusively in the pons. H3F3A mutated 

tumors represent a larger group of patients in which the tumor can be originated 

in a wider set of anatomical structures, such as the pons and the whole 

midline19,20. H3-wild type tumors can be originated in either the cortex, the midline 

or the pons, and are associated with longer survival rates and mostly affect male 

patients20,21.   

Besides H3 post-translational modifications, several recurrent mutations can be 

detected in pHGG, affecting several regulatory pathways of the cell. Clonal 

missense ACVR1 mutations have been found exclusively in around 30% of 

DMGs and are strongly associated with younger patients, longer survival time 

and HIST1H3B, PIK3CA or PIK3R1 mutations22,23. Moreover, PI3K/AKT/mTOR 

signaling pathway, which regulates cell growth and metabolism, has been shown 

to be aberrantly active in 70% of DIPGs18, affecting the viability and proliferation 

of the tumor cells. Focal amplifications in platelet-derived growth factor receptor 

A (PDGFRA, associated to H3F3A21), CDK4/6 and Cyclin D genes (CCND1), 

together with the reduction of p16 (CDKN2A, endogenous CDK4/6 inhibitor) are 

described in about 30% of the patients24. All types of pHGG present other highly 

prevalent somatic nucleotide mutations (SNVs) such as the ones affecting TP53 

(detected in >70% of DIPG patients, associated to H3F3A21), which result in p53 
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the reduction or loss and the consequent alteration of cell cycle of the malignant 

cells25 (Figure 2C).  

 

Figure 2. Molecular subgroups of diffuse pediatric high-grade gliomas. (A) (i) Age of onset 

in years across pediatric high-grade glioma subgroups with the median age for each sex denoted 

above the graph and the percentage of patients of each sex denoted below the graph. (ii) 

Illustration of common tumor locations (in shades of red) within each subgroup. The darker color 

represents a higher incidence for the associated subgroup. (iii) Graphical representation of the 

most common non-synonymous genetic mutations associated with each tumor subgroup, 

excluding amplifications and losses. (iv) Kaplan–Meier curves portraying overall survival rates 
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across subgroups with the median survival indicated in months in the top right corner of each 

graph. Reproduced from Ocasio, 202326. (B) Specific recurrent mutations in the genes encoding 

the histone variants H3.3 and H3.1 which result in a global reduction of H3K27me3, leading to 

derepression of targets of the polycomb repressive complex 2 (PRC2). Adapted from Jones and 

Baker, 201415. (C) Most common SNVs in pHGG and its association to H3 mutational state, age 

and prognosis. Reproduced from Mackay et al. 201721. 

 

2.2.  Diagnosis 

2.2.1. Clinical presentation  

Due to the infiltrated anatomical structures, DMG patients present a wide variety 

of neurological symptomatology that evolve towards the irreversible deterioration 

of their physical condition. The brainstem is the structure that connects the brain 

with the cerebellum and the spinal cord. This structure includes critical white and 

grey matter areas. The grey matter includes many important brainstem nuclei 

from where axons originate and connect the brain and the rest of the CNS, 

conforming the white matter27. Axons from the extracranial CNS also travel to the 

brainstem. The brainstem is composed of three structures: midbrain, pons and 

medulla oblongata (Figure 3). The midbrain is involved in visual reflexes and eye 

movement coordination, auditory processing, movement associated to basal 

ganglia, reward pathways and pain suppression28-30. The pons assists in the 

movement coordination and help in the breathing modulation31. The anterior 

portion of the medulla oblongata contains the pyramids, which englobe the 

majority of the motor fibers of the contralateral side of the body and connect the 

nervous system with the muscular system27. Due to the tumor infiltration in these 

structures, over 50% of the patients present a combination of cranial nerve 

palsies (facial asymmetry and diplopia), long tract signs, ataxia and dysmetria. 

Less than 10% of the patients present hydrocephalus at the time of the diagnosis, 
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but this symptom is highly common in patients reaching advanced states of the 

disease. Because DIPG progresses rapidly, children typically manifest symptoms 

for only one month or less before coming to clinical attention12.  

 

Figure 3. Brainstem anatomical structure.  

 

2.2.2. Imaging 

DMG diagnosis has been classically based on clinical presentation and 

neuroimaging, such as magnetic resonance imaging (MRI), which provides 

limited information regarding prognosis and tumor biology. Due to the infiltrative 

biology of the lesion, DMGs are T1-hypointense with ill-defined margins and are 

hyperintense in T2-weighted images. The tumor core is found centered in the 

pons and typically engulfs the basilar artery32 (Figure 4). In more advanced states 

of the disease, tumor dissemination appears in the white matter tracts to the 

cerebellum and the rest of brainstem. Tumor necrosis is detected in 

approximately half of the tumors and hemorrhagic processes in about the 30%. 

Gadolinium largely exceeds the penetration cut-off of the blood brain barrier 

(BBB) with limited contrast enhancement in DIPG, suggesting a largely intact 

BBB. Localized areas of relative diffusion restriction are also present in most 

tumors. Metastasis in other CNS structures or peripheral nervous system is rarely 
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observed although leptomeningeal spread accounts for up to a 20% in DMG 

diagnosis33. Although MRI allows the visualization of the therapeutic effect of 

radiotherapy (early cystic or necrotic changes), no correlation between 

histological grade and response to treatment has been described in DMG.  

 

Figure 4. Classical MRI appearance of a DMG-infiltrated brain. (A) Sagittal and (B) axial T1-

weighted pre-contrast MRI images showing an expansive, poorly marginated and hypointense 

lesion in the pons. (C) Sagital and (D) coronal images of a T2-weighted/FLAIR where the tumor 

presents an hyperintense signal. (E) Minimal post-gadolinium enhancment. (F) Basilar artery 

engulfment by the tumor (yellow arrow). Adapted from Valvi and Gottardo, 201832.  

 

2.2.3. Anatomic pathology 

For initial studies, DMG tissue was obtained from autopsies34. From 15 years 

ago, biopsy became a standardized practice by a wide group of neurosurgical 

teams around the world14,35. They demonstrated that stereotactic biopsy is a safe 

technique for the patients, with minimal or non-post-surgical complications. 

Solving the bottleneck of the access to tumor samples made molecular studies 
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increase exponentially thereafter. In parallel, tumor histology and tissue staining 

procedures complemented imaging diagnosis34. 

Until 2019, when the World Health Organization (WHO) reclassified brain tumors 

according to their molecular characteristics, DMGs were histologically classified 

as high-grade astrocytomas, WHO grades II-IV, with increased mitotic activity 

and microvascular proliferation. Immunochemistry addressed the presence of 

H3K27M and MYC mutations and other markers such as GFAP, ATRX, p53 and 

ki-6712,34.  

2.2.4. Liquid biopsy 

Molecular diagnosis of cancer is usually performed in tissue fragments obtained 

from the primary tumor or metastasis. Thus, obtaining the samples requires 

surgical intervention, which could be hindered by the patient clinical state and 

tumor location. There is also a limit for the number of interventions that can be 

performed during the clinical evolution of the disease, complicating its monitoring. 

Besides, conventional tissue biopsies may not represent tumor biology due to 

intra-tumoral and spatial heterogeneity of the lesion. To complement or to 

address the limitations of tissue biopsies, liquid biopsies, also known as fluid 

biopsy (i.e., sampling and analyzing non-solid tissue), provide new tools to detect, 

quantify and monitor cancer and other diseases in a non-invasive way36. Liquid 

biopsy facilitates the repetitive sampling through time and a consequent dynamic 

follow-up of tumor evolution. Moreover, liquid biopsy usually represents tumor 

heterogeneity. There are many circulating components susceptible of being 

detected in body fluids. Nowadays, circulating tumor cells (CTCs), tumor-

educated platelets (TEPs), exosomes, circulating cell free DNA (cctDNA), miRNA 
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or even tumor-secreted cytokines can be quantified in blood, cerebrospinal fluid 

(CSF) or even urine. 

Currently, liquid biopsy is used in pHGG as a complementary diagnosis tool. The 

detection of cctDNA in CSF obtained by a lumbar puncture from patients has 

enabled the precise classification of the tumors into the different molecular 

subgroups37. Droplet digital polymerase chain reaction (ddPCR) is a recently 

developed technology that is able to quantify very low circulating levels of nucleic 

acids38 such as DNA sequences containing the pathognomonic histone mutations 

of DMG in their H3F3A or HIST1H3B K27M variants39,40. These molecular studies 

could make feasible a longitudinal tumor monitoring, but they are still not fully 

implemented in the clinical practice.  

In this thesis, I obtained liquid biopsies from patients with DIPG and I used them 

to address the overexpression and secretion of immunosuppressive cytokines by 

the tumor cells. Specifically, the samples I handled were CSF and serum.  

2.3. Treatment 

2.3.1. Standard of care 

The standard of care treatment is local radiotherapy, which provides a temporal 

symptom relief to approximately 70% of the patients, being considered palliative. 

In fact, for decades, the survival of patients with DMGs located in the pons (i.e., 

DIPG) has not improved significantly. Currently, the standard of care protocol for 

newly diagnosed patients is focal fractioned (1.8-2 Gy) radiotherapy to a total 

daily dose of 54-60 Gy, 5 days per week, for 6 weeks41,42 and glucocorticoids are 

adjuvantly administrated to control the radiation-associated inflammation. This 

confers the patients a 3-4 month survival benefit. After the short period in which 
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the radiotherapy seems to control tumor growth, within a median of 6 months 

symptomatology reappears in most children and radiological progression 

evidences tumor growth43. Importantly, although the treatment starts right after 

diagnosis, there is no correlation between the start of the treatment from the 

diagnosis and overall survival (OS) of the patients44.  

The most challenging barrier for DMG treatment is its anatomical location and 

infiltrative nature. Surgical resection is not a viable option as resection of the CNS 

structures infiltrated by the tumor, such as brainstem, thalamus or cerebellum, 

control vital functions, which are already deteriorated by the disease and are 

responsible for the clinical status of the patients. Although many 

chemotherapeutic regimens have been evaluated for DMG, none of them has 

showed efficacy improving the OS of patients. For instance, a study applying pre-

irradiation followed by a combination chemotherapy regimen and re-irradiation, 

showed modest improvements in the patient quality of life but did not increase 

long-term survival45. Although temozolomide administration was promising due 

to its evident effectivity in adult glioblastoma patients46, DMG patients do not 

obtain benefit from this drug. Due to the increasing molecular knowledge of DMG, 

new molecular-targeted strategies have arisen, administrated with or without 

adjuvant radiotherapy. Single-agent therapy with the PDGFR inhibitor imatinib 

did not improve prognosis, nor did dasatinib47. As EGFR is highly expressed in a 

subgroup of patients, single-agent EGFR-inhibitors (nimotuzumab, erlotinib or 

gefitinib), have also been tested, with positive results regarding increased 

survival only in a small subset of participants48. Targeting angiogenic factors such 

as VEGFR with inhibitors including bevacizumab or vandetanib also opened a 

new therapeutic vision that has also resulted not sufficiently effective48,49. Other 
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trials have used PARP1 inhibitors (olaparib, niraparib, veliparib), CDK4/CDK6 

inhibitors (PD-0332991) and WEE1 kinase inhibitor (MK1775), all of them without 

sufficient evident of activity against the tumor growth12.  

2.3.2. New treatment strategies 

Most pharmacological treatments, even though they might show promising in 

vitro efficacy, result inefficient in patients with DMG, due to the impossibility to 

cross the blood brain barrier (BBB) and reach the tumor48. Different strategies are 

being tested to overcome the integrity of BBB in DMG, but they are not completely 

developed yet. Increasing drug permeability by transiently disrupting the BBB 

structure using controlled low dosages of radiotherapy50 or permeability-

increasing agents as mannitol or morphine may help the distribution of 

chemotherapeutic drugs in the brainstem51,52, but the clinical efficacy of these 

approaches is not sufficiently demonstrated. Local drug delivery, such as 

convection enhanced delivery, enables the presence the drug at high 

concentrations in the tumor-invaded structures53,54, but it is a difficult technique 

to implement, and it comes with incomplete anticancer activity, as well. The use 

of nanoparticles loading the active principle might play a roles in the future, to 

improve delivery and effectivity in difficult-to-reach tumors55. 

Immunotherapy is the most arising field for cancer treatment, stimulating the 

action of the immune system of the patient to specifically recognize tumor 

markers and eliminate the malignant cells (see section 3.1.2.). The use of CAR-

T therapy anti-GD2 and anti-B7-H3 in DMG have shown promising results in pre-

clinical trials and have moved into clinical trials56-59.  
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Recently, the study of DMG epigenetics have suggested its role in the 

tumorigenic process. The use of panobinostat and GSK-4 (targeting histone 

demethylase and deacetylase and JMJD3 respectively) showed promising 

preclinical results and moved into clinical trials, as well as tazemetostat against 

EZH2. Other molecules explored targeting DMG epigenetics are bromodomain 

protein inhibitors (JQ1) and CDK7 inhibitors (THZ1)12. 

In this thesis, we evaluated a therapeutic strategy using an FDA-approved drug, 

primarily targeting the receptor of the overexpressed cytokines secreted by DIPG 

cells.  

2.4. Cell of origin hypothesis 

DMG in its most frequent version, DIPG, is usually diagnosed in a very specific 

timeframe during the first decade of life. This suggests there is a time window in 

which the progenitor cells differentiation become affected and, consequently, the 

development of the midbrain structures results aberrant, giving rise to the tumor. 

Various hypotheses have been developed regarding the cell of origin of DIPG, 

but none of them has clarified completely the mechanisms by which the 

tumorigenic process occurs. 

The biggest expansion of the human pons occurs during the first 7 months after 

birth, when neural progenitor cells (NPC) exponentially proliferate60. Monje et al. 

proposed the idea of a second wave of NPC proliferation in the ventral pons and 

medulla in childhood, coinciding with the peak of incidence of DIPG61. 

Proliferating cells in the developing human pons express NPC markers, including 

Sox2, nestin, vimentin, Olig2, and glial fibrillary acidic protein. Olig2 is found 

overexpressed in 80% of DIPGs, and has been associated with mitosis and 
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aggressiveness62. Posterior studies from Filbin et al. and Liu et al. reaffirmed this 

idea and found that DMG H3 K27-altered tumors are composed by a minority of 

more differentiated malignant cells and a majority of cells similar to 

oligodendrocyte precursors (OPC-like) which are characterized by a highly 

proliferative rate, polycomb repressive complex 2 (PRC2) suppression and partly 

sustained by PDGFR-α signaling63,64.  

3. Microenvironment 

The National Cancer Institute (NIH) defines the term microenvironment as all the 

cells, molecules and structures that surround and support other cells and tissues 

in a particular organ. All these components have a key influence on the resident 

cell populations and the immunomodulation process. Due to its function and 

capacities, the immune response in the CNS requires a tight control and 

regulation to prevent an undesired and potentially pathological inflammation 

process. This translates into the establishment of an immunoprivileged 

microenvironment due to both passive physical barriers (BBB) and active 

processes that control immune response65.Tumor microenvironment 

The tumor microenvironment (TME) is characterized by the interaction of the 

tumor cells with the environment that surrounds them with the objective to create 

a favorable niche for its growth and expansion66. It includes stromal cells, 

extracellular matrix (ECM), adipocytes, mesenchymal stem cells, blood vessels, 

macrophages, lymphocytes, cytokines, exosomes and metabolites, which create 

a structure from which the tumor acquires the nutrients, oxygen and the immune-

escaping mechanisms67.  

From the immunological state of the tumor microenviroment, cancers can be 

classified into two basic immune profiles that in lay language are known as “hot” 
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and “cold”68 (Figure 5). Hot or immune-inflamed tumors are characterized by the 

presence of inflammatory cells in the tumor parenchyma such as tumor-infiltrating 

lymphocytes (TILs), accompanied by monocytic and myeloid cells, cancer-

associated fibroblasts (CAFs) and inflammatory cytokines. Hot cancers are 

potentially responsive to anti-PD-L1/PD-1 immunotherapies. Cold tumors, on the 

other hand, can be classified into two subtypes: “immune-excluded” and 

“immune-dessert”. The immune-excluded phenotype presents a variable number 

of immune cells in its niche. However, they do not penetrate the tumor, present 

an exhausted phenotype and are found surrounding tumor cell nests. Their 

clinical response to anti-PD-L1/PD-1 therapies is uncommon, because 

inflammatory cells, although becoming activated, are unable to invade the tumor 

and kill the malignant cells. The immune-dessert phenotype is characterized by 

the absence of inflammatory lymphocytes in the stroma or in the tumor 

parenchyma. Myeloid cells are usually absent or very sparse. The presence of 

tumor-associated macrophages (TAMs) with anti-inflammatory capacities, T 

regulatory lymphocytes and anti-inflammatory cytokines also contributes to the 

establishment of this immune-dessert phenotype. They do not respond to 

immunotherapy69,70.  

Converting cold tumors into hot ones might promote the natural action of the 

immune system against tumor growth71.  
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Figure 5. Tumor microenvironment characteristics. Adapted from Zhang et al. 202270.  

 

Previous works on DMG microenvironment reported this tumor is non-

inflammatory72,73. Lin et al. described a lower lymphocyte infiltration 

(predominantly CD8+) in DMG (2%) compared to adult glioblastoma multiforme 

(GBM; 7-50%)73, which was later confirmed in other studies72. Besides, 

lymphocyte infiltration does not correlate with the mutational load or survival in 

DMG43. It has also been observed a general suppression of the natural killer (NK) 

cell population74 that contributes to the definition of this tumor as 

immunosuppressed. However, the sparse immune infiltrate in the tumor tissue of 

DMG patients and the type of cytokine signaling observed in preliminary works 

suggest that this tumor may not be as immunosuppressed as it had been 

previously described, and some authors, such as the Seattle (USA) group, 

postulate that DMG might still respond well to strategies activating the immune 
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response, such as CAR-T cells, dendritic cell/NK cells vaccines or genetically 

engineered macrophages75. Lieberman et al. supported such proposal in their 

finding that DMG has fewer number of TILs73and fewer counts of microglia or 

tumor associated macrophages (TAMs) than adult glioblastoma72. They 

hypothesized  that immune surveillance is low in DMG and thus immunotherapies 

that recruit immune cells to these tumors could be successful treatments. 

However, we and others believe that the activation state of the microglia (brain-

resident macrophages or TAMs) of DMG has not been completely (or 

appropriately) studied, contributing to some missing gaps in the immune biology 

of the tumor43, causing discrepancies regarding its immune-related classification. 

In fact, our preliminary findings in biopsies and autopsies and, most importantly, 

in non-tumor controls located in the brainstem, showed a high number of M2-like 

active microglia in DIPG, which did not fit in well with the Lieberman postulates. 

Also, it remains unknown which molecules or mechanisms are responsible for the 

acquisition of such putative TAM-mediated immune deprivation. In this thesis, we 

aimed to shed light on the process by which DMG escapes the immune response, 

with special focus on the cancer secretome leading to the immunosuppressed 

phenotype of non-cancer cells in the TME.  

3.1.1. Tumor-infiltrating immune cells 

TILs are the lymphocytes that surround and infiltrate the tumor, and play a key 

role in the tumor biology and response to treatment in cancer. Among TILs, CD8+ 

cytotoxic T cells have been considered the most important anti-tumor effector 

cells, being supported with the presence of CD4+ T helper cells76. B cells, on the 

other hand, mediate the humoral anti-tumor immunity77. Therefore, lymphocyte 

infiltration in tumors has been related to favorable prognosis in some cancers, 
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and they have been used as immunotherapeutic agents (CAR-T). In contrast, the 

creation of an immunosuppressed microenvironment can prevent these cells 

from fighting tumor growth78. A minor subset of CD4+ T cells called regulatory T 

cells (Treg) also play a major role in immunomodulation in the tumor 

microenvironment, and have been related both to cancer-associated 

inflammation and highly-suppressive functions79. This duality in they function may 

be the explanation of why Treg are associated with a poor prognosis in some 

cancers and with a good outcome in other neoplasias80.  

In addition to TILs, tumors are also infiltrated by macrophages. TAMs originate 

from monocytic precursors in the bone marrow (blood)81 or yolk sac progenitors 

(tissue-resident macrophages)82 and represent key regulators of the immunity-

cancer duality. Contrarily to TILs, the presence of TAMs is often associated to 

poor prognosis83. Through years, macrophage populations have been classified 

into different subtypes depending on their functions (Figure 6). The exposure of 

M0-inactive macrophage to environmental stimulation enables their 

transcriptomic reprograming into two differentiated and active states: the 

classically activated M1-like (pro-inflammatory), and the alternatively activated 

M2-like (anti-inflammatory). M1-like macrophage polarization is promoted by 

classical pro-inflammatory signals such as lipopolysaccharide (LPS), interferon 

gamma (IFN-γ) or tumor necrosis factor alpha (TNF-α)84. M1-like macrophages 

present anti-tumor activities through inflammatory cytokine secretion, antigen 

presentation and tissue damage85. On the other hand, M2-like polarization of 

TAMs is induced by anti-inflammatory cytokines such as transforming growth 

factor beta (TGF-β) and interleukins-4, 10 and 13 (IL-4/10/13). M2-like 

macrophages promote the creation of an immunosuppressive microenvironment 
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in the tumor by producing and secreting anti-inflammatory factors, pro-angiogenic 

molecules and proteases necessary for tumor invasion85-87.  

 

Figure 6. Macrophage polarization and specific functions of M1-like and M2-like TAMs. M0 

(inactive) TAMs polarize into M1-like and M2-like active phenotypes upon pro-innflammatory 

(anti-tumoral) and anti-inflammatory (pro-tumoral) stimulation. 

 

3.1.2. Immune checkpoints 

Immune checkpoints are membrane molecules that inhibit immune responses 

against the healthy tissues of the body (Figure 7). However, the activation of 

these pathways in cancer suppresses the function of immune cells against cancer 

cells, enabling malignant cells to evade the immune response and promoting 

tumor growth88. Therefore, overexpression of immune checkpoints has been 

used as a predictive biomarker for malignancy and cancer progression, as well 

as immunotherapy response capacity89.  
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The B7 family consists of structurally related, cell-surface protein ligands, which 

bind to receptors on lymphocytes that regulate immune responses. The seven 

known members of the B7 family include B7.1, B7.2, ICOS-L, PD-L1, PD-L2, B7-

H3, and B7-H490.  

PD-L1 (programmed death-ligand 1), also referred to as CD274 or B7-H1, is one 

of the most studied immune checkpoints. It is often correlated with bad prognosis 

in various cancers91 due to its capacity to promote T cell exhaustion when 

interacting with its receptor programmed death-1 (PD-1 or CD279), which is 

mainly expressed in T cells, especially in tumor-associated T cells92. PD-L1 

overexpression in cancers represents the possibility to use immune checkpoint 

inhibitors to suppress its activity and promote inflammation processes in the 

tumor93. PD-L2 (programmed death-ligand 2) or CD273 is also a ligand for PD-1. 

Their interaction also reduces the T cell receptor (TCR)-mediated proliferation 

and consequent cytokine production by CD4+ T cells94. 

CTLA-4, also known as CD152, is another important stimulatory receptor for the 

regulation of T cell activation, constitutively expressed in the surface of tumor 

cells95. This molecule, homologous to CD28, binds with high affinity to CD80 and 

CD86 (B7.1 and B7.2, respectively) and, through not fully elucidated molecular 

events, transmits inhibitory signals to T cells96,97. CTLA-4 is also found in T regs, 

and contributes to their inhibitory function. Other studies propose the functionality 

of this molecule by the modulation of T cell motility and signaling through PI3K 

pathway98.  

B7-H3, also known as CD276, is found overexpressed in many cancers and was 

described as a co-stimulatory protein for T cell activation, increasing the 
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proliferation of both CD4+ and CD8+ T cells. Therefore, the expression of this 

molecule was initially associated to anti-tumoral functions99. In 2003, Suh et al. 

described for the first time the immunosuppressive capacity of B7-H3 through the 

inhibition of CD4+ and CD8+ T cells in cancer and inflammatory diseases such as 

rheumatoid arthritis100. For instance, its overexpression in oral squamous cell 

carcinoma was associated with poor prognosis, tumor cell proliferation, advanced 

clinical stage, and worse patient survival101. A potential cooperative role between 

B7-H3 and T regs has been identified in non-small cell lung carcinoma102 and the 

expression of B7-H3 in cancer cells has been associated to IL-10 secretion in 

breast cancer103. It is also responsible for the regulation of cancer-associated 

pathways, such as PI3K/Akt/mTOR and JAK/STAT as well as angiogenesis99. 

The receptor of B7-H3 is still unknown.  
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Figure 7. Immune checkpoints. The interaction of B7 family members and their receptors directs 

and/or regulates the response of T cells in the inflammation process. Reproduced from Yang et 

al. 202099.  

 

At least eight anti-PD-L1 and anti-PD-1 monoclonal antibody-based treatments 

in total are approved against several cancers, some of them proving superior 

efficacy than standard of care regimens (Table 2). At least two monoclonal 

antibodies against CTLA-4 have been approved and are used in clinic (data 

consulted on the official FDA website, https://www.fda.gov/drugs/development-

approval-process-drugs). Ipilimumab was the first anti-CTLA-4 

immunotherapeutic agent approved by the FDA in 2011 for melanoma, and is 

also indicated for renal cell carcinoma, dMMR colorectal cancer, hepatocellular 

carcinoma, non-small cell lung carcinoma and malignant pleural mesothelioma, 

in combination with nivolumab. Another anti-CTLA-4, tremelimumab (FDA-

approved on 2022), in combination with durvalumab (anti-PD-L1) is indicated for 
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the treatment of metastatic non-small cell carcinoma. Regarding anti-B7-H3 

therapeutic strategies, several of them have been approached in pre-clinical and 

clinical trials. An ongoing Phase I clinical trial promoted by the Seattle group is 

recruiting DMG patients at any time point following completion of standard 

therapy (NCT04185038; partially published in Cancer Discovery in 202359. This 

study uses a CAR-T approach focused in a locoregional adoptive therapy with 

autologous CD4+ and CD8+, which express a B7-H3-specific chimeric antigen 

receptor (CAR) and EGFRt. CAR-T cells are locally delivered through a catheter 

or Ommaya into the tumor. No results regarding the effectivity of the trial have 

been published yet (data consulted on the official NIH website. 

https://classic.clinicaltrials.gov/).   
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Table 2. FDA-approved immune checkpoint inhibitors anti PD-L1 and PD-1. 

1 Data consulted on the official FDA website (https://www.fda.gov/drugs/development-approval-

process-drugs). 

 

 

 
 

Drug Target FDA approval1 Approved indications1 

Nivolumab PD-1 2014 

Metastatic melanoma, metastatic non-small 
cell lung carcinoma, malignant pleural 
mesothelioma, advanced renal cell 
carcinoma, classical Hodgkin lymphoma, 
squamous cell carcinoma, urothelial 
carcinoma, colorectal cancer, hepatocellular 
carcinoma, esophageal cancer, gastric 
cancer, gastroesophageal junction cancer, 
esophageal adenocarcinoma 

Pembrolizumab PD-1 2014 

Advanced melanoma, non-small cell lung 
carcinoma, non-squamous NSCLC, 
classical Hodgkin lymphoma, urothelial 
carcinoma, neck squamous cell carcinoma, 
renal cell carcinoma 

Atezolizumab PD-L1 2016 
Urothelial carcinoma, non-small cell lung 
cancer, triple-negative breast cancer, small 
cell lung cancer 

Avelumab PD-L1 2017 Urothelial carcinoma, renal cell carcinoma 

Durvalumab PD-L1 2017 
Urothelial carcinoma, non-small cell lung 
cancer, small cell lung cancer, biliary tract 
cancer 

Cemiplimab PD-1 2018 
Cutaneous squamous cell carcinoma, basal 
cell carcinoma, non-small cell lung 
carcinoma 

Dostarlimab PD-1 2021 dMMR endometrial cancer 

Retifanlimab PD-1 2023 Merkel cell carcinoma 
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3.1.3. The blood-brain barrier 

Blood vessels are essential to deliver oxygen and nutrients to the tissue, remove 

waste products from the organs, transport hormones among tissues and mediate 

the immune response. Comprised by capillaries, arteries, veins and venules, 

each segment has specific characteristics that enable them to carry out distinct 

functions104. There are three main capillary classes, which differ in their structure 

and permeability: (i) continuous nonfenestrated (lungs and skin), (ii) continuous 

fenestrated vessels (intestine), and (iii) discontinuous (liver)105  

The CNS is highly vascularized because access to oxygen and nutrients is 

essential for its correct function. The vasculature network in the CNS is highly 

specialized and presents specific and different characteristics compared to 

vessels in the rest of the organism. CNS vessels are classified as a continuous 

non-fenestrated subtype, with specialized properties responsible for a high 

regulation of the movement of molecules, ions and cells between the CNS and 

blood, necessary for the maintenance of the fragile homeostasis of the brain106. 

The BBB is the term describing the unique properties of the CNS vascular 

network that allow, in physiologic conditions, a proper neuronal function and the 

protection of the CNS from toxins, inflammation, infection and other diseases104.  

Blood vessels are basically conformed by two cell types (Figure 8) namely 

endothelial cells and mural cells. Endothelial cells are responsible for the 

formation of the vessel walls. At the CNS, they are held together by tight 

junctions, which regulate the exchange of molecules and cells between the brain 

and blood by limiting the paracellular flux of solutes107. Moreover, in the CNS, 

there is a very low rate of transcellular vesicle transportation108. Such limited 

movement of molecules at the BBB confers the capacity of controlling the 
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transportation trough two main types of transporters. First, efflux transporters 

transport lipophilic molecules toward the blood. Second, highly specialized 

nutrient transporters facilitate the transport of specific nutrients into the CNS and 

the removal of waste products from the CNS to the blood104. The BBB is also 

characterized by an extremely low expression of leukocyte adhesion molecules 

(LAMs) in comparison with blood vessels in other organs109. This translates in a 

very low number of immune cells inside the CNS, limiting the inflammatory 

response, which would be highly harmful for the organ.  

Supporting and surrounding the endothelial wall, we can find mural cells, which 

include vascular smooth muscle cells and pericytes. The vascular smooth muscle 

is responsible for the contraction of blood vessels, necessary for regulating blood 

vessel tone, blood pressure and blood flow110. Pericytes patchedly cover the 

endothelial cells and are embedded in the basement membrane (BM), an 

extracellular matrix on which epithelial and endothelial cells grow. In the CNS, 

pericytes are derived from the neural crest and have the abilities of controlling 

the diameter of the capillaries, regulate angiogenesis, deposition of the 

extracellular matrix, wound healing, immune cell infiltration, regulation of blood 

flow and regulation of the BBB during development104. Some studies also report 

multipotent properties of this cell type111. Adjacent to the vascular compartment, 

the endfeet of astrocytes are in contact with the vascular tube, providing a cellular 

link between neuronal activity and blood vessels. This enables astrocytes to 

deliver signals that regulate blood flow in response to neuronal activity112.  
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Figure 8. Components of the BBB. (A) Vascular cast of a spinal. (B) Electron micrograph of a 

cross section of a CNS vessel. Endothelial cells (EC), pericytes (PC) and astrocytes (AE). (C) 

Magnified electron micrograph a CNS vessel. Tight junctions (TJ) and astrocyte endfeet (AE). (D) 

Schematic representation of the cell types within the neurovascular unit. (E) Immunofluorescence 

micrograph depicting relationship of PCs (red) with ECs (green). (F) Micrograph depicting 

relationship of astrocytes (red) with blood vessels (unstained). Reproduced from Daneman et al. 

2015104.  

 

Tumors also use blood vessels to obtain nutrients, paracrine signals and oxygen, 

necessary for their growth. They either use the pre-existing vasculature, or they 

induce angiogenic processes de novo. Endothelial cells are usually found in a 

quiescent state, but they can be induced to form new vascular structures by pro-

angiogenic factors secreted principally by tumor cells, such as vascular 

endothelial growth factor (VEGF) (Figure 9). These newly formed blood vessels 

are also necessary for tumor cell migration to healthy tissue structures and the 

consequent tumor expansion.  
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In the presence of pro-angiogenic signals secreted in the microenvironment, the 

newly formed vascular networks have less ability to mature, which translates into 

heterogeneous diameter of the blood vessels and a chaotic blood flow through 

these malformed tubes113. Endothelial junctions are often disrupted in the tumor 

vasculature, leading to enhanced permeability. Moreover, pericytes can be 

partially detached from endothelial cells in tumor vessels, and an uneven basal 

lamina distribution is observed, which is compatible with an increased vessel 

fragility and risks of hemorrhage114.  

 

 

Figure 9. Mechanisms of blood vessel formation. (A) Sprouting angiogenesis, (B) 

intussusceptive angiogenesis, (C) vasculogenesis, (D) recruitment of endothelial progenitor cells: 

vessel formation in tumors by recruitment of circulating endothelial progenitor cells, (E) Vascular 

mimicry, and (F) trans-differentiation of cancer stem cells to endothelial cells. Adapted from 

Lugano et al. 201972.  

 

Consequently, in many neurological diseases, including several adult brain 

tumors, the stability of the BBB becomes compromised106,115. However, in the 
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context of DMG, this structure remains intact, and its restrictive nature becomes 

a problematic physical barrier for drug delivery and other therapeutic options43. 

Moreover, besides using the preexisting vasculature, tumor cells orchestrate the 

secretion of angiogenic growth factors such as VEGF and the activation of 

signaling pathways to promote the creation of new aberrant blood vessels, which 

empower tumor growth, metastasis and expansion due to the increase of oxygen 

and nutrient provision114.  

The possibility of using an anti-angiogenic therapy in cancer was first proposed 

in 1971 by Judah Folkman116 with the objective to reduce the oxygen and 

nutrients supply to the tumor and, consequently, diminish tumor growth. Decades 

later, FDA approved the first VEGF-targeted therapy (bevacizumab) and a new 

generation of drugs was developed for the dual targeting of VEGF signaling 

pathway and alternative angiogenic pathways that were granting treatment 

resistance to the tumor117. Phase III clinical trials have shown diverse response 

patterns, and tumors have been classified as sensitive, partially sensitive and 

insensitive to anti-angiogenic therapies (Table 3). Most studies show high 

effectivity to inhibit newly formed vasculature but less antiangiogenic activity 

against previously stablished vessels. 

In this thesis, I aimed to elucidate the role of the secretome DMG on the 

angiogenic process, both structurally and molecularly.  
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Table 3. Tumor response to anti-angiogenic therapy. Adapted from Lupo et al. 2017118.  
 

 

 

3.1.4. Cytokines 

Cytokines are small proteins secreted by cells to interact and communicate with 

other cells. The action of the cytokines may be autocrine (i.e., on the same cell 

secreting them), paracrine (i.e., on the cells nearby) or endocrine (i.e., in distant 

cells). Different cytokines can activate the same functions, and are often 

produced in cascade. A variety of cytokines known as chemokines induce 

chemotaxis and are able to activate and promote the migration of immune cells, 

such as lymphocytes or macrophages119.  

Tumor Response Reference 

Breast Cancer Partially sensitive Fakhrejahani and Toi. 2014; Earl et al. 2015 

Clear cell renal 
carcinoma 

Sensitive Hutson et al. 2014; Rini et al. 2014 

Colorectal cancer 
Partially sensitive / 
insensitive 

Bennouna et al. 2013; Grothey et al. 2013 

Gastroesophageal 
cancer 

Partially sensitive Fuchs et al. 2014; Wilke et al. 2014 

Glioma Partially sensitive Gilbert et al. 2014 

Hepatocellular 
carcinoma 

Sensitive Bruix et al. 2015; Cainap et al. 2015 

Lung cancer Partially sensitive Garon et al. 2014; Liang et al. 2014 

Neuroendocrine and 
thyroid cancer 

Sensitive Brose et al. 2014 

Ovarian and cervical 
cancer 

Sensitive 
Pujade-Lauraine et al. 2014; Tewari et al. 
2014 

Pancreatic cancer Insensitive Kindler et al. 2010 

Prostate cancer Insensitive Michaelson et al. 2014 
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There are two main families of cytokines: pro-inflammatory and anti-

inflammatory. Pro-inflammatory cytokines are mainly produced by activated 

macrophages and are involved in inflammatory reactions and pathological pain 

processes. Some of the classical inflammatory cytokines include interleukin-1β 

(IL-1β), interleukin-6 (IL-6), TNF-α and IFN-γ119. On the other hand, anti-

inflammatory cytokines are immunoregulatory molecules that control the pro-

inflammatory cytokine response. Some of the most important 

immunosuppressive cytokines include IL-10 and TGF-β119. 

Cancer cells can autonomously secrete or exploit immunosuppressive cytokines 

secreted by the host tissue to escape the immune response or promote 

angiogenesis and, consequently, enable tumor growth and dissemination120. In 

such environment, most tumores are classified as cold, due to the presence of 

anti-inflammatory cells, the absence of pro-inflammatory cells and the secretion 

of classical anti-inflammatory cytokine secretion68,70,71,121. However, no clear 

cytokine secretion has been identified in our disease of interest, DMG73.  

In this thesis, I aimed to identify a common pattern of secreted proteins in DMG, 

to help explain the immunosuppressed phenotype of this tumor.  

3.1.4.1. Osteopontin 

Osteopontin is a secreted, multifunctional glycol-phosphoprotein present in 

pathological conditions and in some of the normal physiological processes in our 

body. SPP1 gene (4q22.1) includes seven exons that go through alternative 

splicing, resulting in the production of different variants (osteopontin-a, -b and -

c)122. All three variants are synthesized as 287-314 aminoacid precursor proteins, 

which are matured to shorter active molecules.  
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Osteopontin is produced by many cell types in a wide range of tissues in the 

body122-125 (Figure 10A). It is a key mediator activities such as cell adhesion, 

migration, proliferation, survival, differentiation, inflammatory cell activation and 

immune modulation. Through its interaction with its receptors, osteopontin is 

implicated in bone remodeling125, vascularization126, diabetes and obesity127, 

inflammation processes, tumorigenesis, cancer invasion and metastasis122,128. It 

is also responsible for the stimulation of the migration, polarization and 

accumulation of macrophages128. One of the main roles of osteopontin in cancer 

is limiting inflammation to create an immunosuppressed tumor 

microenvironment129. In fact, osteopontin is often overexpressed by cancer cells 

(Figure 10B) and other microenvironment components and it has been associated 

with poor prognosis in various carcinomas, melanoma, breast cancer, acute 

myeloid leukemia and GBM (Figure 10C). This protein has also been associated 

with tumor advanced stages and grade, tumor burden, invasiveness and 

metastatic capacity39,130-136.  
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Figure 10. Osteopontin expression in cancer. (A) OPN expression in physiologic conditions 

and cancer. Reproduced from Lamort et al. 2019137. (B) Representative images of CD133, Sox2 

and OPN in adult GBM (aGBM). Scale bar is 100 μm. Modified from Polat et al. 2022138. (C) 

Kaplan-Meier analysis of overall survival in aGBM for SPP1. Elevated expression of SPP1 is 

inversely correlated with the survival of adult patients with GBM (R2 genomics analysis and 

visualization platform. https://r2.amc.nl/). 
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The osteopontin-associated mechanisms underlying the aggressiveness of 

tumors have been studied for years. Osteopontin contains a classic integrin-

binding site (RGD) that binds integrins, such as integrin αvβ3. Also, the C-

terminal site of osteopontin is recognized by CD44 and its variants123. Different 

enzymes, such as metalloproteinases 3 and 7 (MMP-3, MMP-7) or thrombin have 

the ability to cleave osteopontin, revealing an additional adhesion site which 

confers a higher binding efficiency to its receptors139. Through the interaction of 

osteopontin with its receptors, many cancer-related pathways are activated 

(Figure 11), leading to increased metastatic potential of the tumor cells and the 

secretion of pro-tumorigenic factors that interact with other tumor components. 

Some of the cascades that are triggered by this interaction include PI3K/Akt, 

JAK/STAT, Ras/Raf/MEK/ERK and NFKβ, and lead to the expression of factors 

and proteins involved in angiogenesis, cell migration and proliferation, inhibition 

of autophagy and apoptosis, and immune suppression126,140-148.  
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Figure 11. Osteopontin signaling cascade. Osteopontin interacts with its receptors, CD44 and 

integrin αvβ3, and activates various signaling pathways that lead to tumor growth. The activation 

of PI3K, MAPK and STAT3 induce the expression of genes related to tumor growth and 

metastasis (MMPs, VEGF), and leads to a positive feedback of the cascade through intrinsic 

osteopontin and CD44 synthesis.  

 

In several cancers, osteopontin quantification in tumors or liquid biopsies (blood, 

CSF) is used as a biomarker to determine evaluate treatment response, to 

complement imaging diagnosis or to develop early diagnosis strategies149-151 

57,150.  
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Osteopontin remains as a potential therapeutic target for cancer, and different 

strategies have been developed such as monoclonal antibodies, siRNAs or small 

molecules acting as direct or indirect inactivators of its activity152.  

In this thesis, I identified the overexpression and secretion of osteopontin in DIPG 

and I studied its effects on different components of the tumor microenvironment. 

I also quantified osteopontin in CSF and serum samples from patients. 

3.1.4.2. Chitinase 3-like 1 

Chitinase 3-like 1 (CHI3L1) is a secreted, non-enzymatic glycoside hydrolase 

expressed in a multitude of cells, including hepatic stellate cells, endothelial cells, 

immune cells, astrocytes and cancer cells (Figure 12A)153-158. CHI3L1 gene 

(1q31-1q32) includes ten exons and its active product is presented as a 40 kDa 

protein156 with heparin, chitin, and collagen-binding properties.  

CHI3L1 is expressed in physiological and pathological conditions in many tissues 

in the body. It has a crucial role in inflammation, oxidant-induced responses, 

tissue repair, apoptosis and protection against pathogens, and also in cancer and 

metastasis. In tumors, through its interaction with its receptors, CHI3L1 is able to 

reduce inflammation and promote tumorigenesis through macrophage 

differentiation to the M2-like type, TGF-β expression and angiogenesis159-162. 

However, many of these cascades remain unclear and raise new possible 

research branches.  

CHI3L1 has been found overexpressed in many tumors and strongly correlates 

with poor prognosis, worse treatment response and advanced stages of the 

disease in many carcinomas, lymphomas and adult glioblastoma (Figure 

12B)154,163-167.  
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Figure 12. Chitinase 3-like 1 expression in GBM. (A) Representative images of CD133, Sox2 

and CHI3L1 in adult GBM (aGBM). Scale bar is 100 μm. Modified from Polat et al. 2022 and Nutt 

et al. 2005. (B) Kaplan-Meier analysis of overall survival in aGBM for CHI3L1. Elevated 

expression of CHI3L1 is inversely correlated with the survival of adult patients with GBM (R2 

genomics analysis and visualization platform. https://r2.amc.nl/). 

 

Interacting with CD44 and its variants, integrin αvβ3 and possibly other receptors, 

CHI3L1 activates pathways used by the tumors to grow, such as 

immunosuppression or angiogenesis168,169. The mechanisms underlying the 

aggressiveness of tumors associated with CHI3L1 rely in the activation of cancer-

related pathways (Figure 12), many of them shared with osteopontin, such as 

PI3K/Akt, JAK/STAT, Ras/Raf/MEK/ERK and NFKβ. These cascades lead to the 

expression of angiogenic factors, regulation of extracellular matrix integrity, cell 

migration and proliferation, and immune suppression169,170.  



Introduction 

40 
 

 

Figure 13. Chitinase 3-like 1 signaling cascade. Chitinase 3-like 1 interacts with its receptors, 

and activates various signaling pathways that lead to tumor growth. The activation of PI3K, MAPK 

and STAT3 induce the expression of genes related to tumor growth and metastasis (MMPs, VEGF 

and VEGFR), and leads to a positive feedback of the cascade through intrinsic CHI3L1 synthesis.  

 

CHI3L1 analysis in blood and CSF is considered a biomarker for inflammatory 

diseases such as multiple sclerosis, encephalitis, traumatic brain injury or acute 

kidney injury153,158,171,172. Moreover, it is also detected in body fluids of tumor 

patients. Its identification in serum is used as a metastatic and prognostic marker 

in colorectal cancer, ovarian carcinoma and lung carcinoma165,173,174.  

In this thesis, I identified the overexpression and secretion of CHI3L1 in DIPG 

and I studied its effects on some of the cellular components of the 

microenvironment of DIPG. I also quantified CHI3L1 in CSF and serum samples 

from patients. 
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4. CD44-xCT axis 

4.1. CD44 

CD44 is a cell-surface class I transmembrane glycoprotein encoded by CD44 

gene, found in the short arm of the chromosome 11 (11p13) and genomically 

composed by 20 exons. The first five exons (1-5) together with the last five (16-

20) encode for the standard form, CD44s, which is the shortest (85-95 kDa) form 

of the molecule and is ubiquitously expressed in all healthy tissues. CD44 is 

structurally organized in three regions, including the ectodomain (N-terminal, 

encoded by the exons 1-5), the transmembrane domain (exons 6-15) and the 

intracellular tail (C-terminal, encoded by the exons 16-20)175,176. CD44 

overexpression has been previously related to cancer signatures and tumor 

progression177-180. The expression of the variant forms (CD44v) has a direct role 

in the tumorigenic process, being responsible for the acquisition of adaptive 

plasticity by cancer cells181. The variants of CD44 receive their nomenclature 

(CD44v1-v10, v1 not encoded in humans) depending on the alternative splicing 

site by which they incorporate the genomic exons 6-15, either singly or in 

combination (85-230 kDa) (Figure 14A). All variants are expressed in the cancer 

cells although one of them is always found predominant in the tumor, becoming 

a molecular characteristic to each one of them11,182. The elongation of the CD44 

molecule due to the alternative splicing of the variable region of the gene, results 

in the incorporation of an additional membrane-proximal portion of the 

extracellular domain (Figure 14B).  
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Figure 14. Structure of CD44 gene and protein. (A) CD44 consists of several exons. Some of 

them are constant and present in every CD44 mRNA and protein (pink), and others are variant 

exons (blue) which are incorporated in CD44 splicing variants (CD44v) found in cancer. (B) CD44 

protein structure. The CD44 receptor is composed of an extracellular domain; a domain close to 

the transmembrane region where the variant exon products insert; a transmembrane region and 

an intracellular cytoplasmic domain.  

 

CD44 is overexpressed in various types of cancers. Hyaluronic acid (HA), one of 

the main components of the ECM, is the principal ligand of CD44, but it also binds 

to other ECM and ECM-unrelated components176, such as osteopontin183. 

Osteopontin increases cell surface expression of both CD44s and CD44v through 

positive feedback (Figure 15). The osteopontin-CD44 interaction promotes 
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tumorigenicity, especially through CD44v, and confers a stemness signature in 

tumor cells177,183-185.  

The expression of CD44 is regulated by a variety of molecules, such as cytokines, 

transcription factors, microRNAs and post-translational modifications. Its pro-

tumoral effects are based in the stimulation of signaling cascades related with 

proliferation, apoptosis, EMT process, drug resistance, angiogenesis and the 

activation of transcription factors175. PI3K/Akt cascade activates through 

phosphorylation, increasing apoptosis by blocking p53 genomic survival 

response. MAPK/ERK signaling through Ras activation promotes cell 

proliferation186. Moreover, the ECM degradation, necessary for cell migration, is 

increased by MMP2187 and MMP9188 expression. CD44 expression has also been 

recently associated to the regulation of immune checkpoint in some cancers, 

being involved in M2-like macrophage polarization and infiltration to the tumor 

microenvironment189. Due to the direct relation of CD44 to cancer, various studies 

have proposed its potential as a therapeutic target for CD44+ tumors (Table  4).  

In this thesis, I studied the expression of CD44s and CD44v in DIPG samples, 

and I identified CD44v5 as the most expressed variant in this cancer. 

 

 



 

 
 

Table  4. CD44-targeted therapy in some preclinical and clinical studies. Adapted from Xu H et al. 2020175. 

Therapeutic 
agent name 

Nature of the therapeutic agents Cancer type Effects 

 CD44 blocking antibody Lung cancer Suppressing the proliferation of A549 cells 

111In-cMAb U36 mAb specific to CD44v6  
Head and neck squamous cell 
carcinoma 

High tumor uptake 

VFF18 mAb specific to CD44v6 
Human squamous cell 
carcinomas 

Fast tumor uptake 

RG7356 Humanized mAb for CD44 Leukemia B cells Cytotoxic effects 

H4C4 Anti-CD44 mAb Melanoma 
Blocking cell aggregation and aggregate 
coalescence 

USP22-NLs-
CD44 

USP22 siRNA-loaded nanoliposomes with CD44 
Ab 

Gastric cancer Targeting CD44+ gastric cancer stem cells 

 
HA-coated cationic liposomes of cabazitaxel and 
silbinin 

Prostate cancer 
Showing proficient cytotoxicity against 
CD44+ cells 

 
HA-coated gold nanorods conjugated with pH-
sensitive groups and loaded with doxorubicin 

Cancer 
Enhancing the killing of cancer cells and the 
inhibition of tumor growth 

MTX-EDA-PEG-
EDA-HA 
nanoparticles 

Polyethylene glycol-HA nanoparticles 
conjugated with mitoxantrone 

Breast cancer 
Delivering toward CD44 receptor-positive 
MDA-MB-231 cells  

GNS/siHSP72 
Nanosystem containing gold nanostar/siRNA of 
heat shock protein 72/HA 

Triple negative breast cancer 
Selectively sensitizing CD44+ TNBC cells to 
hyperthermia 

HA-IR 
A phase IIa study: HA-irinotecan and carboplatin 
versus standard irinotecan and carboplatin 

Extensive-stage small cell lung 
cancer 

Selectively delivering anti-tumor drugs to 
CD44+ tumor cells with enhanced efficacy 
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4.2. xCT 

xCT is the light-chain subunit (gene SLC7A11) of the xc-/xCT cysteine-glutamate 

antiporter system (Figure 15), a transmembrane protein responsible for the 

exchange of intracellular glutamate and extracellular cysteine capable of 

regulating the accumulation of reactive oxygen species (ROS) inside the cells. 

ROS accumulate as result of the action of chemotherapeutic agents and other 

anti-cancer approaches, by the synthesis of intracellular glutathione (GSH). The 

expression of xCT has been widely associated to tumor growth, progression and 

chemoresistance. For instance, xCT levels are causally linked with the 

malignancy grade of glioblastoma190. Inhibition of this antiporter has 

demonstrated antitumor effectivity in glioblastoma, melanoma and prostate 

cancer191, resensitizing the tumor to classical treatments and offering an 

alternative to apoptosis due to the activation of ferroptosis, a programmed cell 

death pathway dependent on iron. xCT activity and expression has been related 

to the presence of CD44v in the tumor cells. The variants of CD44 are responsible 

for xc- system stabilization, which entails a higher antioxidant activity in the tumor 

cell192. 
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Figure 15. CD44v-xCT axis. xc-/xCT  is a heterodimeric glutamate-cystine antiporter system that 

transports glutamate out of the cell in exchange for cystine. Cystine is then reduced to cysteine, 

which is after used for protein and glutathione (GSH) synthesis. These channels are associated 

to CD44v and are used by the tumor cells to reduce intracellular ROS accumulation for cell 

survival and proliferation.  

 

4.3. Sorafenib 

Sorafenib (BAY 43-9006, Nexavar®) is a bi-aryl urea multikinase inhibitor. It 

targets cell surface tyrosine kinase receptors (VEGFR, PDGFR), downstream 

intracellular kinases implicated in tumor cell proliferation and tumor 

angiogenesis193 (B-raf, RAF, VEGF 1/2/3, FLT3, FGF) and the xc- system190 

(Figure 16). Sorafenib was first approved by the FDA and European Commission 

in 2007 for the treatment of hepatocellular carcinoma131, and now is also indicated 

to treat renal carcinoma78 and differentiated thyroid carcinoma194. Although 

sorafenib is usually administered as monotherapy, many studies suggest its use 
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as a combination with other drugs in order to reduce the doses of the multikinase 

ihibitor195.  

Previous studies have suggested xCT as a potential drug target for glioblastoma, 

which has been associated to chemotherapeutic resistance. Some studies report 

the selective efficacy of this drug against glioblastoma cells proliferation and 

survival in vitro196,197. Moreover, Siegelin et al. demonstrated that sorafenib 

suppresses tumor growth in preclinical glioblastoma mouse models, postulating 

its capacity to cross the blood-brain barrier, without being associated with 

systemic or organ toxicity198. Consequently, numerous clinical trials arised for the 

administration of this treatment alone or in combination with other 

chemotherapeutic agents or radiation. However, none of them demonstrated 

sufficient improvements in patient survival or disease progression (Table 5) 

 

 



 

 
 

Table 5. Completed clinical trials for adult GBM using sorafenib. Data consulted from https://classic.clinicaltrials.gov/ 

Clinical trial ID Phase Conditions Treatment 

NCT00544817 Phase II Glioblastoma Multiforme Radiation, temozolomide, sorafenib 

NCT00597493 Phase II Recurrent Glioblastoma Multiforme Sorafenib, temozolomide 

NCT00329719 Phase I and II 
Adult Glioblastoma, Adult Gliosarcoma and Recurrent Adult Brain 
Neoplasms 

Surgery, sorafenib tosylate, temsirolimus 

NCT00445588 Phase II 
Adult Giant Cell Glioblastoma, Glioblastoma, Adult Gliosarcoma 
and Adult Recurrent Brain Tumor 

Erlotinib hydrochloride and sorafenib tosylate 

NCT00335764 Phase I and II 
Adult Giant Cell Glioblastoma, Glioblastoma, Adult Gliosarcoma 
and Recurrent Adult Brain Tumor 

Sorafenib tosylate, erlotinib hydrochloride, 
tipifarnib, temsirolimus 

NCT00621686 Phase II Brain and Central Nervous System Tumors Sorafenib tosylate, bevacizumab 

NCT01434602 Phase I and II Brain Tumor, Glioblastoma and Anaplastic Glioma Everolimus, sorafenib 

NCT00884416 Phase I 
Glioblastoma, Gliosarcoma, Anaplastic Astrocytoma, Anaplastic 
Oligoastrocytoma and Anaplastic Oligodendroglioma 

Sorafenib 

NCT00093613 Phase I 
Adult Anaplastic Astrocytoma, Adult Anaplastic Oligodendroglioma, 
Adult Giant Cell Glioblastoma, Adult Gliosarcoma and Recurrent 
Adult Brain Tumor 

Sorafenib tosylate 

NCT01183663 Phase I Advanced cancers Lenalidomide, Sorafenib 
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In a different scenario, patients with carcinoma generally benefit from the 

sorafenib therapy, but several of them develop resistance due to several 

mechanisms199,200. One of the most common ones is the crosstalk involving 

PI3K/Akt and JAK-STAT pathways201. The PI3K pathway regulates survival, cell 

growth, differentiation, cellular metabolism, and cytoskeletal reorganization of 

cells in reaction to a range of signals202. Deregulation of this signaling cascade 

activates oncogenic events or inactivates tumor suppressors. The PI3K–Akt is 

aberrantly activated in several cancers203. Significantly, the overactivation of the 

PI3K pathway can confer chemoresistance to the treated tumors. Consequently, 

the inhibition of PI3K could have beneficial clinical effect to enhance other 

treatments. Therefore, inhibitors of PI3K and, more precisely, PI3Kα, have 

become an interesting new approach for the treatment of malignancies, and many 

of them have evolved into clinical trials or even approved for standard use in 

clinic204. 

In my thesis, I have evaluated the activity of sorafenib to inhibit DIPG and 

endothelial cells, evaluating its ability to induce ROS in cancer cells. I addressed 

resistance to sorafenib by targeting the PI3K pathway with a PIK3CA inhibitor. 
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Figure 16. Sorafenib and Inavolisib inhibitory mechanisms in cancer.  
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The development of immunotherapy for DIPG is justified by its dismal prognosis 

and the need for radically new therapeutic approaches for this disease. Recent 

success in treating melanoma, renal cell carcinoma, non-small lung cancer or 

prostate cancer with immune checkpoint inhibitors205, or treating leukemia, 

carcinomas, and even glioblastoma multiforme with CAR-T cells206 has triggered 

interest in this approach. To optimize immunotherapy for DIPG, we must 

understand the immune escape mechanisms exerted by these tumors, likely 

through the generation of a pro-tumoral microenvironment, characterized by the 

presence of anti-inflammatory cytokines, immunosuppressive cells, or 

neovascularization. Previous work found that the microenvironment of DIPG is 

non-inflammatory, with a low or absent expression of immunomodulatory 

molecules, including immune checkpoints PD-L1 and CTLA-472,73. While such 

findings are clear regarding the absence of inflammation, it remains unknown 

which molecules or mechanisms are responsible for the acquisition of immune 

deprivation, as no classical chemokines have been identified to date as 

overexpressed in this cancer73. A precise and in-depth analysis of the immune 

infiltrate of DIPG and the study of its secretome may unveil immunological 

mechanisms by which the tumor is able to escape and grow. Such knowledge 

would contribute to identify potential immune-related druggable targets, 

necessary for increasing the lifespan and survival of the patients. 

In this thesis, I will approach (i) the characterization of DIPG immunoenvironment, 

(ii) the identification of potential cancer-secreted proteins responsible for the 

microenvironmental phenotype in the tumor, and (iii) the testing of a novel therapy 

targeting one of the proposed mechanisms.  



Hypothesis and aims 

53 
 

Our general hypotheses are that (i) immunohistochemical markers in DIPG 

tissues will be consistent with immune suppression, including low counts of TILs 

and high counts of TAMs, consistent with a cold tumor microenvironment; (ii) 

primary DIPG cells in culture secrete specific cytokines, which are shared among 

different patients, constituting a common “DIPG secretome”; (iii) the secretome 

of DIPG modifies different cellular components of the microenvironment, such as 

mesenchymal stem cells (MSCs), endothelial cells and macrophages, favoring 

the establishment of a pro-tumorigenic niche; and (iv) blocking cytokine-activated 

pathways leads to anticancer activity in DIPG and pHGG models, in vitro and in 

vivo. To address our hypotheses, we set three main objectives:  

I. To characterize the immune cell infiltrate in DIPG and the immune 

escape mechanisms. We will quantify TIL and TAM populations in a 

large set of DIPG tissue samples from biopsies and necropsies of 

patients, and we will compare them to the counts obtained from non-

tumoral brainstems. We will study the expression of the immune 

checkpoints PD-L1, CTLA-4 and B7-H3 by immunohistochemistry 

(IHC) in the same samples. We will also study the expression of these 

proteins in vitro, in primary cell cultures.  

II. To characterize the DIPG secretome by identifying specific cytokines 

secreted by primary DIPG cells in culture, which are common among 

DIPG patients. We will analyze the expression of soluble and secreted 

proteins in tissue samples, in primary DIPG cultures, and in CSF and 

serum from patients. Then, we will expose cells of the tumor 

microenvironment, such as MSCs, endothelial cells and peripheral 

blood mononuclear cell (PBMC)-derived macrophages, to the DIPG 
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secretomes and to the recombinant versions of the identified cytokines, 

to address phenotypic changes in the cells. 

III. To evaluate a new therapy for DIPG blocking the pathway activated by 

osteopontin and CHI3L1, two cytokines overexpressed in the 

secretome of the tumor. We will study whether sorafenib, an FDA-

approved drug targeting one of the pathways activated by osteopontin 

and CHI3L1, presents anticancer activity against DIPG models. We will 

also assess changes on microenvironmental components after 

treatment.  
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Cell models and samples 

We obtained primary pHGG cultures from the repository at Hospital Sant Joan de 

Deu (HSJD, Barcelona, Spain). All of them were obtained from tumors located in 

the pons (i.e., DIPG) and were classified as DMG H3 K27-altered. In the text, we 

omit the institutional prefix HSJD of cell identification, for clarity purposes. Cells 

grow as tumorspheres in pHGG culture medium, which is also known as Tumor 

Stem Cell complete medium (TSMc). The composition of this medium is 

neurobasal-A (10888022) and DMEM/F-12 (11320074) (50:50 volume) 

supplemented with B-27 (12587010), HEPES buffer 10 mM (15630056), sodium 

pyruvate 1 mM (11360039), minimum essential medium (MEM) non-essential 

aminoacid solution 1x (11140035), L-alanyl-L-glutamine 2 mM (35050038), 

penicillin 100 units/mL, streptomycin 100 µg/mL and amphotericin B 0.25 µg/mL 

(15240062), all from Thermo Fisher Scientific (Waltham, MA, USA). Medium 

contains recombinant human growth factors EGF (AF-100-15) and FGF-basic 

(AF-100-18B) (20 ng/mL each), PDGF-AA (100-13A) and PDGF-BB (100-14B) 

(10 ng/mL each), from PeproTech (Cranbury, NJ, USA) and heparin 2 µg/mL 

(H3149-10KU, Sigma-Aldrich, Saint Louis, MO, USA). The institutional review 

board at HSJD approved the collection of patient samples (DIPG from biopsy or 

autopsy, CSF or serum), under protocol PIC-157-15 and informed consent M-

1608-C. Other samples obtained under consent were from the BioBank HGUA 

(PT13/0010/0044), integrated in the Spanish National Biobank Network. 

Adipose tissue-derived human mesenchymal stem cells (hMSC-AT, C-12977) 

were from PromoCell (Heidelberg, Germany), the human brain microvascular 

endothelial cell line hCMEC/D3 (SCC066) was from Sigma-Aldrich, human 

astrocytes (K1884) were from Gibco (Grand Island, NY, USA), human microglia 
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HMC3 (CRL-3304) was from ATCC (Manassas, VA, USA) and the cancer cell 

lines LAN-1 (neuroblastoma), A4573 (Ewing sarcoma) and RH 

(rhabdomiosarcoma) were from the HSJD repository. 

Patient-derived xenografts (PDX) samples were obtained from subcutaneous 

tumors established in athymic nude mice as described in previous work207. PDX 

samples included Ewing sarcoma HSJD-ES-002, neuroblastoma HSJD-NB-007, 

Wilms tumor HSJD-WT-005, and pHGG HSJD-GBM-001 and HSJD-DMG-005. 

Orthotopic intracraneal pHGG tumor xenografts were harvested from mice 

bearing HSJD-GBM-001 and HSJD-DMG-005.  

Immunostaining of patient samples 

For 4-μm paraffin-embedded tissue sections, we incubated the samples with 

peroxidase blocking solution (RE7101, Leica) for 30 minutes. Then, we washed 

the sections and we used primary antibodies for CD3 (PA0553, ready-to-use, 

Leica, Wetzlar, Germany), CD8 (ab17147, 1:50, Abcam, Cambridge, UK), CD4 

(NCL-L-CD4-368, 1:200, Novocastra, Newcastle upon Tyne, UK), FoxP3 

(ab20034, 1:400, Abcam), CD20 (MOB004, ready-to-use, Diagnostic 

Biosystems, Pleasanton, CA, USA), CD45 (PA0042, ready-to-use, Leica), CD68 

(MOB167, ready-to-use, Diagnostic Biosystems), Iba1 (ab178846, 1:2000, 

Abcam), CD163 (NCL-L-CD163, 1:400, Novocastra), PD-L1 clone SP142 

(M4420, 1:60, Spring Bioscience, Pleasanton, CA, USA), PD-L2 (#82723, ready-

to-use, Cell Signalling, Danvers, MA, USA), CTLA-4 (anti-CD152 clone 14D3, 14-

1529, 1:100, eBioscience, San Diego, CA, USA), B7-H3 (#14058, 1:200, Cell 

Signalling), CD31 (ab28364, 1:100, Abcam), breast cancer resistance protein 

(BCRP; OACD01214, Aviva Systems Biology, San Diego, CA, USA) and CD90 

(ab181469, 1:200,  Abcam) Secondary antibodies and diaminobenzidine solution 
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for staining were those included in the Novolink system for the detection of mouse 

IgG, mouse IgM and rabbit IgG primary antibodies (RE7150, Leica). 

For immunofluorescence, we pretreated 4-µm paraffin tissue sections with Sudan 

black 0.1% in 70% ethanol to remove tissue autofluorescence. After 20 min, we 

washed them with phosphate buffered saline (PBS) and blocked unspecific 

unions with 5% bovine serum albumin (BSA, A3294, Sigma-Aldrich) for 30 min. 

Then, we incubated the sections overnight at 4 ºC with primary antibodies diluted 

in blocking solution for osteopontin (ab8448, 1:400, Abcam), chitinase 3-like 1 

(ab77528, 1:1000, Abcam), SOX2 (ab171380, 1:400, Abcam), B7-H3 (#14058, 

1:200, Cell Signalling), CD31 (ab32457, 1:1000, Abcam), CD90 (ab181469, 

1:200, Abcam), CD163, (ab182422, 1:500, Abcam), PDGFR-β (#3169, 1:100, 

Cell Signalling) and tri-methyl-histone H3 (Lys27) (#9733, 1:1000; Cell 

Signalling). The next morning, we washed with PBS and added 4′,6-diamidino-2-

phenylindole (DAPI; D1306, 1:5000, Thermo Fisher Scientific) and the secondary 

antibodies anti-rabbit-Alexa 594, (A11012, 1:100) and anti-mouse-Alexa 488, 

(A32723, 1:100) from Invitrogen (Waltham, MA, USA). After 1 h in the dark, we 

washed the slides with PBS and mounted them with antifade mountant (P36961, 

Thermo Fisher Scientific). We obtained images using the Leica SP8 confocal 

microscope and acquired them with the Leica Application Suite software. 

Morphology of the microglia in human tumor samples 

To determine the activation state of the microglia in the human samples, we 

analyzed the morphology of Iba1+ cells in paraffin sections. Following a published 

method208, we used FracLac plugin for ImageJ (National Institutes of Health, 

Bethesda, MD, USA) and calculated the parameters of area fraction of Iba1+ in 

the selected field and soma area (i.e., the total number of pixels in the cell soma, 
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multiplied by the pixel area of 0.013 µm2). We selected cells randomly, no 

overlapping with neighboring cells and with complete nucleus and branches.  

Real-time quantitative polymerase chain reaction (RT-qPCR) 

We quantified mRNA expression of immune checkpoints and cytokines from 

brain and tumor tissue samples and primary DIPG cell cultures. We purified total 

RNA from cell models and tissue samples using TRIzol Reagent (15596018, Life 

Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. We 

determined the quantity and quality of RNA obtained with Nanodrop 8000 

spectrophotometer (Thermo Fisher Scientific). A total of 1 μg of RNA was 

retrotranscribed with M-MLV reverse transcriptase system (Life Technologies) to 

obtain cDNA. We performed RT-qPCR according to the manufacturer’s protocol 

using Taqman Gene Expression Master Mix (4444557, Thermo Fisher Scientific) 

and Taqman Gene Expression Assays detailed in Table 6. The relative 

expression of the target genes was calculated using the ΔΔCt method with control 

TBP.  
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Table 6. Primers used for RT-qPCR assays with TaqMan probes references. 

 

Gene symbol Protein TaqMan probe  

CD274 PD-L1 Hs01125301_m1 

CD273 PD-L2 Hs01057777_m1 

CD152 CTLA-4 Hs03044418_m1 

CD276 B7-H3 Hs00987207_m1  

IDO1 Idoleamine 2,3-dioxygenase 1 Hs00984148_m1 

IDO2 Idoleamine 2,3-dioxygenase 1 Hs01589373_m1 

TDO Tryptophan 2,3-dioxygenase Hs00194611_m1 

PTGES Prostaglandin E synthase Hs00610420_m1 

PTGS2 Prostaglandin-endoperoxide synthase 2 Hs00153133_m1 

HLA-A Major histocompatibility complex, class I, A Hs01058806_g1  

HLA-B Major histocompatibility complex, class I, B Hs00818803_g1 

HLA-C Major histocompatibility complex, class I, C Hs03044135_m1 

HLA-DRA Major histocompatibility complex, class II, DR alpha Hs00219575_m1 

HLA-DRB1 Major histocompatibility complex, class II, DR beta 1 Hs99999917_m1 

B2M Beta-2-microglobulin Hs00984230_m1 

CIITA Class II major histocompatibility complex transactivator Hs00172094_m1 

HSPA1A Heat shock protein family A (Hsp70) member 1A Hs00359163_s1 

HSPA4 Heat shock protein family A (Hsp70) member 4 Hs00382884_m1 

HSPD1 Heat shock protein family A (Hsp60) member 1 Hs01036753_g1 

HSP90AA1 Heat shock protein 90 alpha family class A member 1 Hs00743767_sH 

TGFB1 Transforming growth factor beta 1 Hs00998133_m1 

TGFB2 Transforming growth factor beta 2 Hs00234244_m1 

TGFB3 Transforming growth factor beta 3 Hs01086000_m1 

STAT3 Signal transducer and activator of transcription 3 Hs00374280_m1 

CALR Calreticulin Hs00189032_m1 

HMGB1 High mobility group box 1 Hs01923466_g1  

HPRT1 Hypoxanthine phosphoribosyltansferase 1 Hs02800695_m1 

SPP1 Osteopontin Hs00959010_m1 

CHI3L1 Chitinase 3-like 1 Hs01072228_m1 

TBP TATA-box binding protein Hs00427620_m1   
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In brain endothelial cells, we performed RT-qPCR according to the 

manufacturer’s protocol using Power SYBR Green PCR Master Mix Gene 

Expression Master Mix (4367659, Thermo Fisher Scientific) and SYBR Gene 

Primers for genes FN1, NRP1 and ABCG2 (Table 7). The relative expression of 

the target genes was calculated using the ΔΔCt method with control GUSB 

(Table 7). In brain endothelial cells, we analyzed gene expression of 

angiogenesis markers using a TaqMan™ Human Angiogenesis Array (4414071, 

Thermo Fisher Scientific). For microglial cells and PBMC, we addressed 

macrophage polarization using the GeneQuery™ Human Macrophage 

Polarization Markers qPCR Array Kit (GK120, ScienCell Research Laboratories, 

Carlsbad, CA, USA). 

We quantified mRNA expression of CD44s, CD44v2-v10 and SLC7A11 from 

brain and tumor tissue samples and primary pHGG cell cultures. We performed 

RT-qPCR according to the manufacturer’s protocol using Power SYBR Green 

PCR Master Mix Gene Expression Master Mix (4367659, Thermo Fisher 

Scientific) and SYBR Gene Primers for CD44s, CD44v2-v10 and SLC7A11 

(Table 7). The relative expression of the target genes was calculated using the 

ΔΔCt method with control ACTB.  



 

 
 

Table 7. SYBR-Green primers used for RT-qPCR assays. 

 

 
  

Gene symbol Protein Fw primer (5’-3’) Rv primer (5’-3’) 

FN1 Fibronectin 1 ACAACACCGAGGTGACTGAGAC ACAACACCGAGGTGACTGAGAC 

NRP1 Neuropilin 1 AACAACGGCTCGGACTGGAAGA GGTAGATCCTGATGAATCGCGTG 

ABCG2 BCRP AAAGCCACAGAGATCATAGAG GATCTTCTTCTTCTTCTCACC 

GUSB Glucuronidase Beta CTGTCACCAAGAGCCAGTTCCT GGTTGAAGTCCTTCACCAGCAG 

CD44s CD44s GGAGCAGCACTTCAGGAGGTTAC GGAATGTGTCTTGGTCTCTGGTAGC 

CD44v2 CD44v2 ATCACCGACAGCACAGACAGAAT AACCATGAAAACCAATCCCAGG 

CD44v3 CD44v3 TACGTCTTCAAATACCATCTCAGCA AATCTTCATCATCATCAATGCCTG 

CD44v4 CD44v4 AACCACACCACGGGCTTTTG TCCTTGTGGTTGTCTGAAGTAGCA 

CD44v5 CD44v5 TGCTTATGAAGGAAACTGGAAC  TGTGCTTGTAGAATGTGGGGT 

CD44v6 CD44v6 CCAGGCAACTCCTAGTAGTACAACG CGAATGGGAGTCTTCTTTGGGT 

CD44v7 CD44v7 GCCTCAGCTCATACCAGCCATC TCCTTCTTCCTGCTTGATGACCT 

CD44v8 CD44v8 TGGACTCCAGTCATAGTATAACGC  GGTCCTGTCCTGTCCAAATC 

CD44v9 CD44v9 AGCAGAGTAATTCTCAGAGC TGATGTCAGAGTAGAAGTTGTT 

CD44v10 CD44v10 CCTCTCATTACCCACACACG CAGTAACTCCAAAGGACCCA 

SLC7A11 xCT TGCTGGGCTGATTTTATCTTCG GAAAGGGCAACCATGAAGAGG 

ACTB B-ACTIN GTGAAGGTGACAGCAGTCGGTT GAAGTGGGGTGGCTTTTAGGAT 
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Induction of immune checkpoints expression in DIPG 

To evaluate whether the immune checkpoint machinery could be activated by a 

pro-inflammatory niche, we exposed DIPG cells and human astrocytes in culture 

(5 x 105 cells per well, in 6-well plates) to 20 ng/mL interferon-γ (IFN-γ, 300-02, 

Peprotech) for 48 h. We analyzed by RT-qPCR CD274 (PD-L1), CD273 (PD-L2) 

and CD276 mRNA expression of treated and untreated cells (Table 6).  

Cytokine expression in patient tissue samples, cell culture supernatants, 

and patient CSF and serum 

We assessed the presence of 105 human cytokines in frozen pHGG samples, 

brainstem control samples (non-tumoral and non-inflamed), and DIPG cell culture 

supernatants, using a proteome profiler array (Human XL Cytokine Array Kit, 

ARY022B, R&D Systems, Minneapolis, MN, USA). We homogenized tissues in 

lysis buffer (0.5% IGEPAL, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate, 50 mM Tris-HCl (pH 7.5), and 150 mM NaCl; all from Sigma) 

supplemented with protease inhibitor cocktail 0.4% (4693132001, Promega, 

Madison, WI, USA). We quantified protein concentration in homogenates or 

supernatants using the Bradford assay (B6916, Sigma-Aldrich). We added to the 

array membranes either patient tumor tissue lysates (200 µg protein in 1.5 mL of 

array buffer), or DIPG cell culture supernatant (300 µL). After overnight incubation 

at 4 °C, we added the biotinylated detection antibody cocktail and streptavidin-

HRP. We acquired images using the iBrightCL1000 (Invitrogen) and quantified 

the intensity of the spots with QuickSpots HLIimage++ software (Ideal Eyes 

System, Bountiful, Utah, USA). Exposure time was 5 min for supernatant samples 

and 15 min for tissue samples. In each array membrane, we subtracted the signal 

of the negative control spots to each of the individual signals obtained from each 



Materials and methods 

64 
 

protein spot. Then, we normalized the signal value of each of the spots to the 

mean signal value of the positive controls, which we considered 100% signal. We 

compared the cytokine expression between control brainstem tissue and tumor 

samples and we identified the significantly overexpressed cytokines in tumor 

lysates using a parametric multiple t test. 

To quantify selected proteins in tissue samples, DIPG cell supernatants, CSF and 

serum, we used ELISA kits for osteopontin (DOST00) and chitinase-3-like protein 

1 (DC3L10) (both from R&D Systems). We read the plates using an Infinite 200 

PRO TECAN microplate reader (Tecan Trading, Männedorf, Switzerland) set at 

450 nm, with a wavelength correction set at 540 nm. 

We validated the protein expression in tissue samples by immunoblotting of 

osteopontin and CHI3L1 using GAPDH as loading control. We blocked 

membranes for 1 h at room temperature (RT) with 5% BSA and incubated them 

overnight at 4 °C with the primary antibodies for osteopontin (ab8448, 1:1000, 

Cell Signaling, Danvers, MA), CHI3L1 (ab77528, 1:1000, Abcam) and GAPDH 

(MAB374, 1:50000, Merck Millipore, MA, USA). The following day, we incubated 

the membranes with the secondary fluorescent antibody (C80626-08, Li-Cor 

Biosciences, Lincoln, Nebraska, USA) for 1 h, in the dark. We detected the signal 

using the Li-Cor Odyssey® CLx Imaging System (C81205-05, Li-Cor 

Biosciences). We quantified the density of the bands using ImageJ. 

Tumor secretome-induced pericyte-like differentiation of human 

mesenchymal stem cells (hMSC) 

To address whether the DIPG secretome induced phenotypic changes of hMSC 

towards B7-H3-expressing pericytes frequently found in the aberrant blood 

vessels of DIPG, we incubated hMSC-AT with DIPG-conditioned culture medium 
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supernatants for 7 days. We cultured 105 hMSC-AT cells in 3 mL of hMSC culture 

medium (C-28009, PromoCell) in T25 flasks. The next day, we treated flasks with 

3 mL of either hMSC culture medium, pericyte culture medium (P60121, Innoprot, 

Spain), pHGG medium, DIPG supernatants (DIPG-007, -012 and -021), human 

astrocytes supernatant, neuroblastoma cell (LAN-1) supernatant, Ewing sarcoma 

cell (A4573) supernatant, and cytokines dissolved in pHGG medium, including 50 

nM human recombinant osteopontin (1433-OP, R&D Systems), or 50 nM human 

recombinant chitinase 3-like protein 1 (2599-CH-050, R&D Systems). We 

renewed the culture media every 72 h. After 7 days, we trypsinized and 

homogenized hMSC-AT cells in RIPA buffer (10 mM Tris-HCl pH 8.0, 1 mM 

EDTA, 1% Triton X-100, 140mM NaCl; all from Sigma-Aldrich) supplemented with 

a protease inhibitor cocktail (4693132001, Promega). We determined protein 

concentrations with the Bradford protein assay and performed immunoblotting of 

B7-H3, PD-L1, NG2 and PDGFR-β using GAPDH as loading control. We blocked 

membranes for 1 h at RT with 5% BSA and incubated them overnight at 4 °C with 

the primary antibodies for B7-H3 (#14058, 1:1000, Cell Signaling), PD-L1 

(ab205921, 1:200, Abcam), NG2 (ab129051, 1:200, Abcam), PDGFR-β (#3169, 

1:1000, Cell Signaling) and GAPDH (MAB374, 1:50000, Merck Millipore). The 

following day, we incubated the membranes with the secondary fluorescent 

antibody (C80626-08, Li-Cor Biosciences, Lincoln, Nebraska, USA) for 1 h, in the 

dark. We detected the signal using the Li-Cor Odyssey® CLx Imaging System 

(C81205-05, Li-Cor Biosciences). We quantified the density of the bands using 

ImageJ.  
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Tumor secretome-induced changes in the brain endothelial cell phenotype 

First, we performed a microtubule formation assay of hCMEC/D3 cells exposed 

to DIPG supernatants. We coated 24-well cell culture plates with 100 µL of 

unpolymerized geltrex (12760021, Thermo Fisher Scientific) and incubated at 37 

°C for 30–45 minutes. We plated 105 hCMEC/D3 cells in 300 µL of either 

endothelial cell culture medium (C-22011, PromoCell), pHGG medium, DIPG 

supernatants (DIPG-007, -012 and -021), human astrocytes supernatant, LAN-1 

supernatant, A4573 supernatant, and cytokines (50 nM of recombinant 

osteopontin or chitinase 3-like 1) dissolved in endothelial cell culture medium. We 

used endothelial cell culture medium as negative control. After 18 h incubation, 

we took photographs with an inverted photomicroscope at 10x. We analyzed four 

randomly selected fields from each condition to assess tube formation with the 

Angiogenesis Analyzer plugin for ImageJ.  To determine the complexity of the 

vascular structures formed in vitro, we measured the total length of the vascular 

network (in mm), as the addition of the lengths of segments, isolated elements 

and branches in the analyzed area. We also counted the number of junctions of 

the new network, adding the total number of vertices formed by the vascular 

branches. 

Second, we studied phenotype changes in co-cultured mesenchymal cells and 

brain endothelial cells changed in the presence of DIPG secretomes. We 

performed a microtubule formation assay of hCMEC/D3 cells co-cultured with 

hMSC-AT cells exposed to conditioned media. We coated 8-well glass chamber 

slides with 30 µL of unpolymerized geltrex and incubated at 37 °C for 30–45 

minutes. We plated 6x104 hCMEC/D3 and 1.2x104 hMSC-AT cells in 300 µL of 

either endothelial cell culture medium, mesenchymal medium, pericyte medium, 
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pHGG medium, DIPG supernatants (DIPG-007, -012 and -021), human 

astrocytes supernatant, LAN-1 supernatant, A4573 supernatant, and cytokines 

(50 nM of recombinant osteopontin or chitinase 3-like 1) dissolved in endothelial 

cell culture medium. After 18 h incubation, we assessed tube formation.  

Cell immunofluorescence 

For hMSC-AT cells, we cultured them in 8-well glass chamber slides 

(PEZGS0816, Merck Millipore). After treatments with conditioned media for 7 

days, we fixed the cells with 4% PFA for 30 min, followed by 0.1% Tween 20-

PBS permeabilization for 30 min. Then we used 5% BSA as a blocking solution 

for 1 h. We added primary antibodies for NG2 (ab12905, 1:200, Abcam) and 

CD90 (ab181469, 1:200, Abcam), kept at 4ºC overnight.  

For cultures of geltrex-embedded human endothelial cells and their co-cultures 

with hMSC-AT cells, we used 8-well glass chamber slides and treated them with 

conditioned media for 18 h. Then, we fixed the gels with 80% methanol and 20% 

DMSO for 30 min at RT. We rehydrated with 50% methanol and 50% PBS for 1 

h at RT. Finally, we added 20% methanol and 80% PBS followed by a 

permeabilization process with 0.1% Tween 20-PBS at RT for 1 h. Then, we added 

blocking solution (10% FBS, 5% BSA in PBS) for 2-4 h. We washed with 0.1% 

Tween 20-Tris Buffered Serum (TBS-T) for 1 h and added the primary antibody 

diluted in blocking solution at 4 ºC overnight. Antibodies were endothelial marker 

CD31 (ab32457, 1:200, Abcam), pericyte marker NG2 (ab129051, 1:200, Abcam) 

and blood-brain barrier marker BCRP (ab3380, 1:200, Abcam).  

For cultures of pHGG tumorspheres and RH cells (used as negative control) we 

embedded them in OCT embedding matrix and posteriorly sliced them into 4-μm 

sections. First we fixed the cells with 4% PFA for 30 min, followed by 0.1% Tween 
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20-PBS permeabilization for 30 min. Then we used 5% BSA as a blocking 

solution for 1 h. We incubated the primary antibodies for osteopontin (ab8448, 

1:200, Cell Signaling), chitinase 3-like 1(ab77528, 1:200, Abcam) or xCT (B300-

318, 1:200, Novus Biologicals, Littleton, Ontario, Canada).  

For all the above-mentioned preparations, we used the secondary antibodies 

anti-mouse-Alexa-488 (A32723, 1:1000, Invitrogen), anti-rabbit-Alexa-594 

(A21207, 1:1000, Invitrogen) or anti-rabbit-Alexa-488 (A11034, 1:1000, 

Invitrogen) for 1 h. Finally, we added DAPI (1:5000, 1 min) and mounted the 

preparations using Vectashield Antifade Mountant (NC9532821, Fisher 

Scientific). We obtained images with the Leica Thunder Imager Live cell and 3D 

Assay software. 

Tumor secretome-induced changes in the macrophage phenotype 

To address whether the DIPG secretome induced polarization of the tumor 

microglia towards the M2-like phenotype, we exposed macrophage cultures to 

cell culture-conditioned medium. First, we isolated PBMC from blood buffy coats 

by density gradient centrifugation gradient separation using Histopaque®-1077 

(10771, Sigma-Aldrich). We then cultured cells in macrophage medium (X-VIVO 

15, Lonza, Basel, Switzerland) supplemented with 2% human serum, in T75 cell 

culture flasks for 2 h. To select the adherent macrophages we removed the 

medium with the non-adherent cells and added fresh macrophage medium 

supplemented with 2% human serum and 10 ng/mL M-CSF (300-25, Peprotech, 

Rocky Hill, NJ, USA). We considered macrophage cultures were established after 

3 days at 37 ºC in a 5% CO2. 

We plated 2 x 106 macrophages per well in 6-well plates, in a total of 2 mL. The 

next day, we exposed them to experimental conditions including an M1 cocktail 
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composed by 20 ng/mL IFN-γ, 20 ng/mL tumor necrosis factor-α (TNF-α, 300-

01A) and 100 ng/mL lipopolysaccharide (LPS, L2630, Sigma-Aldrich) to obtain a 

control of M1-like polarized cells, and an M2 cocktail consisting of 10 ng/mL 

transforming growth factor-β (TGF-β, 100-21) and 10 ng/mL interleukin 10 (IL-10, 

200-10), all from PeproTech. Other experimental conditions included pHGG 

medium, DIPG supernatant (DIPG-007), and 50 nM recombinant osteopontin 

dissolved in pHGG medium. We incubated the macrophages for 24 h and then 

harvested and incubated them with anti-CD11b-Alexa647 (557686, BD 

Pharmingen, San Diego, CA, USA), anti-CD80-PE (ab69778, Abcam), anti-

CD163-FITC (563697, BD Pharmingen) and DAPI for 20 min at 4 ºC in the dark, 

washed twice and analyzed using a BD FacsCanto™ II Cytometer (BD 

biosciences, Franklin Lakes, NJ, USA). We selected CD11b+ living cells 

(macrophages) and analyzed them using Infinicyt™ software (Cytognos, Santa 

Marta de Tormes, Spain). We repeated the experiment seven times, with 

macrophage cultures from seven different patients. To mitigate the variability in 

the basal levels of macrophage polarization, we expressed the results as the ratio 

of CD163+ cells (M2-like) to CD80+cells (M1-like). 

To address whether DIPG cells modify the migration and invasion of 

macrophages, we performed a transwell assay using DIPG supernatant and 

osteopontin as chemoattractants. We plated 2.5 x 104 macrophages per well in 

200 μL of macrophage medium in the upper chamber of the transwells (CLS3422-

48EA, Merck Millipore), previously coated with geltrex, and fetal bovine serum 

(FBS)-free macrophage medium in the inferior chamber. After 24 h, we filled the 

lower chamber with either 200 μL of either 10% FBS (12389802, Thermo Fisher 

Scientific) dissolved in pHGG medium (positive control), 0.1% BSA dissolved in 
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pHGG medium (negative control), or the experimental conditions including DIPG 

supernatant (DIPG-007), or 50 nM recombinant osteopontin dissolved in pHGG 

medium. We also included one experimental control of pHGG medium. 

After incubation for 72 h at 37 ºC and 5% CO2, we removed the cells on the upper 

surface of the membrane with a dry cotton swab, fixed the cells attached to the 

bottom with 4% paraformaldehyde and stained them with 1% crystal violet (548-

62-9, Sigma-Aldrich) for 30–60 min. We obtained photographs at 20x using an 

inverted microscope and counted the cells of randomly selected fields (12 from 

each condition). 

Expression of CD44 and xCT in DIPG 

We studied the expression of CD44 and xCT in tissue samples and pHGG cell 

models by immunoblotting. We blocked membranes for 1 h at RT with 5% BSA 

and incubated them overnight at 4 °C with the primary antibodies for CD44 

(MA4405, Invitrogene, Waltham, MA, USA), xCT (B300-318, Novus Biologicals) 

and GAPDH (MAB374, Merck Millipore). The following day, we incubated the 

membranes with the secondary fluorescent antibody (C80626-08, Li-Cor 

Biosciences, Lincoln, Nebraska, USA) for 1 h, in the dark. We detected the signal 

using the Li-Cor Odyssey® CLx Imaging System (C81205-05, Li-Cor 

Biosciences). We quantified the density of the bands using ImageJ.  

We confirmed the expression of CD44 in cell models by flow cytometry. We 

washed cells (DIPG-007/008/011/012/013/014/018 and GBM-001) twice with 

PBS and we posteriorly fixed them with 70º ethanol for, at least, 2 h. We repeated 

the PBS washes and we stained the cells for 30 min at 4°C with mouse anti-CD44 

(MA5-13890, Thermo Fisher). We then added the secondary anti-mouse-alexa 

488 (A32723, Invitrogene) and anti-CD133-PE (120-000-425, Miltenyi Biotec, 
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Germany) for 30 min. We finally added DAPI and analyzed the samples using a 

NovoCyte Flow Cytometer.  

Cell viability and proliferation assays  

We tested sorafenib antiproliferative activity in pHGG cells (DIPG-007, GBM-001, 

DMG-001) and hCMEC/D3 in vitro. We plated 3000 cells into 96-well plates in 

TSMc. After 24 h, we treated them with sorafenib at concentrations ranging 40 to 

6.1 x 10-4 μM. After 48 h, 72 h and 7 days, we analyzed cell viability using the 

colorimetric-based assay CellTiter 96 (Promega), in which viable cells reduce th 

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)–2H-tetrazolium], inner salt (MTS) into soluble and colored 

formazan. The color change was determined using Infinite® 200 PRO TECAN. 

We also tested the antiproliferative activity of inavolisib (HY-101562, MedChem 

Express, Monmouth Junction, NJ, USA) in vitro in DIPG-007 and GBM-001. We 

plated 3000 cells/well in 96-well plates (3000 cells/well) and after 24 h we added 

inavolisib at concentrations ranging 25 to 6.4 x 10-5 nM. Cell viability was 

determined as above after 48 h, 72 h and 7 days. 

ROS accumulation 

We measured cellular ROS using a detection assay kit (Abcam, Cambridge, MA, 

USA), following the manufacturer instructions. We added 2′,7′-dichlorofluorescein 

diacetate (DCFDA), a fluorogenic dye that measures intracellular ROS activity, to 

pHGG cells (DIPG-007 and GBM-001) growing in 96-well plates with or without 

sorafenib 3 μM. We detected the fluorescence from the DCF with Infinite® 200 

PRO TECAN microplate reader with maximum excitation and emission spectra 

of 495 nm and 529 nm, respectively.  
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We also carried out immunoblots on pHGG cells (DIPG-007, DMG-005 and GBM-

001) treated with sorafenib and inavolisib. We incubated the membranes with the 

primary antibodies for PI3Kp110α (#4249), P-AktSer473 (#9271S), Akt (#9272S), P-

S6Ser235/236 (#2211), S6 (#2217S), CDK4 (#12790), Cyclin D1 (#2978) and Cas3 

(#9664S), all diluted at 1:1000, and all purchased from Cell Signaling.  

Sorafenib effects on tumor cell invasion and migration capacity  

Tumor cell invasion capacity was determined by the analysis of 

metalloproteinases 9 (MMP-9) and 2 (MMP-2). We studied their expression by 

immunoblotting in pHGG cells (DIPG-007, DMG-005 and GBM-001) treated with 

sorafenib 3 M for 24 h. We incubated the membranes with the primary 

antibodies for MMP-2 (#13132, Cell Signaling), MMP-9 (#13667, Cell Signaling) 

and GAPDH (MAB374, Merck Millipore). We also evaluated MMP-2 and MMP-9 

activity by gelatin zymography in pHGG cells treated with sorafenib 3 M for 24 

h. The conditioned media were collected and centrifuged to remove cellular 

debris. Equal amounts of protein were deposited on 0.1 % gelatin 8 % SDS-

PAGE under non-reducing conditions. Gels were stained with Coomassie brilliant 

blue and posteriorly destained. Areas of gelatinolytic activity were detected as 

clear bands against a blue background. A parallel SDS-PAGE without gelatin was 

loaded with the same amount of sample and run under the same experimental 

condition, to be used as internal loading control.  

We determined the effect of sorafenib on the migration of cancer cells with a 

scratch wound assay. Cells (DIPG-007, DMG-005 and GBM-001) were cultured 

with pHGG medium without growth factors and with 10% FBS in 24-well plates 

pre-coated with poli-D-lysine (16021412, Fisher, USA) until they reached 90% of 

confluence. Posteriorly, each monolayer was artificially wounded by creating a 
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scratch with a 200 L plastic pipette tip. We removed debris with PBS and 

posteriorly added the cell culture supernatants (DIPG-007, GBM-001 and DMG-

005) with or without sorafenib 3 M. Cells were cultured for 24 h and images of 

scratch wounds were captured using an inverted microscope at 0, 4, 8 and 24 h 

after wounding. The wound closure areas were measured with ImageJ.  

Sorafenib effects on angiogenesis  

We performed a microtubule formation assay of hCMEC/D3 cells exposed to 

pHGG cell supernatants and treated with sorafenib. We coated 24-well cell 

culture plates with 100 µL of unpolymerized geltrex (12760021, Thermo Fisher 

Scientific) and incubated at 37 °C for 30–45 minutes. We plated 105 hCMEC/D3 

cells in 300 µL of either endothelial cell culture medium (C-22011, PromoCell), 

pHGG medium, pHGG supernatants (DIPG-007, DMG-005 and GBM-001) and 

the same pHGG supernatants supplemented with sorafenib 3 M. We used 

endothelial cell culture medium as negative control. After 18 h incubation, we took 

photographs with an inverted photomicroscope at 10x. We analyzed four 

randomly selected fields from each condition to assess tube formation with the 

Angiogenesis Analyzer plugin for ImageJ.  

Sorafenib activity in orthotopic pHGG xenografts 

Mouse experiments were approved by the Animal Experimental Ethics 

Committee at the University of Barcelona and carried out in accordance with 

institutional and European guidelines (EU Directive 2010/63/EU) and the “Animal 

Research: Reporting of In Vivo Experiments” (ARRIVE) guidelines. Briefly, DIPG-

007 and GBM-001 cells (5×105) were inoculated into the fourth ventricle of 4-6-

week-old athymic nude mice using a dull 33-gauge needle. We started oral 



Materials and methods 

74 
 

gavage treatments (60 mg/kg sorafenib for 21 days, 5 on-2 off, morning and 

afternoon) 11 days post-inoculation in GBM-001-bearing mice model and at day 

25 in DIPG-007 mice. A 15 day-break followed the first treatment cycle, which 

was complemented by a second 21-day cycle. Mice were monitored for local 

clinical signs (ataxia, weight loss and general condition) and tumor growth. We 

obtained samples from mice at the end of treatment. All remaining mice achieved 

the endpoint, defined as more than 25% weight loss or acute neurological 

symptomatology. 

To objectively determine the tumor infiltration in the orthotopic models, que 

performed immunohistochemistry in 4-μm paraffin-embedded brain sections. we 

incubated the samples with peroxidase blocking solution (RE7101, Leica) for 30 

min. Then, we washed the sections and stained with primary antibodies for CD31 

(ab28364, 1:100, Abcam), anti-nuclei (MAB4383, 1:200, Merck Millipore) and 

hematoxylin-eosin. Secondary antibodies and diaminobenzidine solution for 

staining were those included in the Novolink system for the detection of mouse 

IgG, mouse IgM and rabbit IgG primary antibodies (RE7150, Leica). 

Statistical analysis 

We used GraphPad Prism 10 software for the statistical analysis (GraphPad, La 

Jolla, CA, USA). For the comparison of cytokine expression in tumors and 

controls of the proteome array we used the parametric t test corrected for multiple 

comparisons with the Holm-Sidak method. To compare numerical data between 

two different groups we used the Mann-Whitney test, and for more than two 

groups we used Kruskal-Wallis test, both non-paired, non-parametric tests. For 

the comparison of more than two groups that follow a normal distribution and 



Materials and methods 

75 
 

have similar SD, non-paired, we have applied the ANOVA test. For all analyses, 

we considered P < 0.05 was a statistically significant difference.  
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Comparative infiltration of tumor-infiltrating lymphocytes (TILs) and tumor-

associated macrophages (TAMs) in DIPG and non-tumor brainstem 

samples 

We obtained paraffin-embedded samples from 24 patients with pHGG, all DIPG, 

and five brainstem samples from five patients who died of causes other than brain 

cancer (Table  8). Tumor samples corresponded to seven biopsies at initial 

diagnosis and 17 necropsies (Table  8). From the 24 patients with DIPG, 21 had 

tumors classified as DMG H3 K27-altered. We performed molecular profiling of 

H3 mutations in 14 of such DIPG, being four H3.1 K27M-mutant and 10 H3.3 

K27M-mutant. In the seven DIPG samples without molecular confirmation, we 

found immunohistochemistry features suggestive of K27M histone mutations.  Of 

the remaining three DIPG, two were classified as diffuse pHGG, H3-wildtype and 

IDH-wildtype, and one was radiologically classified as a DIPG but the mutational 

status was not assessed (Table  8). 

 



 

 
 

Table  8. Human tissue samples included in the study 

Sample type Code Sex Tumor location Tumor histology WHO Classification Histone Mutation 

B
ra

in
st

em
 c

o
nt

ro
ls

 HSJD-CNS-001 M - - Cardiac arrest H3K27- WT 

HSJD-CNS-002 M - - Steinert syndrome H3K27- WT 

HSJD-CNS-003 M - - Fetal death H3K27- WT 

HSJD-CNS-004 F - - Tetralogy of Fallot H3K27- WT 

HSJD-CNS-005 F - - - H3K27- WT 

T
u

m
or

 b
io

ps
ie

s 

HSJD-DIPG-021 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3K27M 

HSJD-DIPG-023 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 

HSJD-DIPG-018 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3.1K27M 

HSJD-DIPG-019 M Pons Anaplastic astrocytoma DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-022 M Pons Glioblastoma multiforme 
H3-wildtype and IDH-

wildtype 
H3K27- WT 

HSJD-DIPG-038 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 

HSJD-DIPG-040 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3K27M 

T
u

m
or

 n
ec

ro
ps

ie
s 

HSJD-DIPG-002 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-018 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3.1K27M 

HSJD-DIPG-004 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3.1K27M 

HSJD-DIPG-014 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-015 M Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-036 F Pons Anaplastic astrocytoma DMG, H3 K27-altered H3.3K27M 



 

 
 

HSJD-DIPG-001 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-008 M Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-003 M Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-010 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3.3K27M 

HSJD-DIPG-022 M Pons Anaplastic astrocytoma 
H3-wildtype and IDH-

wildtype 
H3K27- WT 

HSJD-DIPG-016 F Pons Glioblastoma multiforme DMG, H3K27-altered H3.1K27M 

HSJD-DIPG-005 F Pons Glioblastoma multiforme DMG, H3K27-altered H3K27M 

HSJD-DIPG-009 F Pons Anaplastic astrocytoma DMG, H3K27-altered H3K27M 

HSJD-DIPG-039 M Pons Anaplastic astrocytoma - - 

HSJD-DIPG-006 F Pons Anaplastic astrocytoma DMG, H3K27-altered H3K27M 

HSJD-DIPG-007 M Pons Glioblastoma multiforme DMG,H3 K27-altered H3.3K27M 

HSJD-DIPG-037 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 

HSJD-DIPG-023 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 

HSJD-DIPG-021 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 

HSJD-DIPG-038 F Pons Glioblastoma multiforme DMG, H3 K27-altered H3K27M 
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For analysis, we grouped separately tumor biopsies and necropsies. We 

immunostained seven consecutive paraffin slides of each patient sample, one for 

each marker (Figure 17). Staining of immune cells with the marker CD45 was 

profuse in all samples, including nontumor controls, in the range 32-757 

cells/mm2 (Figure 17). The density of the T lymphocyte population (CD3+ cells) 

was low in the control brainstem samples, in the range 3-14 cells/mm2, and 

slightly higher in DIPG biopsies (1-52 cells/mm2) and necropsies (1-212 

cells/mm2) (Figure 17). T helper (CD4+) cells were almost undetectable (1-2 

cells/mm2) in control nontumor samples, while they were significantly more 

abundant in DIPG biopsies (0-18 cells/mm2) and necropsies (1-174 cells/mm2) 

(Figure 17). Among CD4+ cells, Tregs (FoxP3+) were not detectable in control 

brainstem samples, while they were significantly more abundant (0-10 cells/mm2) 

in the cancer biopsies (Figure 17). The density of cytotoxic T cells (CD8+) and B 

cells (CD20+) was not significantly different between tumor and control samples 

(Figure 17).  
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Figure 17. Quantification of TILs in DIPG and control brainstem. Representative images (left) 

and quantification (right) of CD45, CD3, CD4, FoxP3, CD8 and CD20 stainings in control 

brainstem (n = 5), DIPG biopsies (n = 7) and DIPG necropsies (n = 17). Units of the y axis are 

cells/mm2. Scale bar is 40 µm.   

 

There were two patterns of CD45 staining, CD45high, corresponding to round 

lymphocytes, and CD45low, corresponding to microglia/macrophages. CD45low 
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cells were the most abundant and presented a more ramified shape in the control 

brainstem than in tumors (Figure 18A). CD68+ macrophages infiltrated all 

samples (Figure 18B). CD68+ cells were significantly more abundant in the tumor 

necropsies (2-578 cells/mm2), compared to control brainstem samples (0-50 

cells/mm2) (Figure 18B). Iba1+ microglial cells were equally abundant in control 

brainstem (173-404 cells/mm2), biopsies (6-400 cells/mm2) and necropsies (210-

785 cells/mm2) (Figure 18B). In tumors, Iba1+ cells were bushy and round, in 

contrast to the ramified morphology observed in healthy brainstem (Figure 18B). 

Iba1+ cells in tumors showed higher area fraction and soma area than in healthy 

brainstems (Figure 18C). The finding of CD163+ M2-like TAMs in DIPG was very 

significant. They were abundant in tumor samples, in the range 104-1074 

cells/mm2 in necropsies and 117-509 cells/mm2 in biopsies, and rare in brainstem 

controls, in the range 16-54 cells/mm2 (Figure 18B). 
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Figure 18. Quantification of TAMs in DIPG and control brainstem. (A) Staining of CD45 in 

representative samples of the study (control brainstem, tumor biopsy and tumor necropsy). Black 

arrows (▶) indicate CD45high staining, corresponding to round lymphocytes. Empty arrows (▷) 

indicate CD45low staining, corresponding to ramified microglia/macrophages. Scale bars are 40 

µm (20 µm in the zoomed pictures). (B) Representative images (left) and quantification (right) of 

CD68, Iba1 and CD163 stainings in control brainstem (n = 5), DIPG biopsies (n = 7) and DIPG 

necropsies (n = 17). Units of the y axis are cells/mm2. (C) Representative images (left) and 

morphology analysis (right) of Iba1 in control brainstem (n = 5) and DIPG samples (n = 33). All 

images were obtained at a 20x objective magnification. The scale bar is 40 µm. Dots in the 

graphics (panels A, C and D) are data from individual patient samples (one dot per sample). 

Samples from panels A and C in which the count was 0 are represented as 0.2 in the logarithmic 

scale.   
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Expression of immune checkpoints and immune scape mechanisms in 

DIPG 

Using RT-qPCR in tissue from 4 control brainstem and 12 tumor samples, we 

found that gene CD276 (B7-H3) was significantly overexpressed in tumors, 

compared to brainstem controls, while CD274 (PD-L1), CD273 (PD-L2) and 

CD152 (CTLA-4) were not (Figure 19A). We assessed mRNA expression of 

enzymes involved in the catabolism of tryptophan into kynurenine, which are 

involved in the induction of an immune tolerant microenvironment in gliomas209. 

Tryptophan-2,3-dioxygenase 1 (TDO) was similar in control and tumor samples, 

while we did not detect indoleamine 2,3-dioxygenase 1 (IDO1) or indoleamine 

2,3-dioxygenase 2 (IDO2) genes (Figure 19B). Regarding cyclooxygenase-2 

prostaglandin E2 pathway-related genes (Prostaglandin E Synthase and 

Prostaglandin E Synthase 2; PTGES and PTGES2), also associated with 

immunosuppression in glioma210, we did not detect changes in DIPG patients 

(Figure 19C). There were no significant differences for the expression of HLA 

class I and II molecules (except in HLA-DRA) (Figure 19D) and TGF-β isoforms 

(Figure 19E), previously described mechanisms used by glioma cells to escape 

the immune system211,212. Heat shock proteins (HSP) were increased in DIPG 

samples, although only HSPA1A was significant (Figure 19F). The main role of 

HSP is to facilitate protein folding in physiological conditions in process of 

immune modulation213 and they have been associated to the creation of a 

favorable microenvironment for glioblastoma invasion214. Other 

immunomodulatory molecules we analyzed due to their previous association with 

glioma progression were STAT3215, calreticulin (CALR)216, high mobility group 

box 1 (HMGB1)217 and hypoxanthine guanine phosphoribosyltransferase 1 
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(HPRT1)218. We found CALR and HPRT1 significantly overexpressed in DIPG 

samples, and no differences for the other two genes (Figure 19G). 

 

Figure 19. mRNA expression of immune escape mechanisms in DIPG. mRNA expression 

levels of different immune escape mechanisms in tissue from healthy brainstem (n=3) and tumor 

(n=11) samples. n.d.: not detected. Bars and error bars represent means and SD. (A) Expression 

of immune checkpoints.  (B) Expression of genes associated to kynurenine pathway. (C) 

Expression of genes associated to cyclooxygenase-2 prostaglandin E2 pathway. (D) Expression 

of the gene constant region (B2M), the polymorphic regions (HLA-A/B/C) of the HLA class I and 

HLA class II molecules (HLA-DRA/DRB1) and the MHC-II transactivator (CIITA). (E) Expression 

of TGF-β isoforms. (F) Expression of heat shock proteins. (G) Expression of other 

immunomodulatory molecules associated with glioma progression. 
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In paraffin samples, we found scarce PD-L1+ and CTLA-4+ cells in 1 of 16 and 14 

of 18 analyzed DIPG, respectively (Figure 20A). B7-H3 staining was positive in 

all (13/13) analyzed samples (Figure 20). None of the analyzed control brainstem 

samples expressed PD-L1 or B7-H3, while 60% of them (3 of 5) expressed CTLA-

4 in a minority of cells (Figure 20A). We found three patterns of B7-H3 expression 

in tumors. In a third of the samples (4 of 13), B7-H3 was exclusively expressed 

by perivascular cells (Figure 20B). In another third, B7-H3 was expressed only 

by cancer cells (Figure 20B). In the remaining samples (5 of 13), B7-H3 had an 

intermediate expression pattern, both in cancer cells and perivascular cells 

(Figure 20B). Such perivascular cells were CD90+ in DIPG, while no control 

brainstem was positive for CD90 (Figure 20C and F). CD90+ cells were also 

positive for B7-H3 staining (Figure 20) and for pericyte markers PDGFR-β 

(Figure 20E) and NG2 (Figure 20E and F). Moreover, they were negative for the 

endothelial cell marker CD31, the tumor cell marker SOX2, the normal stromal 

cell marker H3me3 and the TAM marker CD163 Figure 20E).  



Results 

87 
 

 

Figure 20. Protein expression of immune checkpoints in DIPG. (A) Representative images of 

PD-L1, CTLA-4 and B7-H3 immunostaining in control brainstem (n = 5), DIPG biopsies (n = 7) 

and DIPG necropsies (n = 17). Scale bar is 40 µm. (B) Representative images of B7-H3 staining 

for the parenchymal, perivascular and mixed patterns. Scale bar is 40 µm. (C) Representative 

immunohistochemistry of CD90 in control brainstem and tumor samples. The scale bar is 40 µm. 

Quantification of CD90+ blood vessels/mm2 in control brainstem and tumor. (D)  

Immunofluorescence of B7-H3, CD90 and DAPI in a DIPG sample with perivascular expression 

of B7-H3. Scale bar is 40 µm. (E) Double confocal immunofluorescence of CD90/CD31, 
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CD90/SOX2, CD90/H3me3, CD90/CD163 and CD90/PDGFR-β in tumor tissue. Scale bar is 40 

µm. (F) Double immunofluorescence images of NG2/CD90 with DAPI in control brainstem (n = 2) 

and tumor tissue samples (n = 4). The scale bar is 100 µm. 

 

Following the addition of IFN-γ to primary DIPG cells in culture, the expression of 

genes CD274 (PD-L1) and CD273 (PD-L2) increased abruptly (Figure 21), 

suggesting that these immune checkpoint scape mechanisms are functional but 

they are likely repressed at the tumor location. In contrast, the expression of 

CD276 (B7-H3) did not change upon exposure to IFN-γ (Figure 21). 

 

 

Figure 21. mRNA expression of immune checkpoints in DIPG cell models upon exposure 

to artificial pro-inflammatory microenvironment. mRNA expression of CD274, CD273 and 

CD276 after exposure to 10 ng/mL IFNᵞ for 48 h.  

 

DIPG secretome 

To identify tumor-associated proteins involved in the protumoral immune 

microenvironment of DIPG, we analyzed 105 cytokines in homogenized 

brainstem samples obtained from necropsies of 14 patients with DIPG and four 

patients without brain tumors (Figure 22A). Clinical information of the samples is 

in Table  8. We found the cytokines chitinase 3-like protein 1 (CHI3L1) and 

osteopontin significantly enriched in DIPG, compared to control brainstem 

samples (Figure 22). We did not detect expression of classical M2-like polarizers 

such as IL-10 or IL-4, proangiogenic factors such as VEGF, or immunoactivators 
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such as IL-7, IL-9 or IFN-γ (Figure 22A). To test whether the identified proteins 

were secreted by DIPG cells in culture, we analyzed the cytokine profile of the 

supernatants of seven primary cell models and the human astrocyte cell line for 

comparison. Clinical information of the samples is found in Table 9. We detected 

CHI3L1 and osteopontin in the supernatants of five of seven DIPG models 

(Figure 22B). Osteopontin was also secreted by human astrocytes, while CHI3L1 

was exclusively secreted by DIPG cells (Figure 22B). 

Representative images of the array membranes are in Figure 22C.  
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Figure 22. Analysis of the secretome of pHGG. (A) Heatmap representation of the cytokine 

array of the tissue homogenates of control brainstem samples and tumor samples. (B) Heatmap 

representation of the cytokine array of supernatants of human astrocytes and DIPG primary cells 

in culture.  (C) Representative images of array membranes corresponding to different samples in 
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which the numbered spots indicate the two proteins that showed statistical differences in signal 

intensities among the array membranes, CHI3L1 (1) and osteopontin (2).  

 

Table 9. Cell models included in the study. 

 

 

Next, we quantified (ELISA) the top-2 secreted cytokines, CHI3L1 and 

osteopontin, in DIPG samples and cell culture supernatants (Table  8 and Table 

9, respectively). In frozen tissue samples, median CHI3L1 concentration was 

around 100 times higher in tumor samples (2266 ng/mL; range 208-6012 ng/mL; 

n = 10) than in controls (23.7 ng/mL; 7.7-36.8 ng/mL; n = 4) (Figure 23A). 

Osteopontin concentration in tumors (18.1 ng/mL; 3.8-44.7 ng/mL; n = 7) was 

Code Sex 
Tumor 
location 

Tumor histology 
WHO 
Classification 

Histone 
Mutation 

HSJD-DIPG-007 M Pons 
Glioblastoma 
multiforme 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-008 M Pons 
Glioblastoma 
multiforme 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-012 M Pons 
Anaplastic 
astrocytoma 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-013 F Pons 
Anaplastic 
astrocytoma 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-014 F Pons 
Glioblastoma 
multiforme 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-017 M Pons 
Anaplastic 
astrocytoma 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-019 M Pons 
Anaplastic 
astrocytoma 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DIPG-021 F Pons 
Anaplastic 
astrocytoma 

DMG,  
H3K27-altered 

H3.3K27M 

HSJD-DMG-005 F Pons 
Anaplastic 
astrocytoma 

DMG,  
H3 K27-altered 

H3.3K27M 

HSJD-GBM-001 F 
Right frontal  
lobe 

Glioblastoma 
multiforme 

H3-wildtype 
and IDH-
wildtype 

H3K27-WT 
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also significantly higher, around 10 times, than in the brainstem tissues (1.8 

ng/mL; 0-3.3 ng/mL; n = 4) (Figure 23A). CHI3L1 and osteopontin concentrations 

correlated well with the signals obtained in the protein arrays in tissue (Figure 

23C). In DIPG cell supernatants, CHI3L1 and osteopontin were detectable by 

ELISA in 100% of the cell models, in the range 0.3-1475 and 0.7-120 ng/mL, 

respectively (Figure 23B), and such levels correlated well with the signals 

obtained in the protein arrays in supernatants (Figure 23D). Protein results were 

also concordant with the RT-qPCR analyses of the two genes (CHI3L1 and 

SPP1) in the patient samples (Figure 23E) and tumor cells (Figure 23F), with 

higher levels in the tumor samples.  

Then, we analyzed the CSF of 18 pHGG patients (13 DMG H3 K27-altered and 

five pHGG H3-wildtype and IDH-wildtype) and 18 non-oncologic patients free of 

inflammation. CHI3L1 concentration was significantly higher in pHGG (92.2 

ng/mL; 18-267 ng/mL) than in controls (19.6 ng/mL; 3.33-130 ng/mL) (Figure 

23G). Osteopontin concentration was around 10 times higher in the tumor group 

(140 ng/mL; 11.3-299 ng/mL) compared to the controls (12.6 ng/mL; 0.8-55 

ng/mL) (Figure 23G). Upon analysis of serum samples, the concentration of 

CHI3L1 was significantly higher in patients with pHGG (38.8 ng/mL; 7.1-165 

ng/mL; n = 10) than in controls (12.2 ng/mL; 1.5-31.6 ng/mL; n = 9) (Figure 23H). 

Osteopontin levels in serum were similar in patients with pHGG (51 ng/mL; 25.3-

111 ng/mL, n = 10) and controls (49.2 ng/mL; 12.2-106 ng/mL; n = 15) (Figure 

23H).  
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Figure 23. Analysis of CHI3L1 and OPN in DIPG samples. (A) Quantification of CHI3L1 and 

osteopontin in frozen tissue samples. (B) Quantification of CHI3L1 and osteopontin in pHGG 
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supernatants. (C) Correlation assay between the results of the cytokine array and the ELISA in 

tissue lysates (n=11). The line indicates the simple regression line between the two parameters. 

Individual data (labeled dots) are represented. (D) Correlation assay between the results of the 

cytokine array and the ELISA in DIPG cell supernatants (n=7). The line indicates the simple 

regression line between the two parameters. Individual data (labeled dots) are represented. (E) 

Quantification of CHI3L1 and SPP1 mRNA expression and in control brainstem (n = 4) and tumor 

tissue samples (n = 10). (F) Quantification of CHI3L1 and SPP1 mRNA expression in DMG cell 

models (n = 6). (G) Quantification of CHI3L1 and osteopontin in patient CSF samples. (H) 

Quantification of CHI3L1 and osteopontin in patient serum samples.  

 

Using immunoblotting, we detected higher levels of CHI3L-1 and osteopontin (in 

its full-length –66 kDa - and cleaved 45 kDa form, which increases the adhesion 

capacity to its receptors219) in frozen DIPG samples, compared to brainstem 

controls (Figure 24A). We detected the expression of these proteins in the 

cytoplasm of DIPG cells in culture (Figure 24). In frozen patient samples, CHI3L1 

and osteopontin immunostaining were significantly more intense in tumor 

samples than in control brainstem, and they were associated to cancer cells 

expressing SOX2 (Figure 24C). 
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Figure 24. OPN and CHI3L1 protein expression in DIPG. (A) Immunoblotting of osteopontin 

and CHI3L1 with DAPI in brainstem control and tumor tissue samples. (B) Immunofluorescence 

images of osteopontin and CHI3L1 in RD cell line (rhabdomyosarcoma) and DIPG tumorspheres. 

The scale bar is 50 µm. (C) Double immunofluorescence images of CHI3L1 (green) and SOX2 

(red), or OPN (green) and SOX2 (red), with DAPI (blue), in control brainstem (n = 2) and tumor 

tissue samples (n = 4). Areas merging green and red appear as pink in the images. The scale bar 

is 50 µm.  
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Differentiation of mesenchymal stem cells towards B7-H3-expressing 

pericytes in the presence of DIPG-secreted factors 

Following the finding of perivascular CD90+ B7-H3+ cells in DIPG, we studied 

whether the DIPG secretome could induce a pericyte-like phenotype in CD90+ 

cells of the mesenchymal lineage. Following the exposure of hMSC-AT cells to 

the supernatant of osteopontin-rich DIPG cells DIPG-007, CHI3L1-rich DIPG-021 

and osteopontin, and CHI3L1-intermediate cells DIPG-012 (see individual 

quantifications in Figure 25D), we found an increase in the expression of B7-H3 

for the first two conditions, but not for the third (Figure 25A). Exposure to 

recombinant proteins osteopontin and CHI3L1, and to pericyte culture medium, 

also increased B7-H3 (Figure 25A). PD-L1 expression did not change in any of 

the experimental conditions (Figure 25A). The marker NG2, associated to early-

stage differentiated pericytes in the neovascularization process220, increased 

sharply in the presence of DIPG cell supernatants and recombinant osteopontin 

and more discretely with CHI3L1 (Figure 25A). The marker of late-stage pericyte 

differentiation, PDGFRβ, appeared only following incubation in pericyte medium 

(Figure 25A). Additionally we observed that NG2 expression changes in hMSC-

AT coincided with a decrease in the expression of the mesenchymal stem cell 

marker CD90 (Figure 25B). Exposure of hMSC-AT cells to supernatants of 

human astrocytes, LAN-1 or A4573 cells did not induce changes in B7-H3, PD-

L1, NG2 and PDGFRβ (Figure 25A, B). Overall, our experiments show that the 

secretome of DIPG cells, but not other cancer cells, induce the differentiation of 

mesenchymal cells into a pericyte-like phenotype.  
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Figure 25. Effect of the DIPG secretome on pericyte differentiation. (A) Immunoblotting of 

B7-H3, PD-L1, NG2 and PDGFR-β in hMSC-AT exposed for 7 days to fresh culture media, DIPG-

conditioned media, recombinant osteopontin (rhOPN), recombinant CHI3L1 (rhCHI3L1), human 

astrocytes conditioned media, LAN-1 conditioned media or A4573 conditioned media. 

Immunoblot quantification. Bars are means and SD of 2 independent experiments. (B) Double 

immunofluorescence images of CD90/NG2 with DAPI (blue) on hMSC-AT incubated with 

conditioned media for 7 days. The scale bar is 100 µm. 

 

Modulation of the angiogenic process by the DIPG secretome 

Endothelial hCMEC/D3 cells exposed to DIPG supernatants or culture medium 

supplemented with recombinant osteopontin or CHI3L1 formed tube networks of 

higher complexity than those formed after culturing the cells in endothelial or 

pHGG culture media (Figure 26A), or the supernatant of other cells such as 

human astrocytes, or other pediatric cancer cell lines (Figure 26A). Endothelial 

cell exposure to DIPG secretomes, osteopontin and CHI3L1, but not other cell 
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lines, induced the formation of significantly longer and more complex endothelial 

structures in vitro, compared to the endothelial cell culture medium alone (Figure 

26B).  

 

Figure 26. Effect of DIPG secretome on endothelial tube formation in vitro.  (A) 

Representative images of tube formation assay of hCMEC/D3 cells exposed to fresh culture 

media, DIPG-conditioned media, human astrocytes conditioned media, LAN-1 conditioned media, 

A4573 conditioned media, rhOPN or rhCHI3L1 for 18 h; the scale bar is 400 µm. 

Immunofluorescences of CD31 with DAPI of the tube formation assay structures; the scale bar is 

200 µm. (B) Tube formation assay quantification using total tubule length and number of junctions 

to determine net complexity. 
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Next, we observed that the expression of genes related to angiogenesis in 

hCMEC/D3 cells increased 100-1000 fold following supplementation of the 

endothelial cell culture medium with DIPG supernatants, recombinant 

osteopontin and CHI3L1 (Figure 27A). In contrast, cells supplemented with 

supernatants of tumor cell lines LAN-1 and A4573 and human astrocytes had 

only discretely increased levels of around 10-fold (Figure 27A). We confirmed by 

RT-qPCR the array results of genes fibronectin (FN1) and neuropilin 1 (NRP1) 

(Figure 27B). Expression of the blood-brain barrier marker ABCG2 (BCRP) 

increased abruptly, around 100 times, in hCMEC/D3 exposed to DIPG 

supernatants, osteopontin and CHI3L1, while changes were not significant 

following exposure to HA, LAN-1 or A4573 cell lines (Figure 27B).  
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Figure 27. Effect of DIPG secretome on the expression of angiogenic factors.  (A) 

Expression of angiogenic-related genes included in the TaqMan™ Human Angiogenesis Array in 

hCMEC/D3 cells exposed to fresh culture media, DIPG-conditioned media, rhOPN, rhCHI3L1, 

human astrocytes conditioned media, LAN-1 conditioned media and A4573 conditioned media for 

48 h. Values are normalized to those obtained for hCMEC/D3 exposed to endothelial medium. 

(B) Validation of mRNA Fold changes detected in TaqMan™ Human Angiogenesis Array of FN1 

and NRP1, relative to GUSB. mRNA expression levels of ABCG2, relative to GUSB. 

 

Co-culture of hCMEC/D3 cells and mesenchymal cells, in the presence of the 

conditioned media, resulted in complex BCRP-expressing endothelial networks 

surrounded by differentiated NG2-expressing pericyte-like mesenchymal cells, 

mimicking the primordial structure of blood vessels (¡Error! No se encuentra el 

origen de la referencia.). No structures were formed when the co-culture was with 

supernatants of human astrocytes, LAN-1 or A4573 (Figure 28).  
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Figure 28. Effect of DIPG secretome on the formation of the basic vascular structure in 

vitro. Immunofluorescence of BCRP, NG2 and DAPI in co-cultures of hMSC-AT and hCMEC/D3 

cells exposed to fresh culture media, DIPG-conditioned media, human astrocytes conditioned 

media, LAN-1 conditioned media, A4573 conditioned media, rhOPN or rhCHI3L1 for 18 h. The 

scale bar is 200 µm. 

 

Then, we evaluated whether the intratumoral blood vessels of human xenografts 

implanted subcutaneously in mice expressed the blood-brain barrier marker 

BCRP. We found that CD31+ blood vessels expressed BCRP only in those 

subcutaneous xenografts established from pHGG cells, while they did not 

express BCRP in subcutaneous PDX established from non-CNS tumors such as 

Ewing sarcoma, neuroblastoma or Wilms tumor, suggesting that pHGG cells 

favor the formation of the blood-brain barrier in their microenvironment (Figure 

29). To assure that the re-arranged endothelial cells were not reprogrammed 

cancer cells, we stained all human nuclei. We confirmed that the endothelial 

structures were not of human origin, as they were negative for the human-specific 

marker (Figure 29). 
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Figure 29. Study of the vasculature in subcutaneous and orthotopic xenografts. 

Immunostaining of human nuclei, CD31 and BCRP in intracranial and subcutaneous xenografts 

of pediatric cancers pHGG (models identified as HSJD-GBM-001 and HSJD-DMG-005), Ewing 

sarcoma (HSJD-ES-002), neuroblastoma (HSJD-NB-007) and Wilms tumor (HSJD-WT-005). 

Scale bar is 200 µm. 

 

Modulation of the polarization and migration properties of macrophages by 

the DIPG secretome 

PBMC-derived macrophages exposed to M1 and M2 cytokine cocktails 

expressed M1 and M2-associated genes accordingly in the expression array 

(Figure 30A). When the macrophages where incubated with DIPG supernatant 

or recombinant osteopontin, genes associated to the M1 phenotype, such as 

CD80, HIF1A and IL1A, were downregulated, and genes associated to the M2 

immunosuppressive phenotype, such as CD163, MMP-9 and STAT3, were 

increased, at levels similar to those obtained for the M2 cocktail (Figure 30A). In 

flow cytometry assays, macrophages exposed to DIPG supernatants had a 

significantly higher CD163+/CD80+ ratio, compared to macrophages exposed to 

the M1 cocktail. This phenomenon was characterized by the notable reduction of 

CD80+ cells and a moderate increase of CD163+ cells. Recombinant osteopontin 

induced similar effects (Figure 30B and C). 

In the transwell assay, DIPG supernatant and recombinant osteopontin enhanced 

macrophage migration significantly, compared to the control condition (Figure 

30D and E). 
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Figure 30. Effect of the DIPG secretome on the polarization and migration properties of 

PBMC-derived macrophages. (A) Expression of genes included in the GeneQuery™ Human 

Macrophage Polarization Markers qPCR Array Kit, in PBMC-derived macrophages exposed to 

fresh culture media, DIPG-conditioned medium, or recombinant osteopontin (rhOPN) for 24 h. 

Values of M1 and M2-associated genes are normalized to those obtained for macrophages 

exposed to M2 or M1-polarizing medium, respectively. Bars are means and SD of two 

independent experiments. (B) Representative flow-cytometry histograms of CD80+ (M1-like) and 

CD163+ (M2-like) macrophages exposed to fresh culture media, DIPG-conditioned medium, or 

recombinant osteopontin (rhOPN) for 24 h. (C) CD163+/CD80+ ratios of the experimental groups. 

Bars and error bars represent means and SD obtained from seven independent experiments, i.e., 

from seven different donors. (D) Representative images of macrophage invasion and migration 

in transwell assays. Cells were stained with crystal violet. The scale bar is 40 µm. (E) 

Quantification of migration of macrophages in each condition. Bars and error bars represent 

means and SD obtained from 4 independent experiments. 
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Expression of the CD44-xCT system in pHGG 

Because osteopontin and CHI3L1 are highly expressed in pHGG, show 

potentially immunosuppressive roles, and one of their main receptors is the CD44 

family, we next evaluated the presence of CD44 in pHGG. Using immunoblotting, 

we found CD44 standard form (CD44s) significantly overexpressed in DIPG 

necropsy samples, compared to control tissue samples (Figure 31A). We 

detected the variable form CD44v only in DIPG samples (Figure 31A). Using flow 

cytometry, we found that DIPG primary cell cultures expressed CD44 in at least 

77% of cells, with the exception of one model (DIPG-011), which was below 5% 

(Figure 31B). 

Because the variants of CD44 stabilize xCT  (SLC7A1), which results in a higher 

antioxidant activity in the tumor cell, we next verified, through immunoblotting, 

that xCT protein was present in the primary pHGG cultures (Figure 31C).  Using 

immunofluorescence, we stained xCT in the cancer cells in culture (Figure 31D).   
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Figure 31. CD44 and xCT protein expression in pHGG. (A) Immunoblotting of CD44s (85 kDa) 

and CD44v protein (120kDa) in brainstem and pHGG necropsies. (B) Representative flow 

cytometry analysis of CD44 expression in primary pHGG cell cultures. (C) Immunoblotting of xCT 

in primary pHGG cultures. (D) Immunofluorescence images of xCT (green) in pHGG 

tumorspheres. DAPI is stained in blue. The scale bar is 50 µm.  

 

To determine the relative expression of CD44v forms in pHGG, we used RT-

qPCR with primer pairs for variants v2 to v10. For tumor tissue samples, the 

values were referenced to those obtained in samples of healthy brainstem. We 

observed an increased expression of CD44s mRNA confirming the western blot 

results, and CD44v5 was the CD44v isoform with the highest median expression 

among the pHGG tumor samples (Figure 32A). In primary pHGG cultures (in 

vitro models) the results were similar (Figure 32A). 

mRNA expression of SLC7A11 was positive in all the primary pHGG cells, in 

comparison with HEK cells, used as a positive control (Figure 32B). pHGG 
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tissues obtained from autopsies had higher SLC7A11 expression, than the 

normal control brainstem tissue (Figure 32B).  

 

Figure 32. CD44 and xCT mRNA expression in pHGG. (A) mRNA expression of CD44s and 

CD44v(2-10) in pHGG tissue (8 DMG and 1 non-DMG, “GBM” in the legend) relative to healthy 

brainstem (n = 3), and pHGG primary cell cultures (6 DMG and 2 non-DMG, “GBM” in the legend), 

relative to paired expression levels of CD44s in the samples. (B) mRNA expression of SLC7A11 

in primary pHGG models (n = 11, referenced to the expression in HEK cells) and in pHGG 

necropsies (5 DMG and 1 non-DMD, “GBM”) in comparison to brainstem control tissue (n = 4). 

All data are expressed as means and standard deviation (when possible). 

 

Sorafenib induces antiproliferative effects and intracellular ROS 

accumulation 

The interaction of osteopontin with the receptor CD44 is suitable to inhibition by 

anti-CD44 antibodies and other mechanisms (Table  4). However, we did not 

consider these CD44 inhibitors for our work, because some previous studies 

failed, due to their secondary effects, insufficient efficacy and their association to 

dysregulation of inflammatory processes221,222. Therefore, we aimed to select an 

inhibitor of xCT, preferably one already approved by the FDA and able to cross 

the BBB. Sorafenib was one of the few drugs that fulfilled these properties. To 
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assess the antiproliferative effect of sorafenib on pHGG in vitro, we plated DIPG-

007, DMG-005 and GBM-001 cells in 96-well plates and analyzed their viability 

48 h after adding sorafenib (Figure 33A).  Cells were moderately sensitive to the 

drug, with concentrations inhibiting cell proliferation by half (i.e., IC50) in the low 

micromolar range (IC50DIPG-007 = 3.6 M, IC50DMG-005 = 2.5 M, IC50GBM-001 = 1.5 

M). These values were comparable to those previously calculated for adult 

glioblastoma cell lines198. Because sorafenib is a well-known anti-angiogenic 

drug, we also studied the IC50 of hCMEC/D3 cells, which was 8.7 M (Figure 

33A).  

To address the intracellular accumulation of ROS due to the inhibition of the xCT 

complex, we exposed pHGG cells to sorafenib 3 M during a 6 h period. We 

observed that sorafenib treatment significantly increased cellular ROS generation 

in comparison with non-treated cells (Figure 33B).  

Effect of sorafenib on the PI3K/Akt pathway, cell cycle and apoptosis 

markers in vitro 

PI3K signaling can be activated by several receptors in the tumor cells, and one 

of them is CD44 (Figure 16)223. Thus, we assessed whether sorafenib altered the 

PI3K/Akt signaling cascade. We found that sorafenib did not induce clear effects 

on the expression of upper components of the pathway, such as PI3K (Figure 

33C). Treatment clearly inhibited central components of the pathway, phospho-

Akt and phospho-S6, in one of the three studied cell models, GBM-001, but no in 

the other two, DIPG-007 and DMG-005 (Figure 33C). At the highest drug 

concentration (12 µM), the cell cycle protein cyclin D1 decreased and cleaved 

caspase 3 increased in all cells, as signs of cell cycle arrest and apoptosis, 
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respectively (Figure 33C). Overall, these results suggest that sorafenib is 

effective promoting the activation of cell cycle arrest and apoptosis in all three 

models. However, the lack of inhibition of the PI3K pathway in the two DMG 

models, may result in drug resistance in the long-term.  
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Figure 33. Effect of sorafenib on cell viability, intracellular ROS accumulation and the PI3K 

pathway in vitro. (A) Concentration-dependent cytotoxicity of sorafenib in DIPG-007, DMG-005, 

GBM-001 and hCMEC/D3. Dots are means of six replicates.  (B) Intracellular ROS activity in 

DIPG-007, DMG-005 and GBM-001 treated with sorafenib 3 μM.  (C) Immunoblotting of PI3K-

related proteins, cell cycle regulator proteins (CDK4 and Cyclin D1) and apoptosis-related 

proteins (cCas3) of DIPG-007, DMG-005 and GBM-001 untreated and treated with sorafenib 3 

and 12 μM.  

 



Results 

111 
 

Sorafenib inhibits cell migration in vitro 

Through kinase inhibition, sorafenib may block essential processes in the tumor 

necessary for its expansion, such as tumor cell migration. To address this, first 

we studied whether treatment with sorafenib 3 μM changed the expression of 

metalloproteinases MMP-2 and MMP-9 in pHGG cells. We did not detect basal 

expression or changes for MMP-2, while we observed evident expression of 

MMP-9, with clear enzymatic activity in the zymogram, and both expression and 

activity decreased after sorafenib treatment (Figure 34A and B).  

In the wound-healing assay we discovered that sorafenib 3 μM treatment for 24 

h inhibited significantly the closure of the scratched area in all the studied pHGG 

models (Figure 34C). 
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Figure 34. Effect of sorafenib on invasion and migration properties of pHGG. (A) 

Immunoblotting of MMP-9 and MMP-2 of DIPG-007, DMG-005 and GBM-001 untreated and 

treated with sorafenib 3 μM. (B) Activity of MMP-2 and MMP-9 by gelatin zymography of DIPG-

007, DMG-005 and GBM-001 untreated and treated with sorafenib 3 μM. (C) Wound healing 

assay of DIPG-007, DMG-005 and GBM-001 untreated and treated with sorafenib 3 μM. Pictures 

were obtained at times 0, 4, 8 and 24 h. The scale is 200 μm. 

 

Sorafenib inhibits vascular formation in vitro 

Sorafenib has been associated to anti-angiogenic properties due to the inhibition 

of tyrosine-kinase receptors such as VEGFR or PDGFR, found in endothelial 

cells. The effect of sorafenib on the brain endothelial cells hCMEC/D3 has not 

been studied before. Because of our previous finding of DIPG secretomes 
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promoting vascular structures in hCMEC/D3 (Figure 26), we tested whether 

sorafenib reverted such effects.  In the new assay we found that, as expected, 

hCMEC/D3 cells exposed to DIPG-007, DMG-005 and GBM-001 supernatants 

formed tube networks of higher complexity than those formed after culturing the 

cells in endothelial or pHGG culture media. However, this structures were not 

visible when cells were treated with sorafenib 3 µM (Figure 35A and B). 

 

Figure 35. Effect of sorafenib on endothelial tube formation in vitro.  (A) Representative 

images of tube formation assay of hCMEC/D3 cells exposed to fresh culture media, DIPG-

conditioned media and DIPG-conditioned media supplemented with sorafenib 3 µM. (B) Tube 

formation assay quantification using total tubule length and number of junctions to determine net 

complexity. 

 

Sorafenib exerts anti-tumor activity in pHGG 

We treated with daily oral sorafenib mice with intracranial DIPG-007 and GBM-

001 xenografts, following the scheme of Figure 36A. In DIPG-007, we started 

treatments at day 25 post-inoculation, and in GBM-001 (a very aggressive tumor 
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with a median survival of around 30 days), we started treatments at day 11 post-

inoculation. In this model, we observed that sorafenib significantly increased 

median survival of the mice, from 33 days in controls, to 73 days in treated mice 

(Figure 36B). Such a difference in the survival of both groups was surprising, 

being this model very resistant to other treatments, such as irinotecan (data not 

shown). We harvested samples from three mice at day 29 and we found that non-

treated animals had extensive tumor infiltration in the brain parenchyma, while 

the treated group conserved a healthy histology (Figure 36B). In contrast, in the 

animals with DIPG-007, we did not detect a therapeutic benefit in terms of animal 

survival following sorafenib treatment (Figure 36C). There were no differences in 

cancer cell infiltration in brains of DIPG-007 bearing mice at the end-of-treatment 

(day 43 post-inoculation) between control and treated mice (Figure 36C). We 

performed an immunostaining of CD31 in the harvested brains to study the anti-

angiogenic capacity of sorafenib in vivo. In GBM-001 xenografts, we detected the 

expected pattern of CD31+ brain vasculature in the sorafenib-treated group, in 

which the infiltration of cancer cells was absent. In contrast, CD31+ staining was 

more intense in the areas of tumor infiltration in the brain of control animals, and 

stained vessels of aberrant morphology, characterized by an enlargement of the 

structures, with tortuous appearance and uneven vessel diameters (Figure 36D). 

The same study was performed in the tumor-infiltrated brains of the mice 

inoculated with DIPG-007 cells and, in both groups, we detected a similar 

extension of CD31+ blood vessels, although slightly sparser in the treated brains 

(Figure 36D).  
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Figure 36. Effects of sorafenib in vivo. (A) Sorafenib treatment planning for DIPG-007 and 

GBM-001. (B) Survival of mice bearing intracranial GBM-001, untreated or treated with sorafenib 

60 mg/kg. Anti-human nuclei IHC of whole brains harvested at the end of the first round of 
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treatment (day 29 post-inoculation). The scale is 50 μm. HE and anti-human nuclei IHC of brains 

harvested at day 29 post-inoculation. The scale is 400 μm. (C) Survival of mice bearing 

intracranial DIPG-007 untreated or treated with sorafenib 60 mg/kg. Anti-human nuclei IHC of 

whole brains harvested at the end of the first round of treatment (day 43 post-inoculation). The 

scale is 50 μm. HE and anti-human nuclei IHC of brains harvested at day 43 post-inoculation. The 

scale is 400 μm. (D) CD31 staining of GBM-001 and DIPG-007 brains harvested at days 29 and 

43 post-inoculation, respectively. The scales are 200 μm and 150 μm. 

 

DIPG-007 shows sorafenib resistance signs in vitro that can be reverted 

with a PI3K inhibitor 

We observed that longer in vitro exposures (up to 7 days) of cells to sorafenib 

increased the antiproliferative activity against GBM-001 cells, but did not change 

the results on DIPG-007 cells (Figure 37A). Then, we addressed whether a 

known mutation (H1047R) in the gene PIK3CA in DIPG-007 may explain drug 

resistance to sorafenib, as observed in other cancers, which showed diminished  

response to anticancer drugs due to the overactivation of PI3K pathway224-226.  

Both GBM-001 and DIPG-007 cells were sensitive to the PIK3CA inhibitor 

inavolisib, in the low nanomolar range (Figure 37B). In DIPG-007 cells, inavolisib 

inhibited the phosphorylation of Akt and S6, showing the same results in 

combination with sorafenib (Figure 37C). The combination of both drugs clearly 

increased the apoptosis-related proteins cCas3 and Bax and reduced cyclin D1 

in DIPG-007, suggesting inavolisib could help overcome the resistance of these 

cells to sorafenib (Figure 37C). In GBM-001 cells, we observed similar changes 

in protein expression following treatments with inavolisib, sorafenib, or the 

combination of both (Figure 37D), suggesting that the combination of both agents 

would not result in more-than-additive effects. 
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Inavolisib and sorafenib have a synergistic effect on DIPG-007 in vitro 

We treated both cell models with selected concentrations of both drugs, 

separately or in combination, and we calculated the combination index (CI) score. 

The values of CI > 1, CI = 1, and CI < 1 were defined as antagonistic, additive, 

and synergistic, respectively. Concentrations in the low nanomolar range of 

sorafenib and inavolisib exhibited a slight synergistic effect, with CI < 1 (Figure 

37E). In contrast, higher concentrations of both drugs, in the micromolar range, 

presented an antagonistic effect, especially in DIPG-007 cells (Figure 37E).  
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Figure 37. Effects of the combination of sorafenib and inavolisib in vitro. (A) Concentration-

dependent cytotoxicity of sorafenib in DIPG-007, DMG-005, GBM-001 at 48 h, 72 h and 7 days. 

Dots are means of six replicates.  (B) Concentration-dependent cytotoxicity of inavolisib in DIPG-

007, DMG-005, GBM-001 at 48 h, 72 h and 7 days. Dots are means of six replicates.  (C) 

Immunoblotting of PI3K-related proteins, cell cycle regulator proteins (CDK4 and Cyclin D1) and 

apoptosis-related proteins (cCas3) of DIPG-007, DMG-005 and GBM-001 untreated and treated 
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with sorafenib 3 and inavolisib 0.01 nM. (D) Combination index (CI) for sorafenib and inavolisib 

combination in DIPG-007 and GBM-001. CI > 1 is an antagonistic interaction, CI = 1 indicates 

additive drug interaction, and CI < 1 is considered a synergistic drug interaction. 
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Work included in this PhD thesis demonstrates that DIPG cells secrete soluble 

factors that induce changes in the surrounding stroma cells, leading to a favorable 

microenvironment for tumor expansion and growth (Figure 38). It is well known 

that cancers evade the immune response through the infiltration of anti-

inflammatory cells227, the disruption of the extracellular matrix and the promotion 

of aberrant neovascularization processes67.  

 

Figure 38. Graphical abstract. Through the secretion of immunosuppressive cytokines, tumor 

cells modify the nature of different microenvironment components. Sorafenib is able to revert 

some of these effects by reducing the angiogenic process in DIPG, and also directly killing the 

tumor cells. 
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Our study in human paraffin samples broadens previous knowledge, detecting a 

sparse presence and even absence of T and B cells infiltrating the tumor, in 

agreement with the previous classification of DIPG as a cold tumor72,73. Our 

finding of a very significant increase of M2-like activated microglia (CD163+, 

Iba1+) in DIPG is not in total agreement with previous reports in which CD163+ 

staining was considered not significantly higher than in control samples. In such 

studies, staining was compared between the tumor tissue and apparently normal 

adjacent tissue obtained from surgical resection72. We suggest that, even though 

the control sections were not infiltrated by tumor cells, they were probably 

indirectly affected by the surrounding tumor secretions. In our study, the inclusion 

of nontumor brainstem samples as controls allowed us to have a comparable 

sample obtained from the exact anatomical location in which DIPG arises, but 

without tumor activity or inflammation. Such control samples were almost totally 

devoid of CD163+ cells, in stark contrast to brainstem tumors. 

The main contribution of our work is the functional characterization of the 

immunosuppressive secretome of DIPG cells and the identification of at least two 

proteins in such secretome. CHI3L1 is overexpressed in many cancers such as 

breast cancer163, and related to worse prognosis, macrophage recruitment and 

angiogenesis228. Osteopontin has also been previously associated with cancer, 

metastatic processes137,229 and immunosuppression, regulating the M2 

polarization128. Both are secreted to the microenvironment, enabling tumor cells 

to interact with the surrounding components of the tumor. Our experiments 

confirm their powerful capacity to induce neovascularization and direct M2 

macrophage polarization and migration, suggesting they intervene in a potential 

mechanism for the creation of an immunosuppressive niche in DIPG.  
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The fact that our study did not detect the main immune checkpoint molecules 

(PD-L1 and CTLA-4) in the patient samples (biopsies and autopsies), 

underscores that the niche of DIPG is highly immunosuppressive and cancer cells 

did not receive previous stimulation from T cells, as previous studies reported in 

patient samples72. Our experiments in vitro showed that, in the presence of an 

artificial inflammatory environment, such cells expressed high amounts of PD-L1 

and CTLA-4, suggesting that the capacity of their machinery to induce checkpoint 

expression was intact, but the environment did not trigger such machinery. This 

has been previously observed for cultured cells of retinoblastoma230 and non-

small cell lung cancer231. Our finding that B7-H3 expression is high in DIPG was 

expected, as published by Zhou et al232. Our study contributes to describe 

different patterns of B7-H3 location in the cancer and stroma cells, which were 

not described before for pHGG232. B7-H3 is a molecule of the B7 family classified 

as an immune checkpoint molecule99,233 and expressed in many cancers234 . 

Although it was initially defined as pro-inflammatory, its inhibitory effect towards 

T cell proliferation has also been described, as B7-H3 inhibits the proliferation of 

CD8+ and CD4+ T cells100 and the dendritic cell stimulatory capacity of T cell and 

production of IL-2 and IFN-γ235. B7-H3 has also been associated to macrophage 

recruitment236 and M2 polarization237. Our findings are in agreement with studies 

describing the presence of B7-H3 in the tumor-associated vasculature, 

suggesting an important role in the neovascularization process238, which is a very 

important mechanism used by tumors to expand and to recruit other cells to the 

niche239. Our results agree with previous studies, which determined the 

overexpression of B7-H3 in the membrane of DIPG cells and also expressed in 

the walls of the blood vessels in the tumor232. The fact that DIPG secretomes 
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increased the expression of B7-H3 and the early pericyte marker NG2 in MSCs 

in vitro suggests that this cancer contributes to the differentiation of MSCs to 

pericytes, necessary for the stabilization of vascular structures. This observation 

implies there is an active crosstalk between MSCs and DIPG microenvironment, 

involving the expression of B7-H3 for the creation of an immunosuppressed 

environment in the tumor. Moreover, we have been able to demonstrate the 

capacity of DIPG supernatants, osteopontin and CHI3L1 to induce not only the 

organization of endothelial cells into 2D tubular structures but also the positioning 

of pericyte–differentiated cells around them, basic for the establishment and 

stabilization of the basic histological capillary structure240. This finding, previously 

used to describe the implication of various molecules in the initial steps of the 

angiogenic process241,242 suggests a critical role of the DIPG secretome in the 

creation of endothelial networks and in their stabilization by stimulating the 

differentiation of MSCs into pericytes.  

Our finding of increased expression of BBB proteins in endothelial cells following 

exposure to the DIPG secretome is especially intriguing. Previous experimental 

attempts to address these questions used endothelial cells derived from 

CD34+ hematopoietic stem cells isolated from human umbilical cord blood, and 

reported minor changes in gene expression of ABCG2 (BCRP) following 

exposure to the secretome of DIPG243. In contrast, our study found up to 250-fold 

increase in BCRP, and an increase in more than 40 angiogenic-related genes. 

The difference between our study and the previous one could be due to the use 

of different types of endothelial cells, because we used a brain microvascular cell 

line.  
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We expected that DMG and GBM xenografts grown in subcutaneous location in 

mice would not have vessels with BBB properties, because blood vessels would 

be recruited from the mouse. However, we demonstrated the expression of BCRP 

in pHGG xenografts engrafted subcutaneously in mice, which was not observed 

in subcutaneous tumors corresponding to non-brain cancers.  To our knowledge, 

this finding is unique in the literature and suggests the capacity of the glioma cells 

to induce its own vasculature, creating an optimal microenvironment for tumor 

growth. This finding does not mean that the BBB is fully established in the DMG 

subcutaneous xenografts, because other factors such as the interstitial pressure, 

or the general anatomy of the vessels, might not have been reproduced in the 

subcutaneous setting.  

The analysis of CHI3L1 or osteopontin in patient liquid biopsies (CSF and 

plasma) might be clinically useful to follow-up disease evolution and response to 

treatment. There are published studies on brain tumors244, other cancers245 and 

neurological pathologies246 on the analysis of circulating DNA and RNA, 

cytokines, circulating tumor cells, extracellular vesicles or tumor-associated 

microparticles in the patient CSF and plasma. These analyses can be used for 

more precise diagnosis, prognosis, or follow-up of the disease, or even prediction 

of treatment responses. CHI3L1 and osteopontin have been previously described 

as potential inflammatory biomarkers in CSF and serum in other CNS-related 

diseases such as CNS lymphoma149, histiocytosis247 and multiple sclerosis171,248. 

In brain tumors and other cancers, the overexpression of these cytokines might 

represent a strategy used by the tumor to immunomodulate its environment and 

promote its own growth. The expression and secretion of the same cytokines in 

the CNS and bloodstream in other inflammatory and pathological entities seems 
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to be indicative of nervous tissue damage and related to the activity of resident 

cells in the CNS to control the inflammation produced by the disease itself and, 

consequently, an increased concentration could be related to disease 

progression249. It is thus coherent that tumor cells reproduce the same 

immunosuppressive situation that is physiologically used to maintain the 

immunoprivileged state of the CNS. Our study confirms a significant 

overexpression of osteopontin and CHI3L1 in CSF and serum of DIPG patients. 

Whether these proteins could be used as biomarkers for DIPG progression needs 

to be assessed in prospective work, which should be designed to determine the 

optimal cut-off points to discern positive and negative results.  

Part of my work aimed to evaluate a new therapeutic approach targeting the 

interaction between the secreted cytokines and their suitable receptors (CD44) in 

the microenvironment of the disease. Overexpression of CD44s has been 

previously related to cancer signatures and tumor progression177-180. The variants 

of CD44, only expressed in cancer, receive the nomenclature CD44v1-v10 

depending on the alternative splicing site by which they incorporate the genomic 

exons 6-15. Hyaluronic acid, one of the main components of the ECM, is the 

principal ligand of CD44, but this receptor also binds to other ECM-related and 

unrelated components176, such as the DIPG-secreted proteins of interest 

osteopontin183 and chitinase 3-like 1168. Thus, we focused our studies in a CD44v-

related therapy. CD44v interacts with a protein named xCT, which is the light-

chain subunit (SLC7A11) of the xc- cysteine/glutamate antiporter system, a 

transmembrane protein responsible for the exchange of intracellular glutamate 

and extracellular cysteine. This transporter regulates the accumulation of ROS 

inside the cells, usually as a result of the action of chemotherapeutic agents and 
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other anti-tumoral approaches, by the synthesis of intracellular glutathione 

(GSH). Expression of xCT has been widely associated to tumor growth, 

progression and chemoresistance. Inhibition of this antiporter has demonstrated 

antitumor activity in glioblastoma, melanoma and prostate cancer191. The variants 

of CD44 are responsible for xc- system stabilization, which entails a higher 

antioxidant activity in the tumor cell, making this molecule a candidate target for 

our studies. Because of the tumor-specific expression of xCT and its importance 

in the stabilization of CD44, we proposed that targeting this channel in DIPG 

could be a new therapeutic approach. To inhibit this antiporter, we aimed to test 

the efficacy of a previously-approved drug by the FDA which was also capable of 

crossing the BBB.  Sorafenib is a bi-aryl urea and an oral multikinase inhibitor. It 

was first approved by the FDA and the EMA in 2007 for the treatment of 

hepatocellular carcinoma131, and it is also indicated to treat renal carcinoma231 

and differentiated thyroid carcinoma194. It blocks the action of cell surface tyrosine 

kinase receptors and downstream intracellular kinases that are implicated in 

tumor cell proliferation, tumor angiogenesis and cell invasion193, such as B-raf, 

RAF, VEGF 1/2/3, FLT3, PDGFR α/β and FGF. The administration of this drug, 

alone or in combination with other chemotherapeutics has shown promising 

effects in other malignancies196,198,250-253, due to its capacity for blocking the xc- 

cysteine/glutamate antiporter system by which cancer cells reduce the 

accumulation of intracellular ROS and, consequently, become drug 

resistant.  Because of these properties, we tested the effectivity of this drug in 

three pHGG cell models. All of them were responsive to the drug administration 

in vitro, with comparable IC50 between them, increased intracellular ROS 
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accumulation, increased apoptosis, and reduced cell cycle proteins, confirming 

cytotoxic efficiency in primary cell cultures.  

Mechanistically, sorafenib has also been related to the reduction of VEGF and 

PDGF production by some tumors, and also to the inhibition their respective 

receptors (VEGFR and PDGFR, respectively), associated to pro-tumoral 

processes such as angiogenesis, and cell migration and invasion201. In previous 

microenvironment studies, we were able to demonstrate the capacity of pHGG 

supernatants, as well as osteopontin and CHI3L1, to induce angiogenesis in vitro. 

However, sorafenib reduced and even inhibited this effect in endothelial cells, 

supporting its previously-described antiangiogenic properties in other tumors.  

Some of the pathways overactivated in DIPG lead to the expression and 

activation of metalloproteinases, which are responsible for the remodeling of the 

ECM, and the resultant tumor cells invasion of the surrounding healthy tissue254. 

MMP-9 is found at elevated levels in brain tumor tissues and indicates poor 

prognosis255,256. When we treated the pHGG cell models with this drug, we 

determined a reduction in the expression and activity of MMP-9, suggesting a 

role of sorafenib in hindering of the invasion capacity of tumor cells, which we 

validated by a wound-healing assay, where the treated tumoral cells were 

significantly unable to close the scratch in comparison with the non-treated 

malignant cells. 

Importantly, it has been suggested the capacity of sorafenib to cross the blood-

brain barrier, showing promising results in glioblastoma treatment in preclinical 

models198. In vivo, we observed striking differences in the anticancer efficacy of 

sorafenib in two pHGG models. Previous studies in hepatocellular carcinoma 
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reported acquired resistance to sorafenib due to PI3K activation199,252,257. 

Because the unresponsive xenograft (DIPG-007) presents a mutation in the gene 

PIK3CA (which encodes for PI3Kα) leading to an overstimulation of the PI3K 

pathway, we reasoned that targeting mutant PIK3CA could revert resistance to 

sorafenib. In the literature, combination of sorafenib with PI3K inhibitors 

LY294002253,258 or copanlisib252 reverted sorafenib resistance in PIK3CA-

mutated models. Inavolisib (GDC-0077) is a potent, orally available, and 

selective PI3Kα inhibitor (by binding to the ATP binding site). Inavolisib is more 

selective for the mutant version of PI3Kα in breast cancer cells, and oral daily 

treatment of patient-derived PIK3CA-mutant breast cancer PDX induces tumor 

regressions259. Work of my laboratory mate Leire Balaguer shows that inavolisib 

crosses the blood-brain barrier in mice (unpublished data). Therefore, we studied 

the possibility to combine inavolisib and sorafenib for pHGG treatment, as it has 

also been described in preclinical studies259, that led to Phase I clinical trials 

(NCT03006172). Our results are in agreement with studies that showed sorafenib 

increasing the efficacy of anti-tumoral treatments due to the inhibition of xCT and 

the consequent accumulation of intracellular ROS260. The fact that low 

concentrations of both drugs worked synergistically in pHGG cells suggests that 

they could be used as a therapeutic alternative in pHGG. The fact that there are 

two already commercialized and FDA-approved therapies endorses further 

developments, but in vivo preclinical studies should be completed to validate the 

in vitro results. 
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In this thesis, I analyzed a large cohort of samples obtained from patients with 

pHGG, most of them DIPG, including tissue samples, primary cell cultures, serum 

and CSF samples. I found that (i) DIPG tissues contain very few lymphocytes and 

abundant glial cells of the immunosuppressive type; (ii) DIPG cells secrete 

specific cytokines that interact with cellular components of the microenvironment 

promoting a pro-tumorigenic niche; (iii) DIPG cells express receptors for the 

secreted cytokines that are actionable with the clinically available anticancer 

molecule sorafenib.  

Conclusions are grouped in the following three categories:  

1. DIPG presents a cold immune microenvironment characterized by a low 

infiltrate of immune cells, high presence of protumoral microglia and low 

expression of immune checkpoints. 

a. The density of the T lymphocyte population (CD3+ cells) is low in the 

control brainstem samples and slightly higher in DIPG biopsies and 

necropsies.  

b. T helper (CD4+) cells are almost undetectable in control nontumor 

samples, while they are significantly more abundant in DIPG biopsies 

and necropsies.  

c. Tregs (FoxP3+) are not detectable in control brainstem samples, while 

they are significantly more abundant in the cancer biopsies.  

d. Microglia are the most abundant immune cells in DIPG, presented a 

more ramified shape in the control brainstem than in tumors and they 

are CD163+ in tumor samples, corresponding to a M2-like phenotype, 

anti-inflammatory. 
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e. Immune checkpoints PD-L1 and CTLA-4 are absent in all patient 

samples. Both increase significantly following the incubation of DIPG 

cells in pro-inflammatory conditions. 

f. B7-H3 is expressed in all tumor samples, presenting three different 

expression patterns (perivascular, in cancer cells, or a mixed pattern), 

surrounded by CD163+ microglia and co-localizing with mesenchymal 

(CD90) and pericyte markers (PDGFRβ and NG2) in perivascular 

regions.  

2. Osteopontin and chitinase-3-like 1 are two immunosuppressive cytokines 

found significantly increased in DIPG samples and contribute to create the 

immunosuppressed microenvironment in DIPG. 

a. Osteopontin and chitinase 3-like 1 are homogenously overexpressed 

in DIPG tumor lysates, primary cultures, and serum and CSF from 

patients with DIPG.  

b. Tumor secretomes, osteopontin and chitinase 3-like 1 induce the 

expression of B7-H3 in MSCs in vitro, as well as their differentiation to 

pericytes, characterized by an increase of NG2.  

c. Tumor secretomes, osteopontin and chitinase 3-like 1 induce the 

angiogenic process in vitro by stimulating the expression of pro-

angiogenic genes in endothelial cells, the formation of 2D networks and 

the wrapping of CD90+/NG2+ MSCs around them, mimicking vascular 

structures. 

d. Tumor secretomes, osteopontin and chitinase 3-like 1 induce an 

increase in the expression of M2-associated growth factors and a 

down-regulation of the expression of M1-associated genes in 
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macrophages in vitro. They also increase their migratory capacity in 

vitro.  

3. Targeting of the CD44-xCT system and other targets with sorafenib 

effectively inhibits tumor growth and angiogenesis in pHGG.  

a. DIPG and GBM significantly overexpress CD44s and exclusively 

express CD44v, being CD44v5 the most abundant isoform, both in cell 

models and tumor tissue.  

b. xCT expression, associated to CD44v, is significantly overexpressed in 

pHGG tissue samples in comparison to healthy brainstem, and it is 

expressed in all the analyzed pHGG cell models with variable levels. 

c. Sorafenib activity as inhibitor of the CD44-xCT system in pHGG was 

consistent with a significant sorafenib-induced intracellular ROS 

accumulation in pHGG cells in vitro. Other actions of sorafenib, such 

as the reduction of tumor cell migration, the induction of apoptosis and 

the reduction of cell cycle proteins could be the consequence of its 

action inhibiting several TKR in DIPG cells. 

d. Sorafenib does not induce endothelial cell death in vitro, but 

significantly reverts the neovascularization induced by culture media 

conditioned by pHGG cells in vitro. 

e. Sorafenib shows dissimilar in vivo activity in pHGG models, with very 

significant efficacy to increase survival of GBM-001 xenografts and no 

activity against DIPG-007 xenografts.  

f. The PIK3CA mutation in DIPG-007 may confer sorafenib-associated 

long-term resistance, due to the corresponding PI3K overactivation.  
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g. PI3K-induced resistance to sorafenib in vitro is at least partially 

reverted when administered in combination with the PI3K inhibitor 

inavolisib, with synergistic activity at low concentrations in PIK3CA-

mutant cells. 
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