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 INTRODUCTION 1

1.1 BRAIN TUMORS 

1.1.1 Epidemiology, classification and etiology 

Tumors of the central nervous system (CNS) comprise around 1.8% of all cancer cases 

diagnosed each year worldwide. Still, they account for a higher mortality rate percentage of 

2.3% among all cancer patients [1] in comparison with other tumors, for which mortality is 

lower than incidence, such as breast or colorectal cancer. 

Among CNS tumors, brain tumors are a common designation for tumors arising in intracranial 

regions: brain itself (neurons, glial cells, lymphatic tissue or blood vessels), cranial nerves 

(Schwann cells), brain envelopes (meninges), skull, pituitary and pineal gland. These tumors, 

which originate in the brain, are called primary brain neoplasms. Secondary brain neoplasms, 

on the other hand, have a metastatic origin, and can derive, for example, from lung cancer, 

breast, melanomas, colorectal and kidney cancers, mainly [2, 3]. While primary brain tumors 

are named for cell type of origin or its location in the brain, the secondary brain tumors are 

named after the organ or the tissue in which they arose.  

The tumors of CNS are classified according to criteria published by World Health Organization 

(WHO) 2007 [4] and, more recently, WHO 2016 [5], based on the type and location of the 

originating cells, while the degree of malignancy is characterized by the grade. The grade of a 

tumor is stablished taking into account essentially four histopathological criteria: mitotic 

activity, nuclear atypia, endothelial hyperplasia and necrosis. These characteristics describe 

how abnormal the cancer cells are and how quickly the tumor is likely to grow and spread, 

determining the patient survival probability. There are four grades of malignancy:  

 Grade I: tumors that have low proliferative potential, diffused nature and the possibility of 

cure following surgical resection alone (e.g. pilocytic astrocytoma).  



Introduction 

2 
 

 Grade II: infiltrating tumors with low mitotic activity and potential of recurrence after 

surgery; most tend to progress to higher grades of malignancy (e.g. astrocytomas and 

oligodendrogliomas (ODGs)). 

 Grade III: tumors with present histological evidence of malignancy, such as nuclear atypia, 

elevated mitotic activity, clearly expressed infiltrative capabilities and anaplasia (e.g. anaplastic 

ODG).  

 Grade IV: tumors that are cytologically malignant, mitotically active with vascular 

proliferation, necrosis and are generally associated with a rapid preoperative and 

postoperative progression of disease and fatal outcome. Still, widespread infiltration of 

surrounding tissue characterizes some grade IV neoplasms. (e.g. glioblastoma (GBM)).  

The most common primary brain tumors are gliomas, neoplasms that arise from glial cells, 

accounting for 27% of CNS tumors and 80% of malignant CNS tumors [6]. Gliomas are classified 

according to different parameters: 

 Their presumed cell of origin (which include astrocytomas, derived from 

astrocytes; ODGs, derived from oligodendrocytes; and oligoastrocytomas (OAs), 

derived from astrocytes and/or oligodendrocytes)  

 Their location (supratentorial, in the cerebrum, and infratentorial, in the 

cerebellum) 

 The extent of brain infiltration (circumscribed or diffusely infiltrating)  

 Their grade of malignancy 

Astrocytomas make up the most frequent gliomas and represent 33.3% of all newly diagnosed 

brain tumor cases [7]. They can be divided into: pilocytic astrocytoma (grade I), low-grade 

diffuse astrocytomas (grade II) and anaplastic astrocytomas (grade III). ODGs have a less 

favourable prognosis than diffuse astrocytomas, but also less likely to progress to more 
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aggressive stages. The incidence rate of OAs can vary from 1.8% to 19% among all gliomas and 

this variation is due to different diagnosis criteria among laboratories, as they are often 

confused with ODGs and astrocytomas. In the new report of WHO 2016, it is offered a more 

precise way to differentiate between them based on using both genotype (i.e. Isocitrate 

dehydrogenase (IDH) mutation and 1p/19q codeletion status) and phenotype [5]. The 

prognosis and malignancy depends on the proportions of the different cell types that 

constitute these mixed oligoastrocytic tumors.  

The most common of all malignant primary brain tumors is GBM (46.1%) [6] (Figure 1.1), and 

with a grade of IV, it is the most malignant and aggressive form of glioma. The average survival 

of GBM patients is of 14-15 months, even when an aggressive treatment is applied [8, 9]. 

Moreover, malignant brain tumours such as GBM have devastating social effects, presenting 

the highest mean when measuring the “Years of potential life lost (YPLL)” [10], which is an 

estimation of how much a patient’s life is likely to be shortened by his or her cancer, especially 

relevant in case of young patients. Temozolomide (TMZ) plus radiotherapy (RT) is the standard 

therapeutic choice for GBM treatment producing, at present, the best survival rates [11] (more 

details will be found in section 1.1.5.3 and 1.1.5.2, respectively). The histopathological features 

of GBM include: nuclear atypia, cellular pleomorphism, vascular thrombosis, microvascular 

proliferation and necrosis, and is characterized by a diffuse tissue-distribution pattern, with 

extensive dissemination of the tumor cells within the brain that hampers complete surgical 

resection. To date, routine screening for early detection of brain tumors is not currently 

available, as it is for some common cancers (e.g, prostate, breast, colorectal…). Given the poor 

GBM prognosis, there is an urgent need of developing better GBM treatments and to improve 

non-invasive detection techniques. 
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 Distribution of malignant primary brain and CNS tumors by histology subtypes (CBTRUS Figure 1.1

statistical Report 2007-2011). Modified from [6].   

1.1.2 Genetic pathways in GBM progression  

Mainly, two pathways of glioma development have been identified: primary GBM that arise de 

novo without lower grade precursors, or astrocytomas which start as grade II or III and then 

progress into secondary GBM, and ODGs that can transform into anaplastic ODG, both finally 

evolving into secondary GBM (Figure 1.2).  GBMs can be alternatively divided following the 

2016 CNS WHO classification [5] into (1) GBM, IDH wild type (wt) (about 90% of cases), which 

corresponds most frequently with the clinically defined primary or de novo GBM and 

predominates in patients over 55 years of age and (2) GBM, IDH-mutant (about 10% of cases), 

which mainly corresponds closely to the so-called secondary GBM, with a history of prior lower 

grade diffuse glioma and preferentially arising in younger patients. 
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 Genetic changes pathways leading to primary and secondary GBM. ATRX: transcriptional Figure 1.2

regulator ATRX, CIC: protein capicua homolog, EGFR: epidermal growth factor receptor, FUBP1: Far 

Upstream Element Binding Protein 1, LOH: loss of heterozygosity, PTEN: phosphatase and tensin 

homolog and TP53: tumor protein P53. Taken from [12]. 

Cancer development is a multistep process and morphologic changes observed during the 

process of malignant transformation reflect the sequential acquisition of genetic alterations 

[13]. It has been suggested that between four and seven independent alterations must occur 

within a normal somatic cell before a cancerous phenotype results [14]. These genetic 

alterations, that drive the development and progression of malignancies, include 

deoxyribonucleic acid (DNA) sequence changes; copy number aberrations, chromosomal 

rearrangements and modification in DNA methylation. Some alterations associated with 

primary and secondary GBM are presented in Figure 1.2; it is worth noting that, on the basis of 

histopathological criteria, it is impossible to distinguish a secondary GBM a from a primary one 

with a single time point sampling. 
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Primary GBMs are characterized by epidermal growth factor receptor (EGFR) gene 

amplification and mutation; loss of heterozygosity (LOH) of chromosome 10q containing 

phosphatase and tensin homolog (PTEN); overexpression of murine double minute 2 (MDM2); 

and deletion of p16. The hallmarks of secondary GBMs include mutations of tumor protein P53 

(TP53) and retinoblastoma (RB); overexpression of platelet-derived growth factor A and 

platelet-derived growth factor receptor alpha (PDGFA/PDGFRα) and LOH of 19q [15, 16]. 

Moreover, these alterations tend to occur in a defined order during the progression to a high-

grade tumor: the TP53 mutation seems to be a relatively early event during the development 

of an astrocytoma, whereas the loss or mutation of PTEN and amplification of EGFR are 

characteristic of higher-grade tumors [17].  

The nicotinamide adenine dinucleotide phosphate (NADP+)-dependent IDH1 and IDH2 play 

functions in cellular metabolism in lipid synthesis, cellular defence against oxidative stress, 

oxidative respiration, and oxygen-sensing signal transduction. Although the molecular 

pathogenesis of IDH1 and IDH2 mutations in the development of gliomas is still unclear, 

several theories have been proposed, including: increased angiogenesis due to accumulation 

of hypoxia-inducible factor 1-alpha (HIF-1α) [18] and increased vulnerability to oxidative stress 

because of depletion of antioxidants [19]. IDH1 or IDH2 have been found mutated in the vast 

majority of WHO grade II or III gliomas and in the secondary GBMs that develop from these 

precursors [20]. Patients with driver mutations in the IDH1 and IDH2 of their GBM have 

improved prognosis compared to gliomas with wild-type IDH [21]. Lately, a very important 

effect seems to be inhibition of DNA demethylases by the generated onco-metabolite 2-

oxoglutarate of DNA demethylases [22].  

1.1.3 Relevance of cancer stem cells (CSCs) in cancer progression   

Stem cells (SCs) are defined as cells that have the ability to perpetuate themselves through 

self-renewal and to generate mature cells of a particular tissue through stepwise 
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differentiation. Increasing evidence, from hematopoetic malignancies and solid tumors 

(including brain), has strongly supported the concept that only subpopulation of cancer cells in 

each tumor has the capability of cancer initiation and repopulation [23–25]. These cells have 

been called CSCs because they share some characteristics with normal SCs, including the 

capacity of self-renewal, multi-lineage differentiation, and maintained proliferation [26]. The 

origins of CSCs within tumors have not been clarified and may vary from one tumor type to 

another. In some tumors, normal tissue SCs may serve as the cells-of-origin that undergo 

oncogenic transformation to yield CSCs; in others, they may arise from restricted progenitor 

cells or more differentiated cells that have suffered oncogenic transformation and acquiring 

more “stem-like” character [27].  

There is evidence that cancer arises from a series of the oncogenic and tumor suppressor 

mutations (see Section 1.1.2) that occurs in few or even a single founder cell, defining cancer 

as a DNA-associated disease. Tumor cells eventually acquire unlimited and uncontrolled 

proliferation potential that drive tumor progression forward [14]. Two hypothetical models 

exist, which can explain this phenomenon (Figure 1.3). 

Traditionally, cancer cells within tumors were portrayed as heterogeneous cell populations due 

to distinct clonal subpopulations, reflected in histopathological diversity and containing 

regions of various degrees of differentiation, proliferation, vascularity, inflammation, and/or 

invasiveness [28], considering that all the cells in a tumor would have a similar tumorigenic 

potential to proliferate extensively to form new tumors (Figure 1.3A) [29]. Afterwards, 

however, a hierarchical model emerged (Figure 1.3B), pointing to the existence of a new 

dimension of intratumor heterogeneity and a subset of cells within the tumor that have 

significant proliferation capacity and the ability to generate new tumors, termed CSCs, with 

the remainder of the tumor cells representing terminally differentiated cells [26]. The essential 

difference between these possibilities is the prediction, according to the second possibility, 
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that whatever the environment or mutational status of the cells, only a small, phenotypically 

distinct subset cells has the ability to proliferate extensively or form a new tumor. Although 

considerable controversy remains as to which tumor types are hierarchically organized and 

how to define CSCs, this developmental and/or hierarchical model has generated considerable 

interest because CSCs appear to possess properties that make them clinically relevant. 

 

 Two models for tumor heterogeneity and propagation in solid tumors. a) In the clonal Figure 1.3

evolution model all undifferentiated cells have similar tumorigenic capacity. b) In the cancer stem cells 

(CSCs) model, most cancer cells only limited proliferative potential and only a subset of cancer cells 

consistently proliferate extensively in clonogenic assays and can form new tumors on transplantation 

[30, 31]. CSCs can generate a tumor, based on their self-renewal properties and enormous proliferative 

potential. Extracted from [26].  

SCs and their more differentiated progeny express a variety of markers, ranging from surface 

markers to transcription factors, thus, SCs and CSCs share many common marker genes [32], 

making it possible to identify and isolate CSCs. Currently, the marker-based flow cytometry 

(FCM) and magnetic cell sorting (MACS) techniques are the most effective cell isolating 

methods. For characterizing GBM CSCs, some of the usually accepted enrichment markers are 
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CD133, nestin, signal transducer and activator of transcription (STAT3) and Myc proto-

oncogene protein (c-Myc), among others. 

Evidence from both experimental models and clinical studies indicate that CSCs survive many 

commonly employed cancer therapeutics, being resistant to chemotherapy and RT [33, 34] 

(see also sections 1.1.5.2 and 1.1.5.3).  

The lack of persistent response of GBM tumors to therapy is probably due to the existence of 

GBM CSCs within the tumor which are not depleted by classical therapies, being crucial for 

driving invasive tumor growth and relapse [35]. GBM CSCs have been demonstrated to also 

have the potential to differentiate into astrocytes, oligodendrocytes and neurons [24]. 

Although the origin of GBM CSCs is not clearly defined, GBM CSCs share similar properties with 

normal neural stem cells (NSCs) that endow these cells with key traits of carcinogenesis, 

including enhanced potentials of proliferation, angiogenesis and invasion. Thus, initiation and 

recurrence of primary GBM may be caused by a subpopulation of GBM CSCs which may derive 

from mutated NSC and precursor cells [36].  

Heterogeneity among GBM tumor cells arises within a single tumor as a result of genetic and 

epigenetic changes, as well as different microenvironments within different regions of the 

tumors [37]. In GBM CSCs, there is clonal heterogeneity at the genetic level with distinct 

tumorigenic potential and defined GBM CSC marker expression resulting from clonal evolution 

which is likely to influence disease progression and response to treatment [28]. Another level 

of complexity in GBM is the dynamic equilibrium between GBM CSCs and differentiated non-

GBM CSCs, and the potential for non-GBM CSCs to dedifferentiate to GBM CSCs due to 

epigenetic alteration which confers phenotypic plasticity to the tumor population [38]. 

Moreover, it has been observed that exposure to differentiated GBM cells to therapeutic doses 

of TMZ or ionizing radiation (IR) increases the GBM CSC pool both in vitro and in vivo [39]. This 

could lead to replenishment of the original tumor CSCs population, leading to a more 
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infiltrative phenotype and enhanced chemoresistance, representing a potential mechanism for 

therapeutic relapse. 

Therefore, it would be critically important to develop therapeutic strategies that contain 

agents targeting different signalling pathways and/or employing effective multi-targeting 

agents for the eradication of those GBM CSCs. 

1.1.4 Brain tumor diagnosis 

Detection of brain tumors does not take place until marked clinical symptoms occur in affected 

patients, which is usually a late event. The absence of pain receptors in the brain allows 

tumors to grow ‘silently’, although this would also depend on the tumor location. In general, 

by the time a glioma becomes symptomatic, it is almost always too late in its biological course 

for complete remission [40]. Brain tumors cause symptoms for two reasons: firstly, because 

they take up space inside the skull as they grow and compress other brain structures, and 

secondly, they can cause specific symptoms due to their position in the brain. Persistent 

headache, nausea, vomiting, seizures, visual disturbances, memory loss and altered mental 

functions are common signs that can manifest once the intracranial pressure rises due to the 

mass effect of the lesion [41]. Often more than one symptom is present, and this leads to a 

suspicion of an abnormal brain mass presence. Diagnosis begins with appropriate brain 

imaging. Techniques such as Positron Emission Tomography (PET), Computed Tomography 

(CT), Magnetic Resonance Imaging (MRI), and Magnetic Resonance Spectroscopy (MRS) are 

used to perform the initial assessment and localization of the tumor, as well as to perform the 

follow-up of treatment and determine tumor progression. Initial diagnosis is usually followed 

by histopathological analysis (biopsy, surgical resection) depending on the location of the 

tumor, which for now, is the gold standard method to confirm the diagnosis, tumor grading, 

classification and give a prognosis to guide treatment decisions. 
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Despite high grade glioma is a disease diagnosed usually in the fifth or sixth decade of life, 

younger patients are also affected. An accurate histopathological diagnosis is essential as 

tumor type and grade may condition the treatment. Magnetic resonance (MR) imaging with 

gadolinium chelate contrast enhancement (see also section 1.4.2.1) is considered the standard 

noninvasive technique for detection and treatment follow-up and it is usually followed by 

tissue sampling (stereotactic biopsy, debulking surgery) and histopathology analysis. 

1.1.5 GBM therapy 

For GBM patients, surgery, followed by radiotherapy plus chemotherapy are the basis of these 

patients treatment, with the best results obtained when the three of them can be used [42].  

Completely resected patients in good performance status and aged less than 75 years are 

candidates to chemoradiotherapy followed by additional adjuvant TMZ cycles [11]. 

Additionally, selected cases with complete resection without ventricular exposure can be 

offered carmustine (BCNU) wafers as a first line therapy [43] (0).  

There are no relevant data regarding the role of chemoradiotherapy with TMZ in patients older 

than 75 years. In addition, a small randomized trial in patients of 70 years of age or older 

demonstrated that radiotherapy results in a modest improvement in survival, without reducing 

the quality of life or cognition in elderly patients with glioblastoma [44]. Also, there is a phase 

II trial suggesting that chemotherapy alone with TMZ can be considered as safe, easily 

administered, and effective therapeutic approach for elderly (>70 years) patients with newly 

diagnosed GBM [45]. 

In cases in which resection is not possible, a stereotactic biopsy may beperformed. These 

patients are good candidates for trials of neoadjuvant chemotherapy [46] and, if possible, their 

treatment should be individualized according to their characteristics (age, tumor location, 

genetic profile, among others) by a multidisciplinary committee.  
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 Management for diagnostic and treatment of GBM. BCNU: carmustine. Figure 1.4

 Surgical resection  1.1.5.1

Surgery is usually the first step in treating most benign and many malignant brain tumors. It is 

often the preferred treatment when a tumor can be removed without unnecessary risk of 

neurological damage. The primary objective of the surgery is to remove as much tumor mass 

as possible to achieve a better overall survival [47, 48]. Additionally, in some cases it can be 

used to provide a tumor tissue sample for an accurate histopathological diagnosis or genomic 

testing and to remove at least part of the tumor to relieve pressure inside the skull 

(intracranial pressure). Surgery also allows reducing the amount of tumor mass to be treated 

with radiation or chemotherapy, and enables direct access for intra-surgical chemotherapy or 

radiation of malignant tumors. Nevertheless, complete removal should be the ideal outcome 

without compromising the neurological functions of the patient. This may be the best strategy 

and provide a cure in some tumor cases, for example meningiomas, which are usually well-

circumscribed lesions, but may be insufficient or impossible in others, due to the extension, 

location or the infiltrative nature in case of high grade gliomas.  

Glioblastoma 

Complete or partial 
resection 

age <75 

Chemoradiotherapy 

BCNU waffer 

age >75 

Radiotherapy  

Chemotherapy alone 

Chemoradiotherapy 

Stereotactic biopsy 
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Current advances in neurosurgery, such as minimally invasive techniques [49], intraoperative 

brain mapping [50] and intraoperative MRI [51, 52], have led to an improved safety and an 

increased extent of resection in glioma patients. However, complete surgical resection of high 

grade gliomas is virtually impossible due to their infiltrative nature. That is why surgery must 

be followed by adjuvant RT, chemotherapy, or both.  

 Radiotherapy (RT) 1.1.5.2

RT is a major tool in the treatment and improvement of prognosis and survival of patients. The 

main aim of RT is to kill tumor cells while leaving normal brain tissue unharmed, so that the 

vital functions and the patient’s quality of life is not affected.  

RT involves administration of IR (photon or a charged subatomic particle) to the location of the 

tumor from an external source (the most common approach), from a source placed inside the 

body (brachytherapy), or through the use of radioactive drugs (systemic). Effects such as cell 

death, chromosomal aberrations, DNA damage, mutagenesis, and carcinogenesis result from 

direct ionization of cell structures, particularly DNA, or from indirect damage through reactive 

oxygen species produced by radiolysis of water. These biological effects are attributed to 

irreparable or misrepaired DNA damage in cells directly hit by radiation (Figure 1.5). Although 

radiation affects both normal cells and tumor cells, healthy cells have longer time to repair 

themselves than tumor cells, so resulting in differential cancer cell killing [53]. RT may be used 

subsequent or, in some cases, in place of resection of the tumor and it is the most common 

treatment for secondary brain tumors. Radiation with an external beam has been shown to be 

effective in the treatment of newly diagnosed malignant gliomas increasing the median 

survival of the treated patients from 5 months to 9 months with adjuvant RT compared to 

surgery alone [54, 55].  
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 Direct and indirect actions of radiation. Direct ionization of DNA or indirect damage through Figure 1.5

reactive oxygen species produced by radiolysis of water. These are biological effects producing 

irreparable or misrepaired DNA damage in cells directly hit by radiation. Extracted from [56]. 

Since radiation is not completely selective and can affect both normal cells and tumor cells, a 

special type of radiation protocol that focuses the high-dose zone of radiation on the target 

area was developed, and was called stereotactic radiosurgery [57]. Other techniques have 

been helpful at the time of distinguishing the border of normal brain around the tumor, as 

seen on imaging, most commonly by MRI or CT. Although MRI provides greater definition of 

the neoplastic extension in comparison with CT imaging, it may still be advisable to 

complement the zone delineation with other non-invasive techniques, such as perfusion or 

diffusion MRI or magnetic resonance spectroscopy imaging (MRSI), due to the highly 

infiltrative nature of glial tumors. Thus, the aforementioned techniques would be helpful for 

proper discrimination between healthy and tumoral tissue and to set better irradiation 

margins for a given case to improve the prognosis and increase survival [58]. 

Nevertheless, gliomas are heterogeneous tissues and some cells seem to be resistant to RT 

[59], implicating that even after application of the clinically best tolerated maximum RT dose 

to tumors, glioma will not be completely eradicated. 
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 Chemotherapy  1.1.5.3

Chemotherapy is a category of cancer treatment that uses one or more anti-cancer drugs 

(chemotherapeutic agents) as part of a standardized chemotherapy regimen. Chemotherapy 

may be given with a curative intent (chemotherapeutic agents either alone or in combination), 

or it may aim to prolong life or to reduce symptoms (palliative chemotherapy). The use of 

therapeutic agents poses a major challenge for neuro-oncologists, because CNS tumors 

represent a variety of growth patterns and response to therapy, making it difficult to find a 

specific therapeutic target. Additionally, the fundamental problem with systemic 

chemotherapy for brain tumors is reaching an effective dose within the tumor. The unique 

physiology of tumor tissue and mechanisms at the blood-tumor interface, i.e. increased 

intratumor oncotic pressure, bad perfusion or collapsed vessels make it difficult for blood-

borne drugs to reach the tumor’s inner core.  

 Alkylating agents: TMZ and CPA  1.1.5.3.1

Temozolomide (TMZ)  

The standard chemotherapy for GBM is based mainly on alkylating agents, such as TMZ. This is 

considered the most effective drug for the treatment of this tumor, although only a small 

improvement in survival time is achieved in the clinical practice: Stupp et al. [60] assigned 573 

GBM patients to treatment; 278 (97%) of the 286 patients in the radiotherapy-alone group and 

254 (89%) of 287 in the combined treatment radiotherapy and TMZ group died during the 5 

years of follow-up. Overall survival rates were 27%at 2 years, 16% at 3 years, 12% at 4 years, 

and 10% at 5 years (for the combined RT+TMZ treatment) versus 11%, 4%, 3%, and 2% (for 

radiotherapy alone), respectively [60]. TMZ is also one of the few agents with the ability to 

penetrate the blood–brain barrier (BBB), achieving cytotoxic concentrations in cerebrospinal 

fluid and brain parenchyma, which may be also of interest in the treatment of tumors with yet 

intact BBB.  

https://en.wikipedia.org/wiki/Cancer_treatment
https://en.wikipedia.org/wiki/List_of_chemotherapeutic_agents
https://en.wikipedia.org/wiki/Chemotherapy_regimen
https://en.wikipedia.org/wiki/Cure
https://en.wikipedia.org/wiki/Palliative_care
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TMZ in aqueous solution is chemically converted to methyl-triazeno imidazole-carboxamide 

(MTIC) at physiologic pH (Figure 1.6), and MTIC degrades to the inactive 5-aminoimidazole-4-

carboxamide (AIC) and to the electrophilic alkylating methyldiazonium cation that may transfer 

a methyl group to DNA. The most common site of methylation is N7 of guanine (N7-MeG), 60-

80%, and the N3 of adenine (N3-MeA), 10-20%. Methylation of the O6 of guanine (O6-MeG) 

accounts for only about 5-10% of DNA adducts, but is the primary responsible for the cytotoxic 

effects of TMZ. The O6-MeG lesion leads to DNA double-strand breaks (DSBs) and subsequent 

cell death via apoptosis and/or autophagy. When active O6-methylguanine-DNA-

methyltransferase (MGMT) is present, O6-MeG is repaired without cytotoxicity and this is 

thought to contribute to resistance to TMZ treatment. The repair occurs by transferring the 

methyl group from the adduct to its own cysteine residue and the methylated MGMT is then 

degraded. Resistance to alkylating agents is mainly due to overexpression of the MGMT 

protein, and it is a major, currently unresolved problem with TMZ therapy. Therefore, 

mechanisms to deplete MGMT in tumor cells are being developed in an attempt to increase 

sensitivity to TMZ. Despite this, a subset of GBM does not respond to treatment even after 

MGMT inactivation, suggesting that other DNA repair mechanisms may also modulate the 

tolerance to TMZ. The possible roles of the single-strand breaks (SSBs) and DSBs repair 

pathways in mediating therapeutic resistance to TMZ have also begun to emerge [61]. Authors 

affirm that when MGMT is inactivated or has not potential to completely repair O6-meG, the 

unrepaired O6-meG would be continuously repaired by the futile cycle of mismatch repair 

(MMR) which ultimately induces cell death by provoking DSBs. Additionally, N7-MeG and N3-

meA are repaired by base excision repair (BER). If not repaired, alkylated bases cause 

replication stall and collapse the replication fork, generating SSBs, which ultimately would 

induce DSBs. It is possible that SSB and DSB repair pathways are activated and diminish the 

cytotoxic effects of TMZ (Figure 1.6) [61]. 
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 TMZ activation and resistance pathways scheme. O6-meG DNA adducts account for only 5-Figure 1.6

10% of TMZ-induced DNA lesions, but they are responsible for the cytotoxic effect. MGMT repairs the 

lesions, resulting in resistance to TMZ. If MGMT is depleted or suppressed by methylation of its gene 

promoter, cytotoxicity of TMZ is enhanced. MMR recognizes the abnormal base pairs containing O6-

meG, eventually leading to DNA DSB and cell death. N3-meA and N7-meG adducts are also cytotoxic, but 

are usually repaired by the BER system. It is possible that SSB and DSB repair pathways are activated and 

diminish the cytotoxic effects of TMZ. BER: base excision repair, DSB: double-strand break, MGMT:O6-

methylguanine-DNA-methyltransferase, MMR: mismatch repair, N3-meA:N3-methyl-adenine, N7-meG: 

N7-methyl-guanine, O6-meG:O6-methyl-guanine and SSB: single-strand break.  Adapted from [61].  

TMZ improves outcome in treated patients when administered alone [62] or in combination 

with RT [60] or with other agents like procarbazine [63] or lomustine [64], among others. 

Unluckily, GBM CSCs are known to produce chemoresistance, indicating that GBM CSCs persist 

in GBM even when a standard treatment is applied [35]. Additionally, cellular exposure to DNA 

damaging agents, such as TMZ, could develop mutations and clastogenic effects which can 

result in additional malignant transformation [65]. As well, in human GMB patients treated 
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with TMZ, secondary effects, mainly related to blood toxicity (leucopenia, thrombopenia), are 

known [66]. 

Cyclophosphamide (CPA) 

Another chemotherapeutic agent with purported activity for high-grade gliomas is CPA [67–

69], but CPA induces larger side effects than TMZ and more significant toxicity at therapeutic 

doses in humans [70]. CPA is a prodrug that is converted by hepatic microsomal enzymes to 4- 

hydroxycyclophosphamide and aldophosphamide. These compounds diffuse into cells and are 

converted into the active alkylating compound, phosphoramide mustard, an alkylating agent, 

which adds an alkyl group to DNA. It attaches the alkyl group to the guanine base of DNA, at 

the number 7 nitrogen atom of the imidazole ring. This interferes with DNA replication by 

forming intrastrand and interstrand DNA crosslinks that results in inhibition of DNA synthesis 

and cell death.  The major mechanism of CPA detoxification appears to be inactivation of 

aldophosphamide by cellular aldehyde dehydrogenase (ALDH) [71]. CPA's unique metabolism 

and inactivation by ALDH is responsible for its distinct cytotoxic properties. Differential cellular 

expression of ALDH has an effect on the anticancer therapeutic index and immunosuppressive 

properties of CPA [71]. 

The alkylating agent CPA was first approved by the food and drug administration for cancer 

treatment in 1959 and is currently used to treat a variety of diseases, including breast and 

ovarian cancer, hematological malignancies, and autoimmune diseases [72]. CPA is commonly 

delivered to cancer patients on a maximum tolerated dose (MTD) schedule, but often show 

modest anti-cancer activity on their own [69] or in combination with irradiation or/and other 

agents like carboplatin [73, 74].  This limited efficacy is in part due to high toxicity to the host, 

usually considerable hematological toxicity [67], which necessitates a long drug-free break, 

during which chemotherapy-resistant tumor cell populations may emerge and residual tumors 

can neovascularize, leading to tumor regrowth [75, 76].  

https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Guanine
https://en.wikipedia.org/wiki/Imidazole
https://en.wikipedia.org/wiki/DNA_replication
https://en.wikipedia.org/wiki/Crosslinking_of_DNA
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 Evidence of the immune system role in response to therapy 1.1.5.4

Research over the past decades has shown evidence that the immune system not only 

interacts with developing neoplasms, but also removes damaged and stressed cells, which are 

generally more prone to become malignant (process named anticancer immunosurveillance) 

[77]. In addition, it has been observed that the immune system  plays an important role in the 

response of numerous malignancies to therapy [78].  

The development of effective antitumor immune response depends on coordinated 

interactions of host immunocompetent cells, as well as on the generation of tumor antigen-

specific cytotoxic T lymphocytes (CTLs). CTLs recognise specific antigenic peptides presented 

on the surface of transformed cells, so they represent an important role in the defence against 

cancer. To become competent killer cells, naïve lymphocytes require efficient instructing by 

dendritic cells (DCs), which are professional antigen-presenting cells (APCs), as well as proper 

CD4+ cell helper ( Figure 1.7).  

 

 Scheme of the immune system actuation. Humoral immunity and cellular (specific and non-Figure 1.7

specific) immunity with the participation of T and B lymphocytes. Extracted from [79]. 
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Malignant cells express pathogen-associated molecular patterns (PAMPs) that can be 

recognized on dendritic cell (DC) precursors, triggering the local release of cytokines and 

chemokines. This results in the recruitment and activation of innate immunity effector cells, 

including macrophages (mφ), natural killer (NK) and natural killer T (NKT) cells, all of which are 

able to kill cancer cells. DCs engulf apoptotic tumor cells, undergo a maturation process and 

then migrate to regional lymph nodes, where they present processed tumor-derived peptides 

to CD8+and CD4+ T cells upon the upregulation of MHC Class I and II molecules. Activated CTLs 

then clonally expand and leave lymph nodes (LN), infiltrating tumor tissues and eventually get 

activated to mediate effector functions (Figure 1.8) [80]. Additionally, some of this CD4+ T cells 

help activate antigen-specific CD8+ T cells, and these activated CD8+ T cells also traffic into the 

brain, showing brain accumulation peaking at about 7 days after initial antigen presentation to 

DCs in the tumor [81], suggesting that this time period is needed for the activation of the full 

immune response to the tumor.  

However, the immune response is complex and depending on several factors, multiple 

immune suppressive mechanisms may inhibit T cell function in the cancer context [82]. Thus, 

adaptive immune responses in GBM patients are deficient as the tumor microenvironment is 

rich in immunosuppressive factors secreted by the tumor [83], like transforming growth factor 

beta (TGF-β) and vascular endothelial growth factor (VEGF) which suppress T cell proliferation 

and cytotoxic function [84]. Additionally, it is known that T cell unresponsiveness occurs during 

the growth of hematologic and solid tumors in  complex microenvironments which can 

strongly influence the growth and progression of the tumor cells and can act as a barrier, 

limiting the efficacy of cancer immunotherapy [85]. Moreover, most of the antigens expressed 

by tumor cells are also expressed in normal cells resulting in immunotolerance and a failure of 

the immune system, allowing the development of solid tumors [85] and immune escape 

mechanisms which have been described for some tumor types and stages [86].   
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 Scheme of the cycle for immune response against a tumor. The whole cycle in mouse brain is Figure 1.8

assumed to take 7 days [81]. The malignant cells may express pathogen-associated molecular patterns 

(PAMPs) that can be recognized by pattern recognition receptors (PRRs) on dendritic cells (DCs) 

precursors, triggering the local release of cytokines and chemokines. Then, DCs migrate to local lymph 

nodes (LN) and present processed tumor-derived peptides to naïve T and B-lymphocytes, which are then 

activated in case of Antigen (Ag) match to become plasma cells producing antibodies and CD4
+ 

helper T 

lymphocytes or CD8
+
 cytotoxic T lymphocytes (CTLs). Activated CTLs leave LN to infiltrate tumor tissues 

and exert effector functions. Immunotolerance may be induced by downregulation of 

cluster of differentiation 5 (CD5) in CTLs infiltrating the tumor causing activation-induced cell death 

(AICD). FASL: FAS ligand, MHC: Major histocompatibility complex, Mφ: macrophages, NK:  natural killer, 

NKT: natural killer T, TCR: T-cell receptor, and Treg: Lymphocyte T regulatory. Taken from [80]. 
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As immunosuppression plays an important role in tumor progression, it is reasonable to 

hypothesize that the reversion of the immune suppression could allow more effective immune 

targeting of glioma, resulting in less tumor progression and improved outcomes. Moreover, it 

has been long observed that changes in the immune system relate with cancer survival. For 

instance, patients that had postoperative infections, showed a better outcome [87]. Indeed, a 

direct correlation between survival of patients with primary GBM and tumor infiltration of 

cytotoxic and helper T cells has been observed [88].  

 Therapeutic strategies to potentiate or interfere with the immune system 1.1.5.4.2

Metronomic approach schedule 

Despite chemotherapy represents the mainstay of cancer medicine for both locally and 

advanced neoplasms, with the MTD being the most used administration scheme for the past 

50 years [89] and being TMZ  the standard selected drug for GBM therapy [60], no cure for this 

tumor is available at present [90]. In preceding years, several groups began to study a modality 

of drug administration called “metronomic therapy” [91, 92], referring to equally spaced, low 

doses of chemotherapeutic drugs without extended rest periods. Efforts have also been 

devoted to study new therapeutic regimens with conventional drugs in order to activate 

immune responses that enhance tumor regression and prevent tumor regrowth [93]. 

Specifically in GL261 GBM tumors growing subcutaneously in immunocompetent mice (see 

also section 1.3), CPA metronomic therapy has proven to not only activate antitumor CD8+ T-

cell response, but also to induce long-term, specific T-cell tumor memory [92]. The same 

authors have also proven that a metronomic 6-day intermittent was the optimum timing for 

this therapy, and this could be in agreement with the 7-day cycle for immune cell recruitment 

in mice brain described by other authors in [81]. This agrees with several authors that affirm 

that immune system could intervene in therapy response [93], having the CTLs a relevant role 

in the defence against cancer as they recognize antigens presented on the surface of 

transformed cells, following a complex cycle described in [80].   
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The limitation of toxicity effects to the host due to TMZ and CPA administered at MTD can be 

addressed, in part, by administration of TMZ and CPA on a metronomic schedule [94], which 

maintains TMZ and CPA cytotoxicity to tumor-associated endothelial cells and can increase 

overall therapeutic activity while reducing host toxicity [95–97]. CPA and TMZ metronomic low 

doses schedules have been demonstrated to increase tumor cell autophagy, to elicit antitumor 

immune responses in humans, and to show promising safety and efficacy [98]. Daily, oral low 

dose metronomic CPA schedules have shown promising results in preclinical models [99, 100] 

and are currently being tested in clinical trials [101, 102]. 

Immunotherapy  

Recent studies have raised hopesregarding immunotherapy, which has recently established 

itself as a proven therapy for several types of cancer improving the body’s immune response to 

a tumor [103]. Moreover, in early-stage clinical trials, several different immunotherapeutic 

strategies have shown promise against GBM [104]. Therefore, at present the immunotherapy 

effectiveness is being assessed in clinical trials for brain cancer with strategies such as cancer 

vaccines, oncolytic virus therapy, adoptive cell therapy, monoclonal antibodies, amongst 

others. 

As with immunization for infections, immunization against tumors can theoretically occur in 

the form of passive or active immunotherapy [104]. The passive form gives the patient 

immune cells (active in vitro) or antibodies capable of targeting tumor cells, so, there is no 

activation of patient’s own immune system. On the other hand, active immunization is 

intended to stimulate the patient’s own immune response. 

In broad terms, passive/adoptive immunotherapy can be further divided into 3 approaches: 

The first is the direct injection of monoclonal antibodies, in which antibodies known to interact 

with an antigen associated with a tumor are administered to the patient [105]. In GBM, only 

one monoclonal antibody has been approved for treatment, which is Bevacizumab, a 

https://www.cancer.gov/research/areas/treatment/immunotherapy-using-immune-system
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humanized Immunoglobulin 1 monoclonal antibody that binds to and neutralizes the VEGF 

[106], a tumor-associated protein that is the central mediator of tumor angiogenesis. The 

second approach to cancer passive immunotherapy is to stimulate the immune system with 

cytokines. Cytokine stimulation with interleukin (IL)-2 have been studied in a variety of 

cancers, but it has not shown benefit in GBM [107]. A third strategy is adoptive cell therapy 

[104] in which immune cells activated ex vivo are administrated to patients, either by systemic 

injection or directly into the tumor. In this last instance, if DNA mutation occurs in the cancer 

antigen being targeted, the immunization will not be effective any longer. Accordingly, this 

type of immunotherapy may not represent a permanent solution to eradicate the tumor.  

Active immunotherapy boosts the patient’s immune system. There are two approaches to 

active immunization: peptide based therapy and cell based therapy [108]. In peptide based 

therapy, peptides corresponding to tumor antigens are injected as a vaccine to induce immune 

activation being capable to bind to Major Histocompatibility Complex (MHC) class I molecules, 

which will lead to activation of CTLs and tumor cell killing. On the other hand, cell based active 

immunotherapy involves obtaining DCs from a patient and pulsing them with glioma antigens 

derived from a tumor resection. Since DCs are professional APCs, they are an obvious choice 

for active immunotherapy and have to date been the most studied cell based vaccine [104, 

108]. The activated DCs are then injected back into the patient. This approach is also being 

explored as a way to target glioma SCs, a radioresistant and chemoresistant subpopulation of 

cells within a patient’s tumor. In a phase I trial, patients with newly diagnosed GBM which 

were given a DC-based vaccine with a combination of glioma SC antigens, increased survival 

was observed, and, in some patients, their tumor biopsy had a decrease or absence of cells 

positive for CD133, a glioma SC marker [109]. Additionally, it has been demonstrated that DC 

vaccines can be given safely to patients with GBM undergoing TMZ alone or in combination 

with RT [110]. Still, one of the major challenges in cancer immunotherapy is the induction of 

strong and durable antitumor immune responses, not yet achieved in patients. 
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 Other therapeutic strategies 1.1.5.5

Targeted therapies 

Common genetic abnormalities in GBM are associated with aberrant activation or suppression 

of cellular signal transduction pathways and resistance to radiation and chemotherapy. Special 

attention has been focused on other therapeutic strategies that target intracellular signalling 

pathways determining the key functions of tumor biology, such as proliferation and apoptosis 

or angiogenesis. Examples of targets are several growth factor receptors, such as EGFR, 

vascular endothelial growth factor receptor (VEGFR) and PDGFR, which are overexpressed, 

amplified and/or mutated in cancer cells and this leads to uncontrolled cell proliferation, 

angiogenesis, migration, survival and differentiation [111]. Several signal transduction 

inhibitors have been examined in preclinical and clinical trials with malignant gliomas, 

including antiangiogenic agents (bevacizumab, enzastaurin), inhibitors of EGFR tyrosine kinase 

(gefitinib and erlotinib) [112], mammalian target of rapamycin (temsirolimus, everolimus) and 

integrin (cilengitide). Some of them have reached the clinical practice (e.g. bevacizumab), 

although they are not used yet as a first choice.  Although preliminary clinical results of the use 

of targeted agents have not translated into significantly better survival, more recent phase II 

trials are exploring the combination of multitargeted drugs with cytotoxic chemotherapy and 

RT in order to overcome the resistance of tumors to single-agent targeted therapies [113]. 

Small molecular weight kinase inhibitors 

Inhibition of protein kinases has become a standard of modern clinical oncology, and it could 

improve GBM patients’ survival. Protein and lipid kinases play essential roles in many signalling 

pathways that regulate cell functions. Deregulation of these kinase activities leads to a variety 

of pathologies ranging from cancer to diabetes, infectious diseases, cardiovascular disorders, 

cell growth and survival. More than 500 protein kinases are encoded by the human genome, 

and since many human diseases result from overactivation of protein and lipid kinases due to 

mutations and/or overexpression, this enzyme category represent an important target for the 
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pharmaceutical industry. In past decades, around 20 small-molecule kinase inhibitors have 

been approved for clinical use, mainly for oncological indications, such as Sorafenib or Erlotinib 

[114]. These drugs target stages of signal transduction from the receptor protein tyrosine 

kinases that initiate intracellular signalling, through second-messenger-dependent lipid and 

protein kinases that regulate the cell cycle.  

 CK2 inhibitors (iCK2s) 

Protein Casein Kinase CK2 (CK2), an oncogenic protein kinase, contributes to tumor 

development, proliferation, and apoptosis suppression in cancer [115]. Different iCK2s have 

been studied for cancer applications, such as 4,5,6,7-Tetrabromobenzotriazole  (TBB) [116, 

117] or apigenin (APG) [118, 119]. Additionally, a more specific iCK2, 5-(3-

Chlorophenylamino)benzo[c][2,6] naphthyridine-8-carboxylic acid (CX-4945) [120–124] has 

been reported as the first iCK2 in clinical stage1,2. In vitro studies of breast cancer [122] and 

studies with an intracranial murine glioma model [124] have also presented successful results 

for CX-4945. Moreover, other promising iCK2s are in development, such as tetra-bromo-

deoxyribofuranosyl-benzimidazole (TDB), a dual inhibitor of CK2 and Proviral Integration of 

Moloney virus 1 (PIM-1) [125]. These results highlight the relevance of CK2 and its interwoven 

signalling targets in tumor growth and progression. More insight in this issue can be found in 

section 1.2.5. 

  

                                                           
 

1
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

2
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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1.2 PROTEIN CASEIN KINASE CK2 (CK2) 

For many years, it has been clear that the reversible phosphorylation of proteins is a major 

mechanism for the regulation of a broad spectrum of fundamental cellular processes. So, it is 

not surprising that the human genome encodes many distinct protein kinases [126]. Some 

protein kinases are very specific and can phosphorylate a restricted number of substrates, 

while other protein kinases, can phosphorylate hundreds of proteins within cells, which is the 

case of CK2.  

CK2 is a ubiquitously expressed protein kinase which exhibits extensive sequence and 

functional conservation across species. In addition, it is a highly pleiotropic and constitutively 

active Serine (Ser)/threonine (Thr) protein kinase in eukaryotic organisms, where is known to 

phosphorylate more than 300 physiological targets [127]. While the number of targets known 

to be phosphorylated by CK2 continues growing, it becomes evident that CK2 has a decisive 

role in the regulation of diverse cellular processes, including cell differentiation, proliferation 

and survival [127].  

1.2.1 Structure of CK2  

The analysis of amino acid sequences, as well as crystallography studies have allowed to 

elucidate the structural and biochemical features of CK2. As said before, protein CK2 is 

distributed ubiquitously in eukaryotic organisms, where it mostly  appears to exist in 

tetrameric complexes consisting of two catalytic subunits (CK2α and/or CK2α’) and two 

regulatory subunits (CK2β) (Figure 1.9). In many organisms, distinct isoenzymic forms of the 

catalytic subunit of CK2 have been identified [128]. For example, in humans, two catalytic 

isoforms, designated CK2α and CK2α’ encoded by the gene CSNK2A1 and CSNK2A2, 

respectively, have been well characterized, while a third isoform, designated CK2α’’, has been 

recently identified [129]. In humans, only a single regulatory subunit, designated CK2β, has 
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been identified, while in other organisms, such as plants, a broad range of CK2β forms have 

been recognised [130].  

 

  Crystal structure of the CK2 holoenzyme. The CK2β dimer forms the core of the enzyme. Figure 1.9

Important motifs of CK2β are marked:  the putative degradation motif (KEN box), the acidic loop involved 

in modulation of catalytic subunit activity and the zinc-finger motif which mediates between CK2β dimer 

formation and CK2α coordination. Adapted from [131].  

At a very early stage after its discovery, CK2 was distinguished among known protein kinases 

for its ability to phosphorylate Ser or Thr residues that are proximal to acidic amino acids. This 

is the reason why it is said that CK2 is a dual-specificity kinase.  Additionally, systematic studies 

led to the definition of a minimal consensus sequence for phosphorylation of CK2 (i.e. Ser-Xaa-

Xaa-Acidic, where the acid residue may be glutamate (Glu), aspartate (Asp), pSer or 

phosphotyrosine (pTyr)) that remains distinct from the minimal consensus sequence for any 

other protein kinase that has been characterized to date [132]. The delineation of this minimal 

consensus sequence has greatly facilitated the identification of many new potential CK2 
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targets, although some limitations have been found, namely: sites phosphorylated by CK2 that 

are not conform with this consensus [133], or sites with the consensus sequence without 

guaranteed phosphorylation, since there may be additional determinants within the sequence 

that modulate phosphorylation efficiency [134].   

With mammalian CK2, tetrameric CK2 complexes may contain either identical (two CK2α or 

two CK2α’) or non-identical (one CK2α and one CK2α’) catalytic subunits. In the CK2 complex, 

the regulatory subunit forms a stable dimmer, which links the two catalytic subunits, allowing 

no direct interaction between them [135]. The catalytic subunits contact with both regulatory 

chains, predominantly via C-terminal tails of the regulatory subunit.  

CK2α: catalytic subunit 

Despite being the products of separate genes, the two catalytic subunits (CK2α and CK2α’) 

exhibit more than 90% sequence identity in the N-terminal 330 amino acids. On the other 

hand, the C-terminal domains of the two isoenzymes are completely unrelated [136]. There is 

evidence for functional specialization of the individual CK2 isoforms in yeast, mice and 

mammal cells [137].  

The structure of CK2α is subdivided in different regions, which are responsible for the main 

functional characteristics of this subunit, such as its monomeric form constitutive activity, the 

structure of substrate recognition, as well as the basis of dual-cosubstrat (Ser/Thr) specificity. 

CK2β: regulatory subunit 

CK2β does not display extensive homology with other protein kinase regulatory subunits, but it 

has a remarkably sequence and functional conservation among species [136]. Several 

complementary lines of evidence indicate that dimers of CK2β are at the core of the tetrameric 

CK2 complexes [138]. Additionally, a large proportion of CK2β has been shown to be 

phosphorylated at an autophosphorylation site, near the amino terminus of the protein, most 
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likely at serine 2 and serine 3 [139]. In the structure of CK2β the three most important regions 

are the zinc-binding motif, the CK2α-binding interface of CK2β and the acidic loop [131] (Figure 

1.9). The crystal structure of dimeric CK2β demonstrated that a zinc finger mediates CK2β 

dimerization [140]. It is characterized by four cysteine residues which mediate the interaction 

allowing the CK2β dimer to form the core of the CK2 holoenzyme [141]. As expected, it has 

been demonstrated that disruption of the zinc-finger by mutation of cysteine (Cys) 109 and 

114, resulted in a loss of CK2β dimer formation [140], pointing that this region is responsible 

for the ability of CK2β to stabilize CK2 activity [141]. 

Another additional sequence of relevance within CK2β is a surface exposed acidic loop. This 

acidic region has been identified as the site where CK2 binds polyamines, which are known to 

stimulate CK2 activity in vitro [142]. Despite precise details remain to be defined, it seems that 

the acidic loop may play a role in CK2 regulation. In addition, CK2β contains a sequence 

resembling that of the nine amino acid motif called the “destruction box” that plays a key role 

in the specific degradation of cyclin B at the end of mitosis [143]. While this motif is situated 

on a surface exposed α-helix where it is available for recognition by the cellular degradation 

machinery, the functional relevance of KEN boxes of CK2β have not been characterized in 

detail yet [131]. 

Although the role of CK2β has been usually considered as restricted to form the tetrameric CK2 

complexes, nowadays, this view has changed and CK2β is presently accepted to have both, CK2 

dependent, and CK2 activity independent functions. Several proteins have been identified to 

bind to the tetrameric form of CK2 through binding sites on CK2β, thus, CK2β appears to be a 

substrate docking protein. Some proteins, such as M-phase inducer phosphatase 2 (Cdc25B) or 

cyclin-dependent kinase inhibitor 1B (p27KIP1), among others, have been shown to bind to the 

N-terminal region of CK2β [131]. This study and others provide alternative mechanisms by 

which CK2β modulates the ability of CK2 to phosphorylate specific cellular targets. Moreover, 
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there are proteins that bind to CK2β in the absence of CK2α, including Ser/Thr-protein kinases 

A-Raf (A-Raf) , c-Mos and check point kinase 1 (Chk1) [144–146]. These proteins contain a 

sequence of amino acids in the N-terminal which resembles the sequence present in the 

catalytic subunits CK2α and CK2α’.  

In vitro phosphorylation by CK2 can be performed by the free CK2α or by the tetrameric form 

and that is why CK2 substrates were classified in three groups [147]: CLASS 1 (phosphorylated 

only by CK2α and CK2α/β, the majority of the cases), CLASS II (only phosphorylated by CK2α) 

and CLASS 3 (only phosphorylated by  CK2α/β, a  minority respect to CLASS I substrates). 

1.2.2 Regulation of CK2 activity in cells 

A major controversial area has been the debate about CK2 activity regulation in cells. Then, 

CK2 is constitutively active, that is to say: CK2 activity is generally detected in cell or tissue 

extracts even in the absence of any stimulation factors [148]. Further studies have reported 

that CK2 responds to diverse stimuli, and that a number of different mechanisms contribute to 

its regulation. They include regulated expression and assembly, regulation by covalent 

modification and regulatory interactions by protein and/or non-protein molecules [137]. 

 Expression and assembly 1.2.2.1

The regulatory subunit (CK2β) controls the catalytic activity and substrate specificity of CK2, as 

well as the assembly of the CK2 tetramer. However, there have been evidences suggesting that 

the catalytic subunits of CK2 also exist in a free form and then, they could bind and 

phosphorylate specific proteins independently of the CK2β subunit [149].  

It is clear that CK2 is involved in the regulation of cell cycle progression  [150], and it is known 

that all CK2 subunits are expressed throughout the cell cycle [151]. It has been observed that, 

in several types of cells, CK2β is synthesized in a large excess over the catalytic subunit α, and 

the fraction of β subunit that do not enters the tetramer is rapidly degraded [152, 153]. 
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Moreover, it has been stated that CK2α may regulate the transcription of the regulatory 

subunit, binding to a sequence upstream of the human CK2β gene, positively regulating its 

transcription. This notion is supported by more recent evidences, which indicate that the 

catalytic subunits of CK2 stimulate the expression of both CK2α and CK2β genes [154], 

probably through the phosphorylation of transcription factors.  

 Protein-protein regulatory interactions  1.2.2.2

Large evidence suggests that protein-protein interactions represent a major mechanism for 

the regulation of specific protein kinases [155]. It is known that, directly or indirectly, CK2 is 

regulated by interacting proteins. There are different proteins that are identified as CK2-

interacting partners, which could be considered in different categories: enzyme-substrate 

interaction, for instance nucleolar and coiled-body phosphoprotein 1 (Nopp140) [156], or 

other proteins like Heat shock protein 90 (HSP 90) that may directly alter or stabilize CK2 

catalytic activity [157]. Another category of protein would be the ones involved in targeting 

CK2 to specific sites or structures within the cell, for example, tubulin [158]. Moreover, there 

are several proteins that interact specifically with CK2 in response to a stimulus which 

modulate its activity. This is the case of Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 

(Pin-1), which interacts with CK2 in a phosphorylation-dependent manner [159]. CK2 also 

interacts with the facilitates chromatin transcription (FACT) complex in response to ultraviolet 

(UV) radiation [160].  

 CK2 phosphorylation  1.2.2.3

Although there is scarce support for the hypothesis that phosphorylation is required for CK2 

activity [161], it has been shown that this mechanism may participate in the modulation of CK2 

activity. In mammalian cells, CK2β and CK2α are phosphorylated in a cell cycle-dependent 

manner at different sites [162]. Moreover, phosphorylation in the C-terminal region of CK2α 
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allows CK2α to interact indirectly with Pin-1. This interaction does not appear to influence the 

activity of CK2, but modulates the activity of CK2 towards topoisomerase IIα [159].  

1.2.3 The localization of CK2 subunits 

CK2 is present at different sites within cells, and CK2α/α’ and CK2β subunits are not always co-

localized. For example, in mammalian cells, immunofluorescence studies have demonstrated 

that the three subunits of CK2 were localized to the smooth endoplasmic reticulum and the 

Golgi complex, whereas only CK2α and CK2α' subunits could be detected in the rough 

endoplasmic reticulum [163]. These studies reveal an asymmetric distribution of the individual 

CK2 subunits. Moreover, it has been shown that, despite there are predominant nuclear and 

moderated cytoplasmic localization of both CK2 subunit types, each of the CK2 subunits is 

independently imported and both are highly mobile within the nucleus. This subcellular 

localization of CK2 subunits is highly regulated and may be a key to its function and modulation 

towards specific substrates that are distributed in different cellular compartments (reviewed in 

[131]). 

1.2.4 CK2 and cancer 

CK2, an oncogenic protein kinase, contributes to tumor development, proliferation, migration 

and invasion as well as apoptosis suppression in cancer [115, 164]. It is a constitutively active 

Ser/Thr kinase and elevated CK2 expression levels have been demonstrated in several cancer 

types in comparison with normal tissue [165–167]. Its overexpression has been also proved in 

human GBM biopsies compared to adjacent normal tissue [168]. Several explanations stated 

below support the relationship between CK2 and cancer processes.  

 Role of CK2 in cell cycle and cell division  1.2.4.1

CK2 has been functionally implicated in every stage of the cell cycle [169, 170], as antisense 

oligonucleotides directed against CK2α or CK2β, as well as iCK2s block the cell cycle 

progression [171].  Evidence in mammals suggests that CK2 is required at multiple transitions 
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in the cell cycle (G0/G1, G1/S and G2/M) [172–174], and roles associated to CK2 in the G2/M 

transition and mitosis come from the observation that CK2 is associated with the mitotic 

spindle and centrosomes [175, 176]. Additionally, CK2 does participate in the regulation of 

various stages of the cell cycle, presumably through the phosphorylation and regulation of 

proteins that have important functions associated with cell cycle progression. Examples could 

be p34cdc2 or topoisomerase II [177, 178],  cell cycle regulatory proteins identified as likely 

physiological targets of CK2.   

 Function of CK2 in cell survival and apoptosis  1.2.4.2

CK2 has been demonstrated to be essential for cell viability, for example in an experiment in 

Dictyostelium discoideum [179] in which CK2 is essential for its vegetative growth. As well, in 

mammalian cells, forced expression of kinase-inactive CK2α or CK2α’ also compromises cell 

proliferation events [180].  

It appears that CK2 has a dual role in cell function, namely its involvement in growth and 

proliferation, as well as in suppression of apoptosis. The latter function of CK2 is of particular 

significance with respect to its role in neoplasia since CK2 has been found to be consistently 

elevated in cancer cells which are known to demonstrate remarkable resistance to death 

[181].  

Taking into account that phosphorylation of CK2 can protect specific proteins from caspase-

mediated degradation, it is not surprising that a robust similarity was found between the 

sequences of the recognition for caspase degradation and the CK2 consensus phosphorylation 

sequence. So, CK2 phosphorylates several proteins such as BH3-interacting domain death 

agonist (Bid), Protein max (Max) and PTEN, in a position close to the caspase recognition 

sequence, inhibiting such caspase cleavage [137]. Moreover, CK2 phosphorylation also directly 

affects proteins that are components of the apoptotic machinery. For instance, CK2 

phosphorylates procaspase-2, preventing caspase activity by blocking its dimerization [182]. 
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CK2 also impacts on apoptotic activity in cells mediated by chemical agents and also by 

physical stress, as forced overexpression of CK2 prior to treatment of cells with etoposide or 

diethylstilbestrol strongly protected them against apoptosis [183]. Analogous observations 

employing radiation or UV treatment of cells have reached similar conclusions [184]. It was 

previously suggested that CK2 may be involved in phosphorylation of ser-392 induced by UV 

damage of DNA [185]. In addition, recent documentation indicating that CK2 mediates DNA 

repair following single strand damage [186] may also be relevant for explaining its roll in cell 

death regulation.  

 CK2 and Epithelial-Mesenchymal Transition (EMT) 1.2.4.3

The EMT is characterized by the loss of epithelial characteristics and the acquisition of 

mesenchymal characteristics: namely, loss of epithelial markers such as E-cadherin and the 

induction of mesenchymal markers including N-cadherin and vimentin are hallmark early-stage 

and late-stage events of EMT, respectively. During EMT, cells acquire invasiveness and 

migratory characteristics and elevated resistance to apoptosis. EMT is a necessary mechanism 

in embryonic development, but also is a major phenotype of cancer metastasis and invasion 

[187]. Although little is known about CK2 in the EMT mechanism, there is an increasing interest 

in its role in cell invasion and migration. Thus, it has been reported that CK2α modulates cell 

proliferation and invasion by regulating EMT-related genes [188]. The progression from normal 

intestinal mucosa to adenocarcinoma in colorectal cancer is closely correlated with the EMT 

process and changes in the expression of a series of genes, such as E-cadherin, vimentin, and 

β-catenin [189]. Additionally, CK2α knockdown decreases the expressions of snail1 and 

smad2/3, and the downregulation of snail1 and smad2/3 facilitates an increase in E-cadherin 

expression and EMT repression [188]. Another study has reported that CK2β downregulation 

induced EMT characteristics, such as morphological changes, and anchorage-independent 

growth, increased cell migration, as well as the induction of EMT-related markers including 

Snail 1 [190].  
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Moreover, another concept is emerging, pointing that the unbalanced expression of CK2 

subunits may drive EMT, thereby contributing to tumor progression [190]. So, an imbalance of 

CK2 subunits resulting in the decrease of CK2β has been correlated with the induction of EMT-

related markers, and CK2β-depleted epithelial cells display Snail-dependent EMT 

characteristics like morphological changes, enhanced migration, and anchorage-independent 

growth [190]. Thus, these studies support the notion that CK2 is a protein which may play an 

important role in processes related with EMT, for example cancer invasion and metastasis.  

 CK2 in angiogenesis  1.2.4.4

Angiogenesis is a biological mechanism by which new blood vessels arise from existing ones. 

Some of the normal situations where angiogenesis is important include wound healing, 

skeletal development and placenta formation during pregnancy. Even though, angiogenesis 

has a critical role in pathological processes, including tumor growth, as it provides oxygen and 

nutrients to new tumor cells. GBMs are among the most vascular tumors in humans, with 

angiogenesis being a known hallmark of the transition from a lower-grade to a higher-grade 

glioma [191]. In normal tissue and low-grade gliomas, there is a balance between 

proangiogenic and antiangiogenic factors, but at some point, a change in this balance occurs 

and causes the tumor to switch to a proangiogenic state [191]. It is believed that certain 

mutations in GBM, such as those involving PTEN, IDH1, and EGFR, may contribute to the 

angiogenic switch by helping to stabilize HIF-1α, which leads to increased transcription of VEGF 

[191], Figure 1.10. 

As said above, one of the most important extracellular factors that are required in this process 

is VEGF, which regulates the function of vascular and non-vascular cells and modulates 

different steps of angiogenesis [192]. There are some studies that support the notion that CK2 

is a key protein in angiogenesis: proline-Rich-Homeo (PRH) domain protein inhibits the 

transcription of genes that are needed for VEGF-signalling, while PRH domain protein 
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phosphorylation by CK2 blocks its DNA binding activity and abrogates its inhibitory effect over 

VEGF signalling pathway components [193]. Besides VEGF, other factors are important in 

angiogenesis, such as fibroblast growth factor (FGF), which is a binding partner of CK2β 

subunit, or PDGF, which is also phosphorylated by CK2.  

 

 Cellular mechanisms involved in angiogenesis in GBM. The combination of genetic Figure 1.10

alterations and local factors results in increased HIF-1α and, ultimately, VEGF shown in purple, which 

diffuses out of GBM cells to nearby VEGF receptors (VEGFR) shown in pink on capillary endothelial cells. 

This process that results in an increase in proliferation, migration, and survival of endothelial cells, as 

well as increased permeability. FGF: fibroblast growth factor, HIF-1α: hypoxia-inducible factor 1α, IDH1: 

isocitrate dehydrogenase 1, PDGF: platelet-derived growth factor and VEGF: vascular endothelial growth 

factor. Extracted from [192]. 

Therefore, it has been observed that inhibition of CK2 reduces endothelial cell proliferation, 

survival and migration and suppresses neovascularization in a mouse model of retinopathy 
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[194]. More recently, it has been described that CK2 inhibition by quinalizarin blocks 

vascularization of developing endometriotic lesions [195]. 

 CK2 and signalling pathways  1.2.4.5

In cell survival regulation, apoptosis, autophagy, EMT, and angiogenesis, there are multiple 

signalling networks involved, in which CK2 assumes important roles. Notably, CK2 could have a 

role in the activation of the Wnt/β-catenin, phosphatidylinositol 3-kinase (PI3K)/AKT, janus 

kinase (JAK)/ STAT and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) 

pathways, which have been implicated in GBM development [196]. Despite this, the 

mechanism by which CK2 can affect these signalling pathways has not yet been fully 

understood.  

 CK2 in NF-κB pathway  1.2.4.5.1

The NF-kB/p65 transcription factors play critical roles in regulating the expression of a variety 

of genes involved in immune and inflammatory responses, cell proliferation, and apoptosis 

[197]. In addition, NF-kB signalling pathway is highly activated in GBM [196] and it is one of the 

signalling pathways which are linked with CK2 pro-survival effects.  

NF-kB is normally sequestered in the cytosol by binding to its inhibitor IkBα, whose proteolytic 

degradation is therefore required before NF-kB is released and translocated to the nucleus 

where it will act as transcription factor for anti-apoptotic and pro-proliferative genes. Many 

extracellular stimuli, such as tumor necrosis factor (TNFα), cause rapid phosphorylation of IkBα 

at N-terminal Ser residues leading to ubiquitination and degradation of the inhibitor. Nuclear 

translocation and DNA binding are apparently not sufficient to activate an NF-kB-dependent 

reporter, so in vitro studies suggest that TNFα induces phosphorylation of RelA/p65 that 

enhances NF-kB DNA binding ability [198].   
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CK2 activates the NF-kB pathway phosphorylating and promoting IkBα degradation [124]. 

Additionally, inhibition of CK2 reduced TNFα-induced phosphorylation of p65/RelA at ser592 

and the expression of downstream targets, IkBα and IL-8 [124] which lead to  NF-kB activation 

[199]. 

 CK2 and PTEN/PI3K/AKT cascade  1.2.4.5.2

The PTEN/PI3K/AKT pathway is one of the most commonly deregulated pathway in cancer and 

it is involved in cell proliferation, resistance to apoptosis and EMT. This pro-survival signalling 

cascade can be activated in response to a variety of stimuli, including cytokines and growth 

factors [200]. About a 36% of GBM samples have mutations or homozygous deletions of PTEN 

and alterations of genes encoding subunits of PI3K [196] and high levels of phosphorylated AKT 

(p-AKT) have been reported to correlate with a poor prognosis in patients with GBM [201]. 

CK2 seems to act in multiple points within the PI3K pathway and it has a key role in promoting 

survival signals. CK2 can regulate AKT activity indirectly by controlling the activity of PTEN 

though proteasome-dependent phosphorylation, as well as activating AKT by direct 

phosphorylation [115]. The residues whose phosphorylation is known to be most responsible 

for Akt activation are Thr308 (in the activation loop), by 3-phosphoinositide dependent protein 

kinase-1 (PDK1) and Ser473, (in the hydrophobic domain outside the catalytic domain), by 

mammalian target of rapamycin complex 2 (mTORC2). It has been described that Akt can be 

further stimulated through phosphorylation of Ser129 by CK2 [202]. Thus, CK2 

phosphorylates AKT at Ser129, which promotes cell survival by generating a constitutively 

active form of AKT [203]. In this situation, the pro-survival signalling of the PI3K pathway is 

continually active when AKT is phosphorylated by CK2 leading to the development of 

tumorigenesis [115]. 

PTEN is a tumor suppressor involved in the regulation of cell survival and found to be 

frequently mutated in a number of cancers. The major role of PTEN in tumor suppression is 
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through the negative regulation of the PI3K pathway that promotes cell survival [204]. 

Phosphorylation of PTEN by CK2 has been reported to result in the stabilization of PTEN in its 

inactive form. Therefore, phosphorylation of PTEN by CK2 is thought to inhibit PTEN activity 

and perpetuate the PI3K survival signal, leading to oncogenesis in affected cells [115]. 

 CK2 and JAK/STAT pathway 1.2.4.5.3

The JAK/STAT pathway transmits signals from IL-6 family cytokines by activation of STAT-3, 

which induces expression of genes that regulate anti-apoptotic behaviour, angiogenesis and 

proliferation. It has been demonstrated that levels of activated STAT-3 are elevated in GBM 

tissues [205], and additionally, JAK1 and JAK2 are also activated in human GBM xenografts 

[206]. Evidence for cross-talk between CK2 and JAK-STAT signalling has been described, having 

CK2 the ability to intensify JAK/STAT signalling [207]. Moreover, CK2 inhibition, down 

modulates the NF-kB and STAT3 survival pathways [208]. 

 CK2 and Wnt pathway  1.2.4.5.4

The Wnt signaling pathway plays an essential role in embryogenesis; however, when the 

pathway is activated in adult tissues, it promotes transformation and tumorigenesis [209]. β-

catenin and components of the Wnt canonical pathway are commonly overexpressed in GBM 

[210]. 

In turn, CK2 is involved in the reactivation of the Wnt pathway observed in some cancers. In 

the presence of a Wnt signal, glycogen synthase kinase 3 β (GSK3β) is inactivated, allowing in 

turn the phosphorylation of β-catenin by CK2, which is proposed to promote the dissociation 

of β-catenin from its chaperones [115]. This would allow the translocation of β-catenin to the 

nucleus, leading to the activation of transcription pro-survival factors such as c-Myc, c-Jun and 

cyclin D1. Phosphorylation of β-catenin by CK2 seems to be a pivotal event in the development 

of tumorigenesis by stabilizing β-catenin and protecting it from proteasome degradation [211]. 
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Transgenic mouse models overexpressing CK2 present also overexpress β-catenin, leading to 

the development of mammary tumors [212].  

The GSK3β is an AKT target, so when AKT is activated, translocates to the various subcellular 

compartments where it phosphorylates several targets, including GSK3β. Ser9 is the GSK3β 

phosphorylation site for AKT, and the phosphorylation of this residue leads to the inactivation 

of GSK3β and downregulated β-catenin expression and suppressed proliferation of GBM cells 

[213]. 

1.2.5 CK2 as a therapeutic target  

CK2 has emerged as a new therapeutic target due to the growing number of evidences that 

support its involvement in several biological processes, such as cancer development and 

progression [167], as stated in previous sections. There is an increasing interest in new ways to 

identify, or design, inhibitors of CK2 that may allow higher specificity against it. Over the last 

years, several inhibitors of CK2 have been described. These molecules can be classified in 

diverse groups, depending on the ability to bind to the adenosine triphosphate (ATP) site (ATP 

competitive inhibitors), or the other different regions (non-competitive inhibitors), as well as 

other alternative strategies which target the assembling part of the tetrameric holoenzyme 

complex or the regulatory subunit of CK2. 

The ATP competitive inhibitors mimic adenine or adenosine, binding to the ATP pocket and 

blocking the interaction with substrates that would bind to the ATP site. Several chemical 

compounds have been developed as competitive inhibitors. The first competitive inhibitor 

developed was the nucleoside adenosine analog 5,6-1-(β-D-ribofuranosyl) benzimidazole 

(DRB). Subsequently, inhibitors from a novel class were synthetized with higher specificity, one 

of them was TBB [116, 117] (molecular structure in Figure 1.11A). In addition, it has also been 

observed that natural compounds, such as flavonoids (APG, molecular structure in Figure 

1.11B), are also potent inhibitors of CK2 [118, 119]. Although many ATP-competitive inhibitors 
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have been characterised, only CX-4945 [120–124] (molecular structure in Figure 1.11C) has 

entered phase II clinical trials as anticancer target 3,4.  

 

 iCK2s molecular structures. A) TBB: 4,5,6,7-Tetrabromobenzotriazole, B) APG: apigenin (5, Figure 1.11

7-dihydroxy-2-(4-hydroxylphenyl)-4H–chromen-4-one), C) CX-4945:5-(3-Chlorophenylamino)benzo[c][2,6] 

naphthyridine-8-carboxylic acid and D) TDB: tetra-bromo-deoxyribofuranosyl-benzimidazole. 

Constitutive phosphorylation of AKT at Ser129 and Ser473 in GBM cells was inhibited by CX-

4945 in a dose dependent manner [124]. Moreover, CX-4945 inhibited the activity of 

CK2α/CK2α’, suppressed cell cycle progression, angiogenesis and PI3K/AKT signalling, and 

exhibited antitumor activity in breast, pancreatic and prostate xenograft models [122, 123] 

                                                           
 

3
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

4
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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(please check section 1.2.5.2 for further details about the PTEN/PI3K/AKT cascade). In addition, 

CK2 phosphorylates JAK 1 and 2 promoting the JAK-STAT pathway activation [207] and 

regulates expression of IL-6 [214]. Moreover, CX-4945 treatment to human GBM cells reduced 

the JAK2 expression level, inhibited epidermal growth factor (EGF)-induced and IL-6-induced 

STAT3 and STAT5 activation [207]. 

Several studies have demonstrated the effect of CX-4945 as an antiproliferative agent, like In 

vitro studies of breast cancer [122]. In addition, studies of in vivo administration of CX-4945 to 

a subcutaneous leukemia xenotransplanted  mice [215] and an intracranial murine glioma 

model [124] have also presented successful results for CX-4945. Moreover, other promising 

iCK2s are in development, such as TDB (molecular structure in Figure 1.11D), a dual inhibitor of 

CK2 and PIM-1 [125].  
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1.3 PRECLINICAL MODELS OF GBM 

The use of animal models in tumour research is mandatory in the search for new therapeutic 

targets due to obvious ethical restrictions related to human patients. It is not possible to 

perform repeated exams in patients afflicted with a brain tumour or to repeatedly collect 

biopsy samples at given time points of tumour growth/progression for research purposes, 

especially if surgical resection or chemotherapy are practicable. For this reason, animal models 

of human brain tumours have been developed to facilitate studies of tumour characterisation, 

progression and response to therapy.  

The utility of any preclinical model depends on how closely it replicates the original human 

disease, and in Figure 1.12, a broad range of preclinical cancer models are shown. Ideal animal 

models of human glioma should be orthotopic and mimic relevant characteristics such as 

infiltration in the cerebral parenchyma that characterizes their aggressiveness. In this respect, 

subcutaneous models are known to provide over-optimistic therapy response results with 

respect to intracerebral models [216]. Subcutaneous implanted tumours experience a different 

micro-environment from the tissue of origin, and are not always able to recapitulate the 

originating phenotype. In this sense, intracranial brain tumours are no longer assessable by 

calliper measurements such as the subcutaneous ones, and rely on survival endpoints, which 

provide limited insight into tumour burden. To properly follow-up tumour evolution and 

response to therapy in intracranial brain tumor models, non-invasive techniques such as MRI 

should be used [217]. Bioluminescent methods to follow up orthotopic tumors growth are also 

available, but, the need for transformed cell lines, such as luciferase expression, has been 

reported to trigger an immune response on its own [218], complicating the evaluation of 

immune system associated parameters.  
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 Preclinical cancer models scheme.  Figure 1.12

GL261 glioma cells growing in a C57BL/6 genetic background is one of the best characterised 

orthotopic allograft mouse models of malignant glioma [219, 220], resulting in tumors with 

invasive and infiltrative characteristics similar to those of human GBMs [221]. These tumors 

grow exponentially for about three weeks; after this period, the tumor kills animals due to 

mass effect. They probably belong to the “venerable” tumor classes [222] where no or few 

immunological effects are expected against the tumor when inoculating these cells in 

immunocompetent mice. Other models have been described, either through subcutaneous 

growth in immune-compromised mice [223] or through neurosphere culture, followed by 

intracranial stereotactic injection [224–227]. These immunedeprived mice models are widely 

used [228] to preclude remaining immune response effects. However, the use of these models 

also prevents the possibility of studying the role of the immune system in tumor progression or 

response to therapy. Nude mice, which are widely used for these models, have the Nu gene 

knocked out, resulting in animals unable to generate T lymphocytes [229]. Furthermore, the 

severe combined immunodeficient (SCID) mice lack functional T and B cells [230], and T cells 

have proven to be relevant in therapy response [231] (see also section 1.1.5.4). In this sense, it 
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is well known that the study of agents that trigger immune system response would require the 

use of orthotopic, syngeneic tumors in immunologically intact mice [232]. On the other hand, it 

is known that transplantable models, despite having the advantage of rapid tumor 

development and reproducibility, do no fully resemble the characteristics of angiogenesis and 

invasiveness of human brain tumors. A better recapitulation of human tumors is achieved with 

genetically engineered mouse (GEM) which arise spontaneously along animals life [233, 234] 

and reproduce the most common genetic modifications seen in human tumors [233]. 

Nevertheless, the lack of standardization in tumours developed by GEM, make it difficult to 

achieve a homogeneous group of tumor-bearing mice to evaluate therapy response effects. In 

addition, the experience of our group with GEM mice demonstrated a very low tumor 

incidence in one GEM mice, S-colony (S100B-v-erbB/INK4A-ARF(+/), reaching a value of 16% 

[235], being far from the initially described by the developers of this model (>90%, as reported 

in [234]). 

Therefore, considering its advantages and disadvantages, the GL261 orthotopically implanted 

immunocompetent mice model was chosen for the work developed in this thesis. Although 

GEM models would indeed mimic better the spontaneous appearance of a tumour, the GL261 

model presents a high incidence rate and produces homogeneous experimental groups to 

assess therapy response, which is not straightforward with GEM models. A relevant advantage 

is that the GL261 model growing into C57BL/6 mice, has been used for more than 20 years in 

different therapy evaluation approaches [221, 236, 237], and behaves as an 

immunocompetent model, which is suitable for assessing brain tumor metronomic therapies 

and their possible interaction with the host immune system. It is worth mentioning, however, 

that therapy response becomes more complex when the GBM is growing orthotopically inside 

the brain, compared to the ectopic inoculation, an environment which does not mimic 

intracranial conditions.   



Introduction 

47 
 

1.4 NUCLEAR MAGNETIC RESONANCE (NMR) 

NMR, better known in clinical practice as MR, is a valuable research tool that has been used for 

the past decades to non-invasively investigate human tumors. The NMR phenomenon was first 

described by Bloch and Purcell, but it was only until 1970’s, when Raymond V. Damadian 

invented the first whole-body MR scanner and performed a full human body scan, and Paul 

Lauterbur (Nobel Prize 2003) [238] generated the first usable NMR images. Since then, 

remarkable progress has been made in both technological improvements of the method itself 

and its applications, including MRI, MRS and MRSI, which provide in vivo medical images and 

metabolomics information about tissues, making as well an advance in cancer diagnoses. 

1.4.1 Basic concepts and relevant parameters  

The NMR phenomenon is based on the physical properties of atoms, having the property of 

absorbing radiofrequency (RF) energy which is released to their surroundings during the 

transition to their original state when they are placed in a magnetic field. This RF absorption 

property is determined by a quantum feature, present within nuclei of atoms with an odd 

number of protons and/or neutrons, and called the nuclear spin. These nuclei with spin 

different from zero are said to be MR active. In the biomedical research field, the most used 

MR active atoms are proton (1H), carbon (13C) and phosphorus (31P), because of their spin I= ½ 

and natural abundance (in case of 13C, this is low, 1.1%, but allows selective enrichment). So, if 

nuclei behave as charged particles in motion, those with non-zero spin have a magnetic 

moment (μ⃗ ) that have a magnitude and direction specific for each type of nucleus (Figure 

1.13). 

In the absence of an external magnetic field (B0), the magnetic moments are randomly 

oriented and the net magnetization is zero (Figure 1.14). When a B0 is applied, they orient 

either parallel or antiparallel to the applied field, in the case of nuclei with spin ½. In a sample 
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containing a large number of nuclei, the lower energy state, with an orientation parallel to the 

B0, is slightly more populated than the upper energy antiparallel state. 

 

 Diagram representing a magnetic moment of a nucleus (caused by the rotation of the Figure 1.13

nucleus with a nuclear spin different from 0) resembling a magnet with north (N) and south (S) poles. 

Blue and red arrows show the magnetic field direction, Black circular arrow represents the rotation of 

the magnetic moment (𝝁)⃗⃗⃗⃗  around its axis. Circular blue lines represent the magnetic field. Extracted from 

[239]. 

 

 Effect of an external magnetic field (B0) on the magnetic moments of a sample. Due to Figure 1.14

Brownian motion, the population of nuclei is oriented in all possible directions (left). Applying a B0, the 

nuclei align in two different directions: parallel or anti-parallel to the field (right). Extracted from [239].  

The resonance phenomenon is based on the ability of nuclei to transition between energy 

states. If an amount of energy equal to the difference in energies (ΔE) of the two nuclear spin 

orientations is applied to the nuclei, the transition between energy levels is induced. This is 

usually obtained by applying an additional magnetic field (B1) in the electromagnetic RF range, 
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as short pulses in the plane perpendicular to B0. The absorption of energy by the nuclei spins 

causes transitions from lower to higher energy state.  

The energy required to induce flipping and obtain an NMR signal should match the energy 

difference between the two nuclear orientations and it is shown in equation 1 to depend on 

the strength of the magnetic field B0 in which the nucleus is placed: 

∆𝑬 =
𝜸𝒉𝑩𝟎

𝟐𝝅
    EQ. 1 

where h is Planck's constant that correlates energy with turning (precession) frequency, ɣ is 

the gyromagnetic constant of the nucleus (varies from one nuclear isotope to another) and B0 

is the external magnetic field. The Bohr condition (ΔE = hv0) enables the precession frequency 

(v0) of the nuclear transition to be written as: 

𝒗𝟎 =
𝜸𝑩𝟎

𝟐𝝅
    EQ. 2 

Equation 2 is often referred to as the Larmor equation. Applying B1 in the direction of the xy 

plane, the net magnetization of the nuclei changes by an angle θ (flip angle), changing the 

orientation of the net magnetization of the nuclei in thermal equilibrium (𝑀𝑜⃗⃗⃗⃗⃗⃗  = Mz) to the 

transversal plane of magnetization (Mxy) (Figure 1.15). When the RF ceases, the magnetization 

recovers its initial orientation emitting the energy absorbed during the transition through 

relaxation processes, described later in this section, while an electrical signal is collected by the 

receiving coil. Namely, the transverse component of the magnetization of the sample (Mxy) 

revolves around B0 with the Larmor frequency and induces a small alternating current in a 

detection coil. Thus, the detected signal is obtained as an attenuated sinusoid, called free 

induction decay (FID), and must be processed mathematically by Fourier Transform (FT), which 

untangles all the different frequency components of the FID, transforming time domain signal 

to frequency domains. The frequency signal that is obtained after the FT is known as the MR 
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spectrum (Figure 1.16). This signal, proportional to the initial magnetization of the sample, is 

quite low considering the small differences between low and high energy populations, and 

amplification is needed before processing. 

 

 Representation of the perturbation of the macroscopic magnetization of a sample in a Figure 1.15

coordinate system (rotating at the resonance frequency). Applying an additional magnetic field (B1) 

perpendicular to B0 and excitation causes net magnetization �⃗⃗⃗�  to move by an angle θ, flipping it into the 

Mxy (transverse plane of magnetization). When B1 is removed, the system returns to its initial thermal 

equilibrium (relaxation).The transversal plane of magnetization (Mxy) component will be collected by the 

receiver coils as alternating electrical current signal. Mz: longitudinal plane of magnetization. Taken 

from [239].  

 

 Free induction decay (FID) transformation (left, time domain) recorded in an NMR Figure 1.16

experiment, to a spectrum (right, frequency domain), after application of the Fourier transform (FT). 

Extracted from [239]. 
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 Relaxation times 1.4.1.1

The relaxation phenomena determine the return to equilibrium of both longitudinal and 

transverse magnetization, called “spin-lattice” and “spin-spin” interactions, respectively. These 

two processes cause T1 relaxation and T2 relaxation respectively, and are exponential in nature 

with time constants T1 and T2. These processes are relevant in the interpretation of tissue and 

spectral features in MRI and MRS.  

T1 relaxation time  

T1 relaxation or longitudinal relaxation describes the transfer of energy from the spin system to 

its surroundings, otherwise known as the lattice. The energy transfer process causes the 

longitudinal plan of magnetization (Mz) to gradually recover exponentially towards its initial 

equilibrium value (Figure 1.17).  

 

 Diagram showing the process of T1 relaxation after a 90° RF pulse is applied at equilibrium. Figure 1.17

The z component of the net magnetization, longitudinal plane of magnetization (Mz) is reduced to zero, 

but then recovers gradually back to its equilibrium value if no further RF pulses are applied. The recovery 

of M is an exponential process with a time constant T1. This is the time at which the magnetization has 

recovered to 63% of its value at equilibrium. Taken from [240]. 
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T1 relaxation is also known as longitudinal relaxation or T1 recovery. The time it takes to 

recover 63% of the initial magnetization is called T1 relaxation constant. The T1 rate constant 

depends on the strength of the applied magnetic field B0, tissue composition, structure, 

molecular motion and surroundings. Protons in different tissues and metabolites therefore 

have different T1 recovery rates. The repetition time between pulses determines the rate of 

signal recovery/signal saturation, which is important in tissue appearance (MRI) and 

metabolite absolute quantifications (MRS/MRSI).  

T2 relaxation time  

T2 relaxation or transverse relaxation is defined as a time constant for the decay of transverse 

magnetization arising from natural interactions at the atomic or molecular levels within the 

tissue or substance of interest, used as measurement of those processes contributing to the 

transverse decay of MR signal. Each spin experiences the external magnetic field, B0. However, 

one spin affects the other by slightly altering the magnetic field experienced by the second 

spin. Thus, these dipole-dipole interactions between magnetic moments cause the precession 

rates of the individual spins to vary slightly. The result is that they lose phase coherence and 

the resultant Mxy decays gradually to zero as shown in Figure 1.18. The time it takes the 

magnetization to decay a 37% of the initial phase coherence (Mxy) is called T2 relaxation 

constant. However, the actual decay of global coherence is usually faster due local static 

variations (inhomogeneities) in B0. Therefore, the actual time the system takes to lose 37% of 

the initial magnetization is called T2* relaxation constant (Figure 1.18). T2* can be considered 

as “effective” T2, whereas the first T2 can be considered the “natural” or “intrinsic” T2 of the 

tissue analysed. T2* is always less than or equal to T2.  

Spin-spin relaxation time depends on the molecular environment of the spins, and so T2 for the 

resonance of interest vary between tissues. Free molecules (i.e. spins) in fluids influence the 

phase of each other less than if they were close to one another as in solids. Thus, fluids have 
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the longest T2 (on the order of seconds), and water based tissues are in the 40–200 ms range, 

while fat based tissues are in the 10–100 ms range.  The echo time (TE) used in acquisition 

sequences (see section 1.4.2.1) will have an impact in tissue appearance (MRI) and also in 

metabolite intensity signals (MRS).  

 

 Diagram showing the process of T2 relaxation. The presence of magnetic field Figure 1.18

inhomogeneities causes additional de-phasing of the proton magnetic moments. The Larmor frequency is 

slower where the magnetic field is reduced and faster where the field is increased resulting in a loss or 

gain in relative phase respectively. After a period of half of the echo time (TE), the application of a 180° 

radio frequency (RF) pulse causes an instantaneous change in sign of the phase shifts by rotating the 

spins (in this example) about the y axis. As the differences in Larmor frequency remain unchanged, the 

proton magnetic moments then move back into phase over a similar time period, reversing the de-

phasing effect of the magnetic field inhomogeneities to generate a spin echo. In addition to the effect of 

the 180° refocusing pulse, gradients are applied to de-phase and re-phase the signal for imaging 

purposes. Note that for spin echo pulse sequences, the second gradient has the same sign as the first, as 

the 180° pulse also changes the sign of the phase shifts caused by the first gradient. Still, the loss of 

signal due to intrinsic T2 relaxation mechanisms remains after refocusing. Extracted from [240]. 

https://en.wikipedia.org/wiki/Millisecond
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T1 and T2 relaxation occur simultaneously but are independent of each other. Nonetheless, 

T2 relaxation generally proceeds more rapidly than T1 recovery. For this reason, longitudinal 

magnetization can never be re-established until all the transverse magnetization has decayed 

away.  

1.4.2 Biomedical applications of NMR in cancer 

The most popular way of diagnosing brain tumors is by MRI, which apart from providing a 

spatial anatomic location of the tumor in its initial stages, provides an opportunity to 

noninvasively follow the tumor morphology and how it develops over time. NMR is a non-IR 

methodology and repeated explorations can be performed for patient follow-up. In addition, it 

can be used to measure parameters of physiological and biophysical interest, such as the 

cerebral blood flow or the diffusion coefficients of water. Complementary to MRI, MRS obtains 

physiological and biochemical information and metabolomics profile of the tissue under 

investigation. In addition, MRSI [241] combines both techniques and provides a two dimension 

(2D) or three dimension (3D) mapping of the spatial distribution of the metabolites in the 

region of interest (ROI). Furthermore, statistical pattern recognition (PR) techniques [242] are 

applied nowadays to perform automatic categorization of individual MRSI data (MR spectra) 

obtained from different types of tissue. This MRSI imaging capability may be relevant, since 

tumors are commonly heterogeneous. This PR approach can be applied to MRSI data [243, 

244] both from human brain tumors and preclinical animal models.  

 Magnetic resonance imaging (MRI)  1.4.2.1

In clinical and research MRI, 1H atoms are most-often used to generate a detectable RF signal 

that is received by coils in close proximity to the anatomy being examined. 1H atoms exist 

naturally in biological organisms in abundance, particularly in water and fat. For this reason, 

most MRI scans essentially map the location of water and fat in the body and the intensity of 

the signals is converted in grey scale information which would shape and provide contrast to 

https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Properties_of_water
https://en.wikipedia.org/wiki/Lipid
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the image. The RF pulses excite the nuclear spin energy transition, and magnetic field gradients 

are used in order to localize the signal in space. The intrinsic contrast of images obtained in 

MRI is primarily achieved due to differences in proton density (hydrogen concentration) 

between tissues of the sample under study, and also to their characteristic relaxation times (T1 

and T2). Those differences, for example between normal tissues and tumors, result in contrast 

differences in the image. 

There is a great variety of pulse sequences available for MRI, combining in different ways the 

recycling time (TR) (time between two RF excitation pulses) and TE (or echo time), elapsed 

between the application of the excitation pulse and the final signal collection, to obtain 

contrast. There are three major types of images, defined by the parameter in which the 

contrast is based, that can be generated during the classical MRI acquisition: T1-weighted (T1w) 

(which is more sensitive to the standard anatomical details), T2-weighted (T2w) (which is more 

sensitive to the water content and the presence of disease) and proton density weighted 

(Figure 1.19).  As classical sequences used to obtain MRI images, spin-echo (SE) or gradient-

echo (GRE) sequences can be found, and more optimized sequences to obtain higher 

resolution images in a reduced time, such as fast spin echo (FSE) or fast gradient recalled echo 

(FGRE) sequences are also available. 

 

 Mice brain MRI in axial orientation showing how image weighting can be used to vary the Figure 1.19

contrast between grey matter, white matter and cerebrospinal fluid. (A) T1-weighted, (B) proton 

density-weighted, and (C) T2-weighted MRI sequences. Extracted from [245]. 

https://en.wikipedia.org/wiki/Nuclear_spin
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Moreover, the intrinsic contrast can be modified or enhanced with the use of contrast agents 

(CA) which increase the specificity and sensitivity of detection of abnormal masses. The most 

commonly used compounds for contrast enhancement in the clinical practice are gadolinium-

based. Such MRI CAs alter the relaxation times of water in tissues following administration and 

therefore increase contrast. The CAs used in the clinical practice usually shorten the value of T1 

of nearby water protons thereby producing signal intensity increase (positive contrast). CAs 

altering T2 (usually negative contrast) are less frequent in clinics, and several of them have 

been withdrawn or discontinued in preceding years. Most of the clinically available CAs are not 

able to cross an intact BBB, but they can reach a lesion if BBB is disrupted, also providing 

information about this parameter. 

Nowadays a broad number of MRI techniques are being used, such as diffusion, perfusion, 

functional imaging, amongst others, designed for diagnoses and follow up of distinct 

pathologies. Only diffusion weighted imaging (DWI) will be reviewed, because no other specific 

MRI techniques were used in this thesis. 

Diffusion weighted imaging (DWI) and Apparent diffusion coefficient (ADC) maps 

Nowadays DWI is included in the imaging protocol in some cases, since it has important 

diagnostic implications. For instance it can be helpful, jointly with MRS, in the differentiation of 

abscesses from tumors [246], as distinguishing brain abscesses from cystic or necrotic tumors 

is sometimes difficult with CT or MRI techniques alone.  

Diffusion images are based in water molecules mobility, which have a random thermic 

movement (Brownian movement). This movement is isotropic in the free water. However, 

water movement in the brain is restricted due to limiting structures such as cell membranes. 

Thus, water has a preferred movement in the direction where there is no barrier, so an 

anisotropic movement may take place. Both restriction and anisotropy provide information of 

interest. 

https://en.wikipedia.org/wiki/Gadolinium
https://en.wikipedia.org/wiki/Relaxation_(NMR)
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There are NMR specific sequences that permit to obtain a diffusion weighted image. These 

sequences incorporate a pair of gradients separated by one pulse and with a limited duration 

(Figure 1.20). To generate a diffusion-weighted image, the gradient effects cancel one another 

if spins are not moving, but if spins are moving, they experiment a change of phase with signal 

attenuation, which depends on the amplitude and the direction of the gradients applied, that 

can be in different directions (x, y and z) allowing anisotropy evaluation. 

 

 Spin-Echo (SE) pulse sequence for acquisition of diffusion weighted imaging (DWI). RF: Figure 1.20

radiofrequency pulse, GS: slice selection direction, GP: phase codification direction, GDiff: diffusion 

gradient, t1: time between application of the first RF pulse and the first diffusion gradient,  ∆: time 

between two diffusion-weighted gradients, 𝛿: application time of diffusion gradient and TE: echo time. 

Extracted from [247]. 

The diffusion sensibility is controlled by parameter “b” (EQ. 3) which determines the 

attenuation of the diffusion, which in turn depends of the duration time and the diffusion 

amplitude gradient. The attenuation also depends on the molecular translation magnitude and 

the diffusion ponderation. In equation 3, 𝑔𝑑 is the amplitude of the applied gradient, ∆ the 

time between gradients and 𝛿 the duration of the gradient.  

𝑏 = (𝛾2 ∙ 𝑔𝑑2 ∙ 𝛿2) ∙ (∆ −
𝛿

3
)     EQ. 3 
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As it is not possible to obtain the water diffusion coefficient from a unique image, different 

images with different b values are needed, maintaining constant the remaining experimental 

variables. Furthermore, in ADC maps, each pixel intensity is proportional to the apparent 

diffusion in the corresponding voxel. The hyperintense zones in ADC maps show higher 

coefficient of diffusion, which means that the signal loss in diffusion weighted images is 

directly proportional to the water diffusion coefficient value (example in Figure 1.21).  

 

 Apparent diffusion coefficient (ADC) maps and T2w axial images from the head of mouse Figure 1.21

C1037 harbouring a GBM during this thesis (see section 4.3.3 for further details). Ventricles have been 

marked with an orange arrow, and are high in mobile water with high ADC and long T2w are seen as 

hiperintensity region both in ADC map and T2w images. For ACD maps 5 coronal slices were acquired and 

for T2w images, 10 coronal slices were acquired. Thus, ADC map-slice 3 and T2w-slices 5 and 6, correspond 

in the same region. 

 Magnetic resonance spectroscopy (MRS) and Magnetic Resonance 1.4.2.2

Spectroscopic Imaging (MRSI)  

 MRI is the most used technique for diagnosis and management of brain tumors, providing 

detailed anatomic information. This can be supported by MRS and MRSI, which allow the 

biochemical characterization of tissues in vivo non-invasively, providing important clues about 

tumor biology and response to treatment. The suppression of the intense water signal allows 

the visualization of other metabolites of interest that are present in much lower 

concentrations. In Single voxel (SV) MRS, a spectrum is acquired from a small volume of tissue 
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defined by the intersection of three orthogonal planes. On the other hand, the MRS signal can 

be obtained from multiple voxels, multi-voxel (MV), giving rise to what is called MRSI, also 

named chemical shift imaging (CSI). MRSI is a powerful technique since it allows simultaneous 

visualization of the metabolic state of different regions of the tissue of interest, which may be 

superimposed to anatomical MRI acquisitions. MV localization techniques can be in one 

dimension (1D), 2D or 3D and produce a matrix of contiguous voxels. MRS, SV spectroscopy 

and 2D and 3D MRSI have been consistently used, in both, clinical [248] and preclinical studies 

[249]. 

Chemical shift  

In MRS the chemical shift is the resonant frequency of a nucleus relative to a standard at the 

same magnetic field and is informative about the chemical environment of the nucleus (e.g. 

proton) being measured. This makes it possible for metabolites to be distinguishable in a 

spectrum, and in turn differences in spectral pattern can be useful for distinguishing between 

different tissue types, classes of tumors, or the same tumor under different conditions (e.g. 

treatment).  

When a nucleus is placed in a magnetic field, B0, its electrons circulate in such a manner that 

there is an induced magnetic field, Be-, which opposes to the main field B0. Thus the effective 

B = B0 - Be-. It is therefore, said that the nucleus is shielded from the external magnetic field.  

The resonating frequency ν0 varies because the actual magnetic field B at the nucleus is 

always less than the external field B0. . The extent of shielding is influenced by many structural 

features within the molecule. Put in the form of an equation this becomes: 

δ =
𝑣𝑠−𝑣𝑅

𝑠𝑝𝑒𝑐𝑡𝑜𝑚𝑒𝑡𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
 𝑥 106                                    EQ. 4 

Where δ is the chemical shift, νSAMPLE is the resonant frequency of the sample and νREF is the 

reference frequency of a standard compound, measured in the same applied field (B0). For the 

https://en.wikipedia.org/wiki/Resonance
https://en.wikipedia.org/wiki/Atomic_nucleus
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reference frequency, conventionally, the tetramethylsilane (TMS) dissolved in organic sample 

may be used as a standard signal, which will have a chemical shift of zero if chosen as the 

reference. The shielding effect is expressed in terms of the chemical shift, δ, in a part per 

million (ppm) scale independent of B0, with respect to an internal or external reference. For 

aqueous samples or in vivo studies other references may be used. Accordingly, it is advisable 

to check the reference used in each instance for minor possible differences that may need 

correction for proper comparison to be made.  

In the original continuous wave method of measuring NMR spectra, the magnetic field was 

scanned from left to right, from low to high values. This is often convenient to describe the 

relative positions of the resonances in an NMR spectrum. For example, a peak at a chemical 

shift, δ, of 10 ppm is said to be downfield or deshielded with respect to a peak at 5 ppm, or if 

you prefer, the peak at 5 ppm is upfield or shielded with respect to the peak at 10 ppm (Figure 

1.22). 

 

  Scheme of the magnetic field scanned from left to right, from low to high values. Signals Figure 1.22

on the right as upfield or shielded, and signals to the left as downfield or deshielded.Taken from [250]. 
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Resonances and biological significance of the major 1H NMR detectable compounds of brain 

tissue 

There is a long list of metabolites from which several resonances (also named peaks, signals) 

can be detected in human brain, human brain tumors and other pathologies in MR spectra 

(see Table 1.1 for an abrogated summary). 

Metabolite Abreviaton ppm 

Mobil Lipids and/or  macromolecules ML and/or MM 0.9, 1.3-1.4 and 2.0-2.9   

Lactate Lac 1.31 and 4.10 

N-Acetylaspartate NAA 2.01, 2.49, 2.67, 4.38 and 6.13  

Glutamate  Glu  2.04, 2.12, 2.34, 2.35 and 3.74 

Glutamine Gln 2.11, 2.13, 2.43, 2.45 and 3.75 

Creatine total TCre  3.03 and 3.91 

Choline total TCh 3.19, 3.50 and 4.05  

Myo-inositol mI 3.26, 3.52, 3.61 and 4.05 

Glycine Gly 3.55 
 Summary of the most important metabolite resonances that can be found in human brain in Table 1.1

vivo 1H spectra at 1.5T in human brain. Data extracted from [251]. 

 N-Acetylaspartate (NAA) with a peak at 2.01 ppm, is the largest signal in the normal adult 

brain spectrum, and usually represents neuronal functional integrity, being it reduced or 

absent in most brain tumors [252]. Elevated levels of choline-containing metabolites, total 

Choline (TCho) with a peak at 3.21 ppm, when compared to normal brain are indicative of 

tumors, as abnormal Choline metabolism with increased phosphocoline at 3.21 ppm is 

emerging as a metabolic hallmark that is associated with oncogenesis and tumor progression 

[253]. Total Creatine (TCre), presenting two signals at 3.03 and 3.91 ppm, is involved in energy 

metabolism and it is known to be decreased in tumors [254]. Lactate (Lac), with two signals 

around 1.31 and 4.10 ppm, is an end product of anaerobic glycolysis, usually present in brain 

tissue at low concentrations under normal conditions. Its signal increases in cases of hypoxia 

and blood flow impairment such as stroke, trauma, tumor, necrotic tissue and cystic masses 

[255] but also in tumor regions where the Warburg effect produces increased glycolytic flow 

[256]. Myo-inositol (mI), with a major signal around 3.52, is considered a glial marker and mI 
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levels have been shown to decrease with astrocytic grade in vivo between low-grade 

astrocytoma and GBM [257]. Glu with major resonance signals in the region 2.04-2.35 ppm 

acts as the major excitatory neurotransmitter in the CNS. In turn, glutamine (Gln) with major 

signals in the region 2.11-2.46, is a precursor and storage form of Glu located in astrocytes. 

Glycine (Gly), with a peak at 3.55, has an elevated concentration in certain gliomas [258]. 

Mobile Lipids (ML) and macromolecules (MM) resonances occur at various regions of the 

spectrum: around 0.9, 1.3-1.4 and 2.0 -2.9 ppm. In vivo NMR detectable ML are known to be 

significant markers of tumor malignancy. Their levels correlate with necrosis [259] which is a 

histopathological feature of high grade gliomas caused by hypoxic stress [260].  

Despite metabolites differential expression enables the differentiation between tumor types 

[261], in this thesis, we will focus in one type of tumor (GBM) under different conditions 

(treated and non-treated), as small but consistent differences can be observed using 

MRS/MRSI [262]. Some metabolites, such as polyunsaturated fatty acids (PUFAs) [263], that in 

normal brain conditions display very low detectable content, appear to change in a consistent 

way after therapy is administered to brain tumors, as seen in SV spectra shown in Figure 1.23 

and in [263].  
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 Representative SV spectra from mouse C356 GL261 GBM treated with 3-cycles of TMZ, at Figure 1.23

short (A) and long (B) TE. Left, the spectra acquired before treatment; right, the spectra registered after 

therapy (day 28 p.i. of GL261 cells). The main resonances used for ratio calculations are labeled as 

follows: Cho (choline) at 3.21 ppm, Cre (creatine) at 3.03 ppm, MLs at 1.28 ppm, polyunsaturated fatty 

acids (PUFAs) at 2.82 ppm, Tau (taurine) at 3.42 ppm, Gly (glycine) at 3.54 ppm, Ala (alanine) at 1.45 

ppm and Lac (lactate) at 1.32 ppm. The peak height ratios choline/creatine, PUFA/Cre and ML/Cre were 

significantly higher in short TE spectra after treatment. The Cho/Cre ratio was also significantly higher in 

long TE spectra after treatment in comparison with spectra acquired before treatment. Significant 

differences for peak height ratios between pre and post therapy are marked with an asterisk. Extracted 

from [237]. 

 Pattern recognition (PR) analysis of NMR data  1.4.2.3

Classification methods for data vectors are usually described under the general heading of 

pattern recognition (PR), a term which encompasses a wide range of techniques which try to 

find patterns in groups of data and to distinguish between different subgroups. Once these 

patterns are identified, they can be used to assign unknown individuals to a particular 

classification.  In certain instances the term “machine learning” is also used for this purpose. 

The analysis of metabolites through MRS gives access to biochemical information about 

specific processes ongoing within the evaluated pathology. Accordingly, PR is the process of 

classifying input data into categories or classes based on key features. Nonetheless, the 

richness of information contained in MRS spectra presents difficulties to interpret the 

measurements and associated changes in more than a few metabolites within a particular 

clinical condition. Coupling the techniques of MRS with reliable algorithms of PR allow to 

identify relationships between the quantitative changes of different metabolites 

simultaneously and detect even small differences in metabolic profiles. There are three major 

classification strategies used in PR: supervised, unsupervised and semi-supervised 

classification. 
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Supervised PR  

The supervised PR methods involve the use of a known training group of cases to develop a 

mathematical model. A new data vector (e.g. a spectrum) is assigned to a certain class based 

on a previous classification, so, for brain tumor spectra this is normally done through 

histopathological analysis criteria [264]. Once trained, the classifier and the mathematical 

algorithms can be tried for validation of samples assigning the input data to appropriate class 

labels and comparing those with gold standard reference values [265].  

Supervised classification basically consists of three steps: First step, dimensionality data 

reduction, allowing the detection of the relevant characteristics of spectra that may better 

represent one class. Secondly, spectra classification in different classes taking into account 

differential descriptive characteristics and, last, evaluation of the robustness of the 

classification in terms of their descriptive characteristics (which allows discrimination of 

differences between groups) and predictive (allowing to assign a new spectrum to one of the 

previously established classes) [261]. Several types of supervised techniques exist that can be 

applied to MR data, but the most classical one is Linear Discriminant Analysis (LDA) [266]. 

Unsupervised PR  

The main difference between the unsupervised and supervised methodology is that in the 

unsupervised case, the investigator does not assign the possible training cases to a determined 

class. Instead, classes are created in base of similar patterns between different cases with 

clustering of them. Thus, unsupervised classification is performed without using prior 

information (for example, regarding tumor type and grade in case of brain tumors); it tries to 

group cases based on their similarities between each other, without knowing the exact final 

grouping structure. The similarity measure can be based on the distance of the samples in the 

multi-dimensional feature space constructed by the observed data features. Clustering 

techniques, such as Principal Component Analysis (PCA) [242] or non-negative matrix 
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factorization (NMF) [267] are examples of common unsupervised techniques. These NMF 

techniques offer an advantage, as each class is represented by a complete spectroscopic 

pattern characteristic “metabolic state”, called source. From the biochemical point of view, the 

source extraction technique to classify MRS data assumes that in each voxel there is a mixture 

of heterogeneous tissues pattern and the contribution of each source to the final pattern can 

be calculated [249]. The obvious advantage of this approach lies in the fact that the labelling 

procedure becomes independent of the availability of labelled MRSI datasets and the negative 

effect of mislabelled cases on the generalization capabilities of the model will be prevented. 

Semi-supervised PR  

The semi-supervised PR methodology as described in [268] makes use of both labelled and 

unlabelled data for training and proposes to take benefit from the use of prior knowledge 

derived from class membership of the spectra to guide the source extraction. The first stage is 

the definition of a Fisher Information (FI) metric [269] to model pairwise similarities and 

dissimilarities between data points, using a Multi-Layer Perceptron (MLP) classifier to estimate 

the conditional probabilities of class membership. Second part would be the approximation of 

the empirical data distribution in an Euclidean projective space in which NMF-based 

techniques can be applied. This was done in [268] with Multidimensional Scaling methods, 

specifically with the iterative algorithm and the last part is the application of Convex-NMF for 

the source decomposition of the data. 

1.4.3 Nosological imaging of the response to therapy 

Molecular imaging of tumours based on the objective classification of MRSI data brings us 

closer to the nosologic imaging concept [237, 248]. The PR analysis of different spectra of 

treated and untreated animals can be used to classify which voxels from MRSI matrices 

correspond to each class, namely normal brain tissue, treated/responding and 

untreated/unresponsive tumour [262]. For the analysis, each individual voxel in the MRSI grid 
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was referred to as spectral vector (spv) and considered as an individual case. After the PR 

studies, the classification result obtained for each voxel was colour-coded and represented as 

nosological maps for each matrix. For the generation of colour-coded nosological images of 

each individual mouse the colour assigned was the one corresponding to the source which was 

contributing most to each voxel being either responding or untreated/unresponsive/relapsing 

or normal brain. Nosological images were produced throughout the course of therapy to track 

full or partial response changes (in case of treated animals). Nosological images were also 

produced for untreated control animals for comparison (an example is shown in Figure 1.24). 

 

 Examples of nosological semi-supervised maps corresponding to mice C967 (control GL261) Figure 1.24

and C1011 (GL261 responding to TMZ). The Cxxx notation corresponds to the internal research group 

unique mouse identifier code. The boundaries of the T2w abnormal masses are marked with a white 

discontinuous line. On the left of each map, the high resolution T2w images used as references for MRSI 

studies are shown. For each map, colour coding is as follows: blue represents normal tissue, red, actively 

proliferating tumor, green, tumor responding to therapy, and black undetermined tissue.  
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 GENERAL OBJECTIVES 2

The major goals of this thesis were: 

1. Optimization of therapy response in C57BL/6 mice bearing GL261 GBM, mainly through the 

use of iCK2s or using chemotherapy, both, alone or in combination. 

2. Improvement of non-invasive protocols for therapy response monitoring using MRSI-

based PR techniques and nosological imaging. 
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 GENERAL MATERIALS AND METHODS 3

This section describes the common materials and methods used in different experimental 

parts (chapters) described in this thesis. Further on, each chapter contains specific materials 

and methods for the work described in that particular section. Cross references will be stated 

towards general materials and methods, in case of need, to avoid repeating methods already 

described here. 

3.1 GL261 cells  

GL261 mouse glioma cells were obtained from the Tumor Bank Repository at the National 

Cancer Institute (Frederick, MD, USA). These cells had been previously used and characterised 

by our group [220, 270] and the work with this cell line was continued due to their highly 

reproducible behaviour (close to 100% penetrance) in generating high grade gliomas (GBM) 

when implanted into wt C57BL/6 mice.  

The cells were cultured in flasks of 75 cm2 (Nunc, LabClinics SA, Barcelona), and were grown as 

previously described in [270], using Roswell Park Memorial Institute (RPMI)-1640 medium 

(Sigma-Aldrich, Madrid, Spain) supplemented with 2.0 g/L of sodium bicarbonate, 0.285 g/L 

gln, 1% penicillin-streptomycin (all from Sigma-Aldrich, Madrid, Spain) and 10% fetal bovine 

serum (FBS) (Gibco, Invitrogen, UK). The time period to reach confluence (i.e. cells covering 75 

-85% of the flask surface) was 7 days from the time of subculture (day 0). The culture medium 

was changed on the days 3 and 5. Cell cultures were incubated at 37°C in a 5% CO2 and 95% 

humidity (incubator HERAcell, 150i, Thermo Scientific). Upon reaching confluence, cells were 

subcultured; the medium was removed by aspiration with a vacuum pump and the cells were 

washed with 10 ml of sterile phosphate buffered saline (PBS). Then, after removing PBS, cells 

were detached from the flask using 2 ml of trypsin-ethylenediaminetetraacetic acid (EDTA) (0.5 

g/L and 0.2 g/L, respectively) (Sigma-Aldrich, Madrid, Spain) and resuspended in 8 ml RPMI 

medium (10 ml total volume of resuspension). The resuspension, containing ca. 7x105 cells, 
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was seeded into new flasks containing 25 ml RPMI medium. Cells were subcultured until 

passage 40, at which time they were discarded to avoid possible accumulation of genetic 

alterations. In this case, a new aliquot was thawed from an initial amplification made at the 

start of cell culture work for this thesis. 

3.1.1 Cell count 

The cell counts were performed in the TC20TM automater cell counter (Biorad, Hercules, 

California) using Trypan Blue dye (Sigma-Aldrich, Madrid, Spain) to distinguish viable from 

dead cells, since the latter are not able to extrude the dye and appear dark blue when 

observed in the screen, being also detected by the counter. Aliquots of 20 μl of a cell 

suspension, obtained during the subculturing step described above (Section 3.1), were added 

to 20 μl of Trypan Blue dye. A volume of 10 μl of the mixture was added to each side (duplicate 

samples) of the cell counting slide (Biorad, Hercules, California). The number of cells/μl was 

obtained for each sample, and numbers were averaged. 

3.2 Animal Model (GL261 cells growing into C57BL/6 mouse) 

Animals used for this work were C57BL/6 female wt mice weighting 18-24g and aged 12-16 

weeks, which were obtained from Charles River Laboratories (Charles River Laboratories 

Internacional, l’Abresle, France) and housed in the animal facility of the Universitat Autònoma 

de Barcelona. The wt C57BL/6 mice were used either as control animals or to generate the 

stereotactically induced tumors as described in section 3.2.1. 

The experiments were conducted according to experimental protocols, previously approved by 

the local ethics committee (Comissió d'Ètica en l'Experimentació Animal i Humana) according 

to regional and state legislations (protocol DMAH-8236/CEEAH-2785). The protocol of 

supervision of laboratory animals described in Annex 1 was followed by the Servei d'Estabulari 

veterinary staff to assess mice physical state and to inform the researcher whether the 

http://en.wikipedia.org/wiki/Hercules,_CA
http://en.wikipedia.org/wiki/Hercules,_CA
http://en.wikipedia.org/wiki/Hercules,_CA
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euthanization of an animal was recommended and halting of the experimental protocol should 

be considered.  

Each mice evaluated was given a unique alphanumerical identifier. For example, identifiers of 

the type CXXX belong to mice bearing GL261 tumors and WTXXX to wt mice without tumors. In 

order to differentiate animals in the same cage, unique ear notch combinations were made 

with an ear punch device. For this, 1, 2 or 3 notches and their combinations were made in one 

or both ears, as shown in ¡Error! No se encuentra el origen de la referencia.. 

 

 Scheme for unique identification in mice by ear punching. Figure 3.1

3.2.1  Generation of tumors by stereotactic injection of cells  

After the cell counting (Section 3.1.1), the cell suspension was transferred into a 15ml Falcon 

tube (Deltalab SLU, Barcelona, Spain) and centrifuged 1.5 minutes at 1,400 x g (Centrifuge 

Selecta S-240, ALCO, Terrassa, Spain). The supernatant was removed and the pellet 

resuspended in the RPMI medium, so that each 4μl contained 105
 of cells, according to the 

equation 5:  

𝑉𝑓= (4μ𝑙 𝑥 𝐶𝑓)105  EQ. 5  
 
where Vf is the volume of the medium for cells to be resuspended in μl and Cf is the total 

number of cells in the pellet obtained with the automated cell counter (section 3.1.1).  
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Analgesia was administered subcutaneously to each animal 15 minutes prior to anaesthesia 

and also 24 and 48 hours after surgery, with meloxicam (Metacam, Boehringer Ingelheim), at 

1.0 mg/kg. The animals were anesthetized with a mixture of ketamine (Parke-Davis SL, Madrid) 

and xylazine (Carlier, Barcelona, Spain) (80 and 10 mg/kg, respectively) administered 

intraperitoneally, and after that, mice were immobilized in a stereotaxic holder (Kopf 

Instruments, Tujunga / CA, USA), as shown in Figure 3.2. Afterwards, the head area was shaved 

and the incision site was sterilized, a 1 cm incision was made exposing the scull, and a 1 mm 

hole was drilled 0.1 mm posterior to the Bregma and 2.32 mm lateral (right) to the midline 

using a microdrill (Fine Science Tools, Heidelberg, Germany). A 26G Hamilton syringe (Reno/NV, 

USA), positioned on a digital push-pull microinjector (Harvard Apparatus, Holliston/MA, USA) 

was then used for injection of 4 μl RPMI medium containing 105
 GL261 cells at a depth of 3.35 

mm from the skull surface at a rate of 2 μl/min. Once the injection was completed, the syringe 

was left untouched for two additional minutes before its removal, in order to allow the cells to 

settle and to prevent them from leaking outside the scull. Then, the Hamilton syringe was 

gently taken out, the scission site closed with suture silk 5.0 (Braun, Barcelona, Spain) and the 

animal was left in a warm environment (~25 ˚C) to recover from anaesthesia. 

 

 A C57BL/6 mouse immobilized in a stereotactic holder. Figure 3.2
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3.3 Tissue preservation for post-mortem procedures  

When tumor-bearing animals died or were euthanized by cervical dislocation (refer to annex 1 

for the criteria used to decide about animal euthanization) due to symptoms of suffering, the 

brains were excised and either fixed or frozen. In case of fixation, tissue was preserved in 4% 

formaldehyde and embedded in paraffin until further histopathological analysis (Hematoxylin-

Eosin (HE) staining). In case of freezing, tumors were dissected away and separated from 

contralateral normal brain parenchyma, and in some cases cerebellum was also dissected. 

These tissues were resected after visual inspection of the whole brain and tumor, avoiding as 

much as possible the crossed contamination of tissues. Samples were frozen in a liquid 

nitrogen container, for further CK2 activity and expression analysis. Histopathological analysis 

was done under supervision of Dr. Martí Pumarola (Departament de Medicina i Cirurgia 

Animals, Universitat Autònoma de Barcelona). 

3.4 In vivo MRI/MRS/MRSI  

MR studies were carried out at the joint NMR facility of the Universitat Autònoma de 

Barcelona and CIBER-BBN (Cerdanyola del Vallès, Spain) Unit 25 of the ICTS NANOBIOSIS 

(http://www.nanbiosis.es/) with a 7T horizontal magnet (BioSpec 70/30, Bruker BioSpin, 

Ettlingen, Germany) equipped with actively shielded gradients (B-GA12 gradient coil inserted 

into a B-GA20S gradient system) and a quadrature receive surface coil, actively decoupled 

from a volume resonator with 72 mm inner diameter.  

Mice were placed in the scanner bed and anesthetized with 0.5-2.0% isoflurane in O2, keeping 

the respiratory frequency at 60-80 breaths/min. The body temperature was controlled using a 

recirculating water system incorporated to the animal bed. Breathing was constantly 

monitored (SA Instruments, Inc., New York, USA). 

 

http://www.nanbiosis.es/
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3.4.1 MRI acquisition  

GL261 tumor-bearing mice were screened by acquiring high resolution (HR) coronal T2W images 

(TR/TEeff = 4200/36 ms) using Rapid Acquisition with Relaxation Enhancement (RARE) sequence 

to detect brain tumor presence and monitor its evolution stage. The acquisition parameters 

were as follows: turbo factor: 8, field of view (FOV): 19.2 x 19.2, mm matrix size (MTX): 256 x 

256 (75 x 75 μm/pixel), number of slices: 10, slice thickness (ST): 0.5 mm, inter-slice thickness 

(IT): 0.6 mm, number of averages (NA): 4, total acquisition time (TAT): 6 min and 43 s. 

MRI data were acquired and processed on a Linux computer using ParaVision 5.1 software 

(Bruker BioSpin GmbH, Ettlingen, Germany). 

 Tumor volume calculation from MRI acquisitions  3.4.1.1

The tumor area was calculated in each slice, using an automated system for generating ROIs 

available in the Paravision 5.1 software. The IT volume was not registered and it was estimated 

adding the IT to the corresponding ST in Equation 6 (Figure 3.3).  

 

 Scheme of the tumor volume measurement. HR axial T2w images (right) were acquired for Figure 3.3

this purpose. The surface area (AS) of the tumor (white line contour at right) was measured in each slice 

of the axial sequence. The slice thickness (ST) and the inter-slice thickness (IT) (represented by horizontal 

slices over a coronal image on the left) were taken into account for final volume calculation. 
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Tumor volumes in the evaluated mice were calculated from T2w HR axial images using the 

following equation:  

𝑇𝑉 (𝑚𝑚)3 = [(𝐴𝑆1 × 𝑆𝑇) ± [(𝐴𝑆2 ± (… ) ± 𝐴𝑆10)  × (𝑆𝑇 ± 𝐼𝑇)]]  × 0.0752   EQ. 6 

where TV is the tumor volume, the surface area (AS) is the number of pixels contained in the 

ROI delimited by the tumor boundaries in each slice of the MRI acquisition, ST is 0.5 mm, IT  is 

0.1 mm and 0.0752 mm2 the individual pixel surface area.  

3.4.2 MRS/MRSI 

MRS and MRSI methodology have been described in detail in specific materials and methods of 

chapter 4.3 (section 4.3.2). 
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 RESULTS 4

4.1 CK2 CONTENT IN GBM 

Most of the content of this section have been published in the Pathology and Oncology 

Research Journal, entitled “Protein CK2 content in GL261 mouse glioblastoma” by Ferrer-Font 

L, Alcaraz E, Plana M, Candiota AP, Itarte E and Arús C. The published manuscript can be found 

in Annex 2.  

4.1.1 Specific objectives 

 To assess the CK2 content in GL261 GBM compared to mice normal brain parenchyma, 

in order to check if CK2 could be a suitable target for the treatment of these tumors.  

4.1.2 Specific materials and methods 

Animal Models 

A total of 6 C57BL/6 female wt mice that weighed 18±2 g were used for this study. Tumors 

were induced in 3 C57BL/6 mice by intracranial stereotactic injection of 105 GL261 cells in the 

caudate nucleus, as previously described in general materials and methods (section 3.2.1). 

Tumor volumes were followed using T2w MRI acquisitions, until the tumor reached the desired 

size to be able to obtain enough tumor sample and normal brain parenchyma sample for WB 

studies. This was equivalent to a tumour of about 77.3±10.9 mm3 (15 days after implantation), 

taking into account previous work from our group. Both tumor-bearing and wt animals were 

euthanized, their brains were removed and tumor resected (in case of tumor-bearing animals). 

The brain parenchyma from three wt mice was used as control, while contralateral brain 

parenchyma from tumor-bearing animals was employed to determine the possible effects 

outside the tumor volume, as recently described by other authors [271]. The contralateral 

tissue was obtained after visual inspection of the whole brain and tumor, avoiding as much as 

possible the tumoral zone. Samples were stored in liquid nitrogen until further processing.  

 



RESULTS - Section 4.1: CK2 content in GBM 

 
 

78 
 

Protein extraction  

Tissue samples were weighed and 250 µl of cold lysis buffer for each 100 mg of tissue was 

added (cold lysis buffer: 50 mM Tris-HCl pH 7.7, 150 mM NaCl, 15 mM MgCl2, 0.4 mM EDTA, 

0.5 mM DTT, 100 μg/mL Leupeptin, 100 μg/mL Aprotinin, 10 mM Benzamidin, 2 mM 

phenylmethylsulfonyl fluoride). Samples were homogenized with a Sonics sonicator (Vibra-cell, 

Newtown, USA) 10 times for 10-second intervals, and after, 0.5% Triton-X-100 was added. 

After remaining 15 min on ice, the lysate was centrifuged at 13,000 × g for 20 min at 4 °C. 

Supernatants were used for WB analysis. 

WB analysis 

The differential expression of protein CK2α and CK2β in mice brain was assessed for wt brain, 

GL261 tumor and contralateral brain parenchyma (non tumoral). The protein content of tissue 

extracts was quantified with the Bradford assay [272]. For WB analysis, 50 µg of total protein 

were separated by 12% Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) and transferred onto Polyvinylidene fluoride (PVDF) membranes by electroblotting. The 

membranes were then blocked in 5% milk powder in 0.02% Tween Phosphate buffered saline 

(T-PBS) for 1 hour and washed three times for 10 min with T-PBS. Membranes were incubated 

with antibodies against CK2α (CK2α (sc-6479 C-18), 42 kD, 1:300, Santacruz, Texas USA) or 

CK2β (CK2β EP1995Y, 24-25kD, 1:200, Merck Millipore, Darmstadt, Germany), and tubulin was 

used as a loading control (β-tubulin, 55 kD, 1:1000, Cell signalling technology (Danvers, 

Massachusetts,USA)). Incubation was performed overnight at 4°C. The next day, three T-PBS 

washing steps were carried out and incubation with the secondary antibodies took place 

during 1 hour (anti-goat for CK2α and anti-rabbit for CK2β and tubulin, 1:5000, Biorad, 

Hercules, California) and three washing steps with T-PBS were repeated. The specific antibody 

binding was detected with the enhanced chemiluminescense technique with Lumi-Light 

Western blotting substrate (Roche, Basel, Germany).  

http://en.wikipedia.org/wiki/Essex_County,_Massachusetts
http://en.wikipedia.org/wiki/Hercules,_CA
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WB films were scanned and quantified with the ImageJ software (National Institutes of Health, 

USA, http://imagej.nih.gov/ij/) at the Laboratory of Luminescence and Biomolecular 

Spectroscopy (LLEB) at UAB and data obtained was normalized to tubulin. 

Statistical analysis  

Normality was first inspected in each group by the Kolmogorov-Smirnov test and variance 

homogeneity was assessed with the Levene’s test. A two-tailed Student’s t-test for 

independent measurements was used for comparisons when data followed a normal Gaussian 

distribution. If data presented a non-normal distribution, Mann-Whitney U test was used for 

comparisons. The significance level for all tests was p<0.05. 

4.1.3 Results  

The expression level of CK2 catalytic subunit (CK2α) was about four-fold higher in tumor and 

more than two-fold higher in contralateral brain parenchyma than in wt brain parenchyma 

(Figure 4.1 and Table 4.1). On the other hand, no significant changes were detected in the 

expression of the CK2 regulatory subunit (CK2β), as shown in Figure 4.1, for selected samples, 

and quantitatively summarized in Table 4.1. Furthermore, the here named “unbalancedness” 

ratio CK2α/CK2β, significantly increased about four-fold in tumors with respect to normal brain 

parenchyma. 
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 CK2 WB quantification in GL261 GBM compared to contralateral parenchyma and control Figure 4.1

mice (A) WB of characteristic tissue samples using 50 µg of total protein, detection with anti-CK2α 

antibody, anti-CK2β antibody and with anti-tubulin antibody. From left to right, wt brain parenchyma 

samples, tumor samples and contralateral brain parenchyma samples. (B) Quantification (bar; ±SD) 

carried out of the normalized CK2 to tubulin expression ratio in tissue samples using 50 µg of total 

protein. WT=wild type brain parenchyma, T=tumor, CL=contralateral brain parenchyma *= p<0.05.  

  Normalized values of CK2 expression levels (±SD) and their unbalancedness ratios (±SD) Table 4.1

T/WT, CL/WT and T/CL for CK2 and CK2β quantifications. Abbreviations as in Figure 4.1 legend. (*) 

significance compared with WT, (¥) significance compared with T, (£) significance compared with T/WT 

and ($) significance compared with CL/W. 

CK2α CK2β CK2α/CK2β 

WT 
1.00±0.2¥ T/WT 3.85±0.5£ WT 0.70±0.3 T/WT 1.34±0.2 WT 1.34±0.5¥ 

T 
3.80±0.4* CL/WT 2.51±0.4$ T 1.00±0.2 CL/WT 1.10±0.1 T 3.82±0.3* 

CL 
2.50±0.8*¥ T/CL 1.54±0.2£$ CL 0.90±0.2 T/CL 1.06±0.2 £ CL 2.68±0.5*¥ 
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4.1.4 Discussion 

It has been consistently reported by other authors that high levels of CK2α are expressed in 

solid human tumors [165], for example in colorectal carcinomas and breast carcinomas [166]. 

Our results in preclinical GL261 GBM agree with authors in  [166], in the fact that we found 

higher expression levels of CK2α in tumor, in comparison with the normal tissue (wt brain 

parenchyma). In our study, the Tumor/Normal ratio of CK2 normalized expression values was 

of 3.8 (Figure 4.1). For CK2β, a non-significant increased expression was detected for the 

Tumor/Normal brain parenchyma ratio, which reached a value of 1.34.  

A somewhat unexpected result found in our study was the significantly higher CK2 expression 

level detected in the contralateral non-affected brain parenchyma, which has not been 

described in the literature as far as we are aware. In this respect, Figure 4.1A and B show a 

significantly higher CK2 expression in contralateral tissue in comparison with the wt brain 

parenchyma, although this expression is clearly lower than the expression found in tumors 

(Table 4.1). This could be partially explained due to the well-known infiltration pattern of the 

GBM, invading adjacent non-tumoral tissue and even producing a precancerous stage in 

apparently uninvolved parenchyma [271]. In this respect, Lama and collaborators [273] also 

described an increased ERK1/2 expression in GBM peritumoral tissue from patients. Taking 

into account that ERK1/2 seems to be activated for translocation to the nucleus by CK2 

phosphorylation [274] our results on the increased CK2 content in the 

contralateral/peritumoral area would agree with those reports and reinforce the idea of a 

“precancerous stage” away from the tumor mass, also for the CK2 content.  

Regarding the different CK2 subunits evaluated (CK2α and CK2β), our results suggest that an 

unbalanced expression is taking place in the GL261 GBM (see Figure 4.1A and Table 4.1), with a 

predominance of an overexpression of CK2α in the studied tumors. This imbalance of CK2 

subunits was also seen in [274], being produced in this case by a relative decrease in the CK2β 
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regulatory subunit in biopsies of human breast cancer tumors having suffered EMT, a sign of 

increased aggressiveness.  

Accordingly, the high expression levels observed for CK2α in GBM, in comparison with wt 

brain, reinforces the potential of CK2α as a valid therapeutic target [124, 275] to investigate in 

GL261 GBM. In this sense, recent studies have reported that promiscuous iCK2s such as APG 

have shown relevant effects in the growth inhibition of established human GBM cultured cells 

lines [168]. Additionally, a more specific iCK2, CX-4945, has been reported as the first iCK2 to 

reach clinical stage testing for the treatment of multiple types of cancer [121, 124]. Moreover, 

there are other promising iCK2s in development, such as TDB which is a dual inhibitor of CK2 

and PIM-1 [125]. 

Finally, the preclinical GL261 mice GBM model has been widely used for molecular imaging 

studies and to evaluate TMZ therapy response. Accordingly, the results here described warrant 

further work with CK2α inhibition in this GBM model as standalone or combination therapeutic 

strategies.  

4.1.5 Conclusion 

The expression level of the CK2 catalytic subunit (CK2α) was found higher in GL261 GBM tumor 

(about 4-fold) and in contralateral brain parenchyma (more than 2-fold) than in wt brain 

parenchyma (p<0.05). In contrast, no significant changes were found in the CK2 regulatory 

subunit (CK2β) expression, suggesting a predominance of CK2α overexpression in the 

evaluated tumors and possibly pointing to a differential role for the two subunit types in GBM 

tumor development in our investigated model. This should also be taken into account in future 

studies with preclinical GBM and therapeutic CK2 targeting. 
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4.2 TARGETING PROTEIN KINASE CK2: EVALUATING CX-4945 POTENTIAL FOR GL261 

GLIOBLASTOMA THERAPY IN IMMUNOCOMPETENT MICE 

Most of the content of this section has been accepted for publication in the Pharmaceuticals 

Journal with the title of “Targeting protein kinase CK2: Evaluating CX-4945 potential for GL261 

glioblastoma therapy in immunocompetent mice” by Ferrer-Font L, Villamañan L, Arias-Ramos 

N, Vilardell-Vila J, Plana M, Ruzzene M, Pinna LA, Itarte E, Arús C and Candiota AP.  

4.2.1 Specific objectives 

 Assessment of iCK2 effects over cultured GL261 cells viability to select the best 

potential candidates for in vivo preclinical studies. 

 Collection of MTD information in C57BL/6 mouse model for the best iCK2 candidates 

and TMZ.  

 Tumor targeting effects assessment and survival rate evaluation in longitudinal studies 

with C57BL/6 mice bearing GL261 tumors (immunocompetent model) treated with 

iCK2.  

4.2.2 Specific materials and methods 

Cell viability assay 

GL261 cells were plated at 5000 cells per well in 96-well multiwell plates (Sigma-Aldrich, 

Madrid, Spain). Cells were allowed to adhere for 24 h before drugs were added to the medium 

at increasing concentrations: for TMZ, 0 µM, 0.8 µM, 4 µM, 20 µM, 100 µM, 200 µM, 500 µM, 

1000 µM, 5000 µM and 10000 µM, APG and TBB: 0 µM, 0.8 µM, 4 µM, 20 µM, 100 µM, 200 

µM and 500 µM, and CX-4945: 0 µM, 0.2 µM, 2 µM, 5 µM, 20 µM, 50 µM, 100 µM, 200 µM and 

500 µM. Controls in each plate included cell culture RPMI medium and dimethyl sulfoxide 

(DMSO) (0.4% for CX-4945, TBB and APG, and 0.8% for TMZ). Drug-treated and control wells 

were run in triplicate. After 72 h of drug exposure, cell viability was measured using XTT Assay 

(Sigma-Aldrich, Madrid, Spain) as per the manufacturer’s instruction. DMSO-treated wells 
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were considered as “100% viability” for each treatment plate. In the case of combined TMZ 

and CX-4945 treatment, MTT assay (Sigma-Aldrich, Madrid, Spain) was used for cell viability 

assay. Two compound combinations were used to assess possible synergy: CX-4945 30 µM plus 

TMZ 1 mM, and CX-4945 50 µM plus TMZ 1.5 mM, compared to control (medium and DMSO) 

and TMZ or CX-4945 alone. Controls included RPMI medium and DMSO (0.8%). Half maximal 

effective concentration (EC50) was calculated using Graphpad Prism software (version 5, 

http://www.graphpad.com/). 

Antibodies 

CK2α-subunit rabbit antiserum (dil. 1:1000) was raised against [376– 391] region of the human 

protein, corresponding to the specific C-terminal sequence. CK2β (Monoclonal, dil. 1:750, 

rabbit, Ref Ab76025) and Phospho-AKT (S129) (dil. 1:1000, rabbit, Ref 133458) were purchased 

from Abcam (Cambridge, UK). β-actin (dil.1:2000, mouse, Ref A2228) and α-tubulin (dil.1:2000, 

mouse, Ref A5441) were obtained from Sigma-Aldrich (Madrid, Spain), and β-tubulin (dil. 

1:1000, rabbit, Ref 2146) and AKT1 (dil 1:500, rabbit, Ref C3H10) were purchased from Cell 

Signalling technology (Beverly, MA, USA). Secondary antibodies towards rabbit and mouse IgG 

(dil.1:2000), conjugated to horse radish peroxidase, were purchased from PerkinElmer 

(Waltham, MA, USA). 

Target evaluation in GL261 cultured cells with CX-4945 treatment 

For the CK2 expression and activity studies, a total of  18  flasks (75 cm2) of GL261 cells were 

cultured (n=3 as controls, n=3 as CX-4945 treatment during 1h, 4h, 8h, 12h and 24h). Cells 

were cultured in flasks until 50% confluence and at that moment, CX-4945 was added to the 

“treatment” flasks, and an equal amount of the vehicle (DMSO) was added to the control cells. 

The CX-4945 concentration used was 67.2µM (four times the EC50, as stated by other authors 

[276]). Still, this concentration was included in the range of maximum CX-4945 effect in cell 

viability assay.  An in vitro dose-response study was also conducted in cultured GL261 cells in 
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order to check for increasing target effects. For this, 300,000 cells/well were plated in 6-well 

plates and concentrations of CX-4945 of 0, 5, 10, 20, 30 and 60 µM were added. Treatments 

were performed during 8 and 24 hours.  

Therapeutic agent preparations (CK2 inhibitors and TMZ) 

CX-4945 sodium salt (Glixx laboratories, Southborough, USA) was dissolved in 0.4% DMSO (cell 

experiments), or in phosphate buffer 25 mM pH 7.2 (in vivo studies), as described in [122]. For 

APG (Sigma-Aldrich, Madrid, Spain) and TBB (Calbiochem, Merck KGaA, Darmstadt, Germany), 

used for cell experiments, 0.4% DMSO was used as dissolvent. Regarding TMZ (Sigma-Aldrich, 

Madrid, Spain), it was dissolved in 0.8% DMSO for cell experiments, and in 10% DMSO in saline 

solution (0.9% NaCl) for in vivo experiments. 

Animal model for in vivo studies 

A total of 60 C57BL/6 female wt mice weighting 21.2±1.3 g were used for this study. Tumors 

were induced in C57BL/6 mice by intracranial stereotactic injection of 105 GL261 cells, as 

explained in general materials and methods section 3.2.1. Mice were weighed every day and 

tumor volumes were followed using T2w MRI acquisition as in [237] the day 6 and 10 or 11 after 

implantation. Mice with most homogeneous weights and tumor sizes were chosen to make 

experimental groups after randomization (usually n=6 per studied condition), and therapy 

started. The volume and weight averages did not show significant differences between the 

experimental groups (Table 4.2-4.4). 
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DAY 11 (Tumor volume and body weight) 

CONTROL 

Mice C940 C942 C943 C944 C945 C946 AV±SD 

Weight 21.7 21.2 20.4 22.6 19.5 20.9 21.1±1.1 

Volume 11.7 12.4 17.9 22.9 12.5 10.9 14.7±4.7 

CX-4945 every day 

Mice C947 C948 C949 C951 C952 C953 AV±SD 

Weight 21.0 21.8 22.1 22.3 22.6 22.3 22.0±0.6 

Volume 17.7 17.9 17.3 25.4 11.5 13.3 17.2±4.8 
 Average ± standard deviation (AV ± SD) for tumor volume (mm

3
) and body weight (g) for Table 4.2

mice before starting CX-4945 therapy every day (day 11 p.i.). No significant differences (p>0.05) were 

found between CX-4945 every day treated group (n=6) and control mice (n=6) neither for tumor volumes, 

nor for mice body weight, with Student’s t-test. 

DAY 11 (Tumor volume and weight) 

CONTROL 

Mice C955 C956 C957 C958 C960 C965 AV±SD 

Weight 25.5 20.0 19.5 22.0 20.1 22.7 21.6±2.3 

Volume 10.7 7.1 22.6 4.9 15.8 11.4 12.1±6.4 

CX-4945 alternated 
days 

Mice C961 C962 C963 C964 C067 C950 AV±SD 

Weight 21.0 19.5 22.3 20.8 20.8 21.7 21.0±0.9 

Volume 22.2 14.8 11.1 18.2 10.9 11.9 14.9±4.6 
 Average ± standard deviation (AV± SD) for tumor volume (mm

3
) and body weight (g) for Table 4.3

mice before starting CX-4945 therapy in alternated days (day 11 p.i.). No significant differences 

(p>0.05) were found between CX-4945 alternated days treated group (n=6) and control mice (n=6) 

neither for tumor volumes, nor for mice body weight, with Student’s t-test. 

DAY 11 (Tumor volume and weight) 

CONTROL 

Mice C991 C992 C996 C997 C998 C999 AV±SD 

Weight 21.3 21.9 21.1 21.4 20.0 19.6 20.8±0.9 

Volume 10.6 23.9 8.8 6.8 24.0 8.0 13.7±8.0 

TMZ and CX-
4945  

Mice C984 C985 C988 C990 C994 C995 AV±SD 

Weight 22.4 22.1 21.7 22.6 21.5 24.4 22.5±1.0 

Volume 13.0 14.6 9.5 8.8 22.5 11.6 13.3±5.0 
 Average ± standard deviation (AV± SD) for tumor volume (mm

3
) and body weight (g) for Table 4.4

mice before starting combined TMZ±CX-4945 therapy (day 11 p.i.). No significant differences (p>0.05) 

were found between 3 cycles TMZ + CX-4945 every day treated group (n=6) and control mice (n=6) 

neither for tumor volumes, nor for mice body weight, with Student’s t-test. 
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DAY 10 (Tumor volume and weight) 

CX 

Mice C1144 C1158 C1147 C1148 C1149 C1150 AV±SD 

Weight 20.6 20.6 20.6 20.4 19.9 20.8 20.5±0.3 

Volume 5.3 5.1 6.5 7.5 2.3 3.0 5.0±2.0 

CX±TMZ 

Mice C1151 C1152 C1153 C1154 C1155 C1156 AV±SD 

Weight 21.9 20.7 21.0 20.1 22.5 24.1 21.7±1.4 

Volume 5.9 7.7 3.1 5.2 4.6 2.9 4.9±1.8 

TMZ 

Mice C1166 C1167 C1168 C1169 C1170 C1171 AV±SD 

Weight 19.7 20.7 22.0 21.1 17.1 21.0 20.3±1.7 

Volume 4.9 5.3 5.8 6.9 5.3 8.0 6.0±1.2 

CONTROL 

Mice C1157 C1145 C1160 C1161 C1162 C1165 AV±SD 

Weight 20.9 20.2 21.1 21.1 21.1 20.0 20.7±0.5 

Volume 5.2 4.1 6.9 3.6 10.1 7.1 6.2±2.4 
 Average ± standard deviation (AV± SD) for tumor volume (mm

3
) and body weight (g) for Table 4.5

mice before starting metronomic therapy: CX-4945, TMZ, CX-4945 and TMZ, and control mice (day 10 

p.i.). No significant differences (p>0.05) were found between the different groups (n=6) neither for tumor 

volumes, nor for mice body weight, with Student’s t-test. 

CX-4945, TDB and TMZ tolerability assay 

Two phases were performed for this study, based on the work described in [277] and under 

the advice of Dr. Jordi Llorens (Department of Physiological Sciences, Faculty of Medicine and 

Health Sciences, Universitat de Barcelona): in phase 1, n=1 was used and the starting TMZ dose 

was the one described by us (60mg/kg/day) [237] For CX-4945, the dose was the one described 

in [123, 276] (150mg/kg/day), as no adverse effects have been observed with these doses, and 

for TDB, the dose used was the molar equivalent as the dose used for CX-4945. 

Administrations were performed with an oral gavage. Doses were increased (Table 4.6) until 

detection of toxicity symptoms (Table 4.7). Once MTD was estimated in this first phase, a 

second phase took place and a group of n=3 mice were administered with the calculated MTD. 

If toxicity signs were detected, phase 2 was repeated with a lower dose. Mice follow-up 

(weight+welfare parameters) was carried out every day for up to 30 days.  
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Day 0 4 8 12 16 20 

CX-4945 
(mg/Kg) 

150 300 600 1200 2400 4800 

TDB (mg/Kg) 269.9 539.8 1079.6 2159.2 4318.4  

TMZ (mg/Kg) 60 120 240 480 920 1890 
 Doses for CX-4945, TDB and TMZ administration in MTD calculation experiments. The final Table 4.6

volume administration and doses were adjusted to actual animal weights. 

Parameter for endpoint Means of verification 

Weight loss of above 20% regarding the 
previous register 

Scale readings  

Marked piloerection Piloerection detected during animal observation 

Animal shows subdued behaviour patterns 
even when provoked 

Apathic behaviour during weighting procedure, in 
comparison with control animals. 

Intermittent or persistent tremors Observation of animals before and after 
weighting procedure 

 Symptoms and signals guidance to decide the MTD. Adapted from [278]. If at least two Table 4.7

parameters are detected, there is indication of adverse side effects and further dose increasing is 

discouraged. 

Despite tolerability assays were performed with TMZ, CX-4945 and TDB, we decided to focus 

first on CX-4945 [122–124], because unlike the other one, TDB, it has been already used in 

clinical trials5,6. 

Use of iCK2 in tumor-bearing animals  

Preliminary studies of target validation 

CX-4945 therapy was administered to tumor-bearing mice (n=2) during three days (150mg/kg 

split into two administrations per day). The CX-4945 vehicle (phosphate buffer 25mM pH 7.2) 

was administered to control mice (n=2). Administrations were performed with an oral gavage. 

Mice were euthanized at 2h, 6h and 24h after the last administration for both treated and 

                                                           
 

5
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

6
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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control mice to assess CK2 activity compared to control mice. Tumor samples were stored in 

liquid nitrogen until further processing. 

Longitudinal studies with iCK2 (alone or in combination) 

CX-4945 therapy was administered to tumor-bearing mice, every day or in alternated days, 

150mg/Kg/day [124] (Figure 4.2A and B). Total dose of CX-4945 was 150 mg/Kg/day, split into 

two times per day (75 mg/kg at 8h, and 75 mg/kg at 16h) and dissolved in vehicle 

administration, which was phosphate buffer 25mM pH 7.2. For the combined CX-4945+TMZ 

therapy (Figure 4.2C), CX-4945 was administered every day whereas TMZ (60mg/Kg) was 

prepared and administered as previously described by the group  in three administration 

cycles [237] (Figure 4.2G). Both treatments were administered using an oral gavage and the 

administration volume for CX-4945 and TMZ was the same that has been used in our group for 

the TMZ administration (10µl/g weight animal) [237]. CX-4945 therapy was given until the end 

point of animal survival, when animals were euthanized because of welfare parameters (annex 

1). Animals were euthanized by cervical dislocation, the brain was removed and tumor 

resected. Samples were stored in liquid nitrogen until further processing for CK2 activity and 

expression analysis.   
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 Therapy administration scheme protocols (A) for every day CX-4945 at 150 mg/kg (75mg/kg Figure 4.2

at 8h and 75mg/kg at 16h) (B) for alternated days CX-4945 at 150 mg/kg (75mg/kg at 8h and 75mg/kg 

at 16h) (C) for TMZ ± CX-4945 administration protocol. TMZ 60 mg/kg was administered at days 11-15, 

19-20 and 24-25 p.i. and CX-4945 150mg/kg (75mg/kg at 8h and 75mg/kg at 16h, every day) (D) for 

metronomic TMZ (60mg/Kg) every 6 days protocol (E) for metronomic CX-4945 (75mg/kg at 8h and 

75mg/kg at 16h) every 6 days protocol and (F) for metronomic TMZ ± CX-4945 every 6 days 

administration protocol. TMZ 60 mg/kg and 150mg/kg of CX-4945 were administered as follows: CX-

4945 75mg/kg at 8h, TMZ 60 mg/Kg at 12h and CX-4945 75mg/kg at 16h). (G) for 3-cycles of TMZ, 60 

mg/kg were administered at days 11-15, 19-20 and 24-25 p.i. 
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Regarding metronomic (every 6 days) administration protocol, 8 doses of CX-4945 (150 mg/Kg; 

75 mg/kg at 8h and 75 mg/kg at 16h) were administered to CX-4945 treated group (Figure 

4.2D), 8 doses of TMZ (60mg/Kg at 12h) were administered to TMZ treated group (Figure 4.2E) 

and 8 doses of CX-4945 (150 mg/Kg75 mg/kg at 8h, and 75 mg/kg at 16h) plus TMZ (60 mg/Kg 

at 12h) were administered to CX-4945 and TMZ combined therapy group (Figure 4.2F). Control 

mice received TMZ and CX-4945 vehicles. In all cases, the maximum cumulative dose 

administered was of 1200 mg/Kg for CX-4945 and 480 mg/kg for TMZ.   

Tissue homogenization and protein extraction 

Tissue samples were weighed and 250 µl of cold lysis buffer for each 100 mg of tissue were 

added (cold lysis buffer: 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.2% sodium 

deoxycholate, 2x proteases inhibitor EDTA free (Roche, Madrid, Spain), 1x phosphatases 

inhibitors (Sigma-Aldrich, Madrid, Spain): Phosphatase inhibitor cocktail 2 (Ref P5726), 

Phosphatase inhibitor cocktail 3 (Ref P0044) and 1% Triton-x-100 (Sigma-Aldrich, Madrid, 

Spain). Samples were homogenized with a 20G needle 10 times and with a 26G needle 10 

more times. Sonication (Vibra-cell, Newtown, USA) was performed 5 times for 5-second 

intervals at 30% amplification. After remaining 30 min on ice, the lysate was centrifuged at 

25,000g for 20 min at 4 °C. Supernatants were used for WB and CK2 activity analysis. On the 

other hand, GL261 cells were lysed as described in [203]. 

CK2 activity assay 

CK2 activity was measured in 1–2 μg of lysate proteins (total protein extract of cell lysates) and 

5-10 μg (total protein extract of brain mice samples), previously incubated 10 min at 30°C with 

0.1 mM CK2-tide (specific CK2 substrate peptide), by means of radioactive assays with 

[gamma-33P] ATP, in the presence of phosphorylation reaction mixture as described in [279].  

MRI acquisition 

MR studies were carried out as explained in general materials and methods section (3.4.1).  
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WB analysis 

Protein concentration was determined by Bradford method [272] and equal amounts of 

protein (25 µg) were loaded on 11% SDS-PAGE, blotted on PVDF Immobilon-P membranes 

(Millipore, Darmstadt, Germany), and immunodetected with the corresponding antibodies 

using a chemiluminescent  detection method. Chemiluminescent signal obtained was 

quantified in a Kodak Image Station 440MMPRO and analysed with the Kodak 1DImage 

software. For tumor samples, 40 μg of tissue homogenate protein was loaded. 

Statistical analysis  

Variance homogeneity was assessed with the Levene’s test. A two-tailed Student’s t-test for 

independent measurements was used for comparisons, for samples of equal or different 

variances (depending on the Levene’s test result). Dixon’s and Grubb’s tests were used to 

detect outliers. The global evolution of tumor growth curves or body weight control was 

evaluated with the UNIANOVA test. Comparisons of survival rates were performed with the 

Log-Rank test. The significance level for all tests was p<0.05. 

4.2.3 Results  

GL261 cell viability under CK2 inhibition treatment 

Cultured GL261 cells sensitivity to different treatments was assessed. Figure 4.3A and B 

showed a low EC50 (12.9±2.3 µM) for APG, similar to CX-4945 (16.5±5.5 µM), but the final 

viability reached with APG was only up to 40% of the initial value. Instead, TBB and CX-4945 

both decreased viability to about 20% of the initial value. Regarding to TBB, a concentration of 

91.4±8.3 µM produced a 50% viability decrease, whereas for CX-4945, a concentration of 

16.5±5.5 µM produced the same results. In the case of TDB, it showed the lowest EC50 (8.1±1.5 

µM), and the final viability obtained was similar to CX-4945. TMZ EC50 was 747.6±63.3 µM.  
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 GL261 cells viability after treatment (A) GL261 cells viability (%) with the “XTT assay” after Figure 4.3

72h of treatment (TMZ: 0 µM, 0.8 µM, 4 µM, 20 µM, 100 µM, 200 µM, 500 µM, 1000 µM, 5000 µM and 

10000 µM, APG and TBB: 0 µM, 0.8 µM, 4 µM, 20 µM, 100 µM, 200 µM and 500 µM, CX-4945 and TDB: 0 

µM, 0.2 µM, 2 µM, 5 µM, 20 µM, 50 µM, 100 µM, 200 µM and 500 µM); 100% cell viability was assigned 

to control cells treated with 0.8% DMSO (v/v). Experiments were performed with n=3-9, and mean ± SD 

values are shown. (B) EC50 mean ± SD values obtained with the different treatments to GL261 cells after 

72h of incubation with the drug
7
. (C) Boxplot of GL261 cells viability after TMZ and CX-4945 treatment. 

GL261 cells viability (%) with the “MTT assay” after 72h of treatment. On the left side, control (n=4), CX-

4945 30 µM (n=4), TMZ 1 mM (n=4) and CX-4945 30 µM plus TMZ 1 mM (n=3); on the right side,  control 

(n=4), CX-4945 50 µM (n=4), TMZ 1.5 mM (n=4) and CX-4945 50 µM and TMZ 1.5 mM (n=3); 100% cell 

viability was assigned to control cells treated with 0.8% DMSO (v/v). As both experiments were 

                                                           
 

7
 Half maximal effective concentration (EC50) refers to the concentration of a drug, antibody or toxicant 

which induces a response halfway between the baseline and maximum after a specified exposure time. 
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performed at the same time, controls were acquired only once and, accordingly, the same control results 

are shown for both experimental conditions. Experiments were performed with n=3-4, and mean ± SD 

values are shown. In boxplots, the limits of the box represent quartiles 1 (Q1) and 3 (Q3) of the 

distribution, the central line corresponds to the median (quartile 2), and the whiskers symbolize the 

maximum and minimum values in each distribution.   

Additionally, an in vitro experiment with combined treatment of GL261 cells was outlined, and 

as it can be seen in Figure 4.3C, we could demonstrate that the combined administration of 

CX-4945 and TMZ to GL261 cultured cells presented an increased efficacy in comparison with 

treatments of single substances alone. TMZ alone reduced cell viability to 82.8±5.6% (at 1 

mM) and 59.2±3.2% (at 1.5 mM) in comparison to controls, whereas CX-4945 alone reduced 

cell viability to 52.0±1.4% (at 30 μM) and 31.9±2.1% (at 50 μM). The combined administration 

of both therapeutic agents resulted in a cell viability reduction to 35.6±4.7% (TMZ 1 mM + CX-

4945 30 μM), and to 21.5±1.0% (TMZ 1.5 mM + CX-4945 50 μM) in comparison to controls, 

being clearly superior to the efficacy of each substance separately. Concentrations chosen 

were above the EC50 (Figure 4.3A and B), to ensure enough cell viability reduction. This would 

point to a possible synergy between both agents as described by [280], although additional 

combination experiments would be needed to fully confirm this hypothesis. 

 In the remainder of this study, we decided to focus first on CX-4945 [122–124], one of the two 

most effective iCK2s tested on GL261 cell viability (Figure 4.3) because unlike the other one 

(TDB), CX-4945 has been already used in clinical trials8,9. 

 

                                                           
 

8
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

9
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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CK2 activity in GL261 cells treated with CX-4945 

CK2 activity was analysed in GL261 cells treated with CX-4945 and in control, non-treated cells. 

As a reporter of endocellular CK2 activity, the phosphorylation state of the well-known CK2 

target AKT(S129) [203] was analysed. In Figure 4.4A, p-AKT(S129) normalized to total AKT1 

expression was obtained (at 8h and 24h post-treatment) and CX-4945 presented a dose-scale 

response, being p-AKT(S129) lower when higher concentrations of the inhibitor were applied.  

 

 CK2 activity in GL261 cells and tumor samples (A) Western blot for GL261 cell protein Figure 4.4

extracts (25µg) treated with increasing doses of CX-4945 (from left to right: control (C) and CX-4945 

treated cells 5 µM, 10 µM, 20 µM, 30 µM and 60 µM). This experiment was performed with n=1 for each 

condition and for 8h (upper part) or 24h (lower part). p-AKT(S129), AKT1 total and β-Tubulin proteins 

were analysed. (B) Western blot for GL261 cell protein extracts (25µg) treated with 67.2µM CX-4945 
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(from left to right: control (C) and CX-4945 treated cells for 1h, 4h, 8h, 12h and 24h). The experiment was 

performed with n=3 for each condition.  p-AKT(S129), AKT1 total, CK2α, CK2β and β-Actin proteins were 

analysed. (C) Quantification of Western blot for GL261 cell protein extracts (25µg) treated with CX-4945 

(n=3 per each condition). Ratio (%) of p-AKT(S129) content divided by AKT1 total content, while the 

control values (C) for this ratio are taken as the 100% start value. *= p<0.05 for Student’s t-test for the 

comparison of control and treated groups. (D) CK2 activity measured on a CK2-specific synthetic peptide 

in lysates from GL261 cells treated with 67.2µM CX-4945 (n=3 for each condition). Treatment during 1h, 

4h, 8h, 12h and 24h. *= p<0.05 for Student’s t-test for the comparison of control (100% initial value) and 

treated groups. (E) Boxplot of CK2 activity in CX-4945 treated mice compared to control mice. CX-4945 

was administered to treated mice during 3 days (a total of 150mg/Kg/day split into two administrations 

per day) and mice were euthanized 2h, 6h and 24h after the last CX-4945 administration. As no CK2 

activity differences (p>0.05) were detected between euthanization time points (2h, 6h and 24h), they 

were grouped in a single CX-4945 treated group. (*= p>0.05 for Student’s t-test for the comparison of 

control and treated groups). CK2 activity was measured on tissue homogenates by means of radioactive 

assays towards a CK2-specific peptide. Boxplot features as in Figure 4.3 legend. 

In addition, Figure 4.4B and C show that p-AKT(S129), normalized to total AKT1, is significantly 

(p<0.05) less phosphorylated in GL261 cells treated with 67.2 µM CX-4945 compared to control 

cells. No differences were found for CK2α and CK2β expression (p>0.05) between treated and 

non-treated cells as it is shown in Figure 4.4B. CK2 activity was also measured in cell lysates, 

exploiting a highly specific peptide substrate [279] and significant differences (p<0.05) were 

found between CX-4945 treated cells (Figure 4.4D) and control cells (pre-treatment). These 

results indicate that CX-4945 reduces endogenous CK2 activity when used to treat cultured 

GL261 cells, but not the total amount of CK2 subunits present in those cells.  

CX-4945 mice tolerability  

Before starting longitudinal in vivo treatment experiments, tolerability evaluation was 

performed for CX-4945, TDB and TMZ. As it can be observed in Figure 4.5A, in the first phase, 

an MTD of 920mg/kg was estimated for TMZ, and of 1200mg/kg for CX-4945. These MTD 
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values were chosen because the doses of 1840mg/kg (TMZ) and 2400mg/kg (CX-4945) 

produced toxicity/adverse effects to the treated mice. In the case of TDB, no MTD could be 

found due to TDB solubility restrictions (the maximal concentration that could be used was 

2,159.2 mg/Kg).  

 

 Mice body weight (MTD studies) (A) Body weight of mice treated with increasing doses of Figure 4.5

TMZ (red line), CX-4945 (blue line) and TDB (green line) (B) Body weight of mice treated with TMZ single 

dose (480mg/kg) (n=3) and (C) Body weight of mice treated two times a day with CX-4945 (600mg/kg 

total dose) (n=3). (D) Body weight of mice treated two times a day with TDB (2,159.2mg/kg total dose) 

(n=3). In all cases, the weight is expressed in %, considering 100% as the initial weight, and the dashed 

black line indicates the 20% weight reduction point.  

In phase 2, when n=3 mice where administered with a dosage of 920mg/kg of TMZ, 9 days 

after this single TMZ administration,  noticeable body weight decrease was detected in all 

mice. For this reason, the experiment was repeated with an n=3 at the next lower dose, 

480mg/kg (Figure 4.5B). A similar situation was observed for CX-4945 when 1200mg/kg of CX-

4945 were administered per n=3, one mouse was found dead, the day after administration so 

the experiment was repeated at 600 mg/kg (Figure 4.5C). For TDB, we could not find the MTD, 
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as the maximal soluble dose (2,159.2 mg/Kg), did not produce toxicity signs to our studied 

model, Figure 4.5D. These results indicate that the MTD (acute dose) is 480 mg/kg for TMZ, 

600 mg/Kg for CX-4945 and higher than 2,159.2 mg/Kg for TDB, under our experimental 

conditions.  

CK2 activity in CX-4945 treated mice 

In preliminary in vivo target validation studies, CK2 activity was found significantly (p<0.05) 

reduced in all samples analysed, in comparison to controls (Figure 4.4E). Values obtained at 

the different time points (2h, 6h and 24h) did not present significant differences when 

compared (p>0.05), and results were grouped in n=6 treated and n=6 control mice. These 

results indicate that CX-4945 successfully reached tumors and exerted the expected effect on 

its target. 

Non-metronomic longitudinal treatments with CX-4945 and/or TMZ in tumor-bearing mice 

CX-4945 treatment (either every day or alternated days administration at the classical 

dose/schedule described by others [122–124]) was performed in GL261 tumor-bearing mice, 

and no improvement was detected regarding tumor evolution (Figure 4.6A and B) or survival 

rate (p>0.05, Figure 4.6C and D) in comparison with control mice. Figure 4.6C and D show the 

survival rate for every day CX-4945 treatment (20.5±2.0 vs. 20.0±2.1 days for control mice) and 

for alternated days CX-4945 treatment (20.5±1.8 days vs. 20.5±1.6 days for control mice). Body 

weight was inspected every day and no significant differences (p>0.05) were observed 

between groups (Figure 4.7A). Examples of T2w images for CX-4945 treated mice are shown in 

Figure 4.8. 
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 Tumor volumes, survival rate and CK2 activity and expression in CX-4945 treated mice. Figure 4.6

Tumor volumes (recorded at days 5, 11 and 16 p.i) of treated (black line) and control non-treated tumor 

bearing mice (red line) for (A) CX-4945 treated every day GL261 implanted mice and (B) CX-4945 treated 

alternated days GL261 implanted mice. No significant differences were observed between groups 

(p>0.05). The dashed blue line indicates the CX-4945 therapy starting point. (C) Survival Kaplan-Meier 

curve for CX-4945 treated every day mice and control mice (D) Survival Kaplan-Meier curve for CX-4945 

treated alternated days mice and control mice. No significant differences were found between groups 

(p>0.05). The dashed blue line indicates the CX-4945 therapy start point. (A-D) For all conditions and 

studies, n=6 was used (E) Tumor CK2 activity (%) in mice treated with CX-4945, n=3, compared with 

control mice, n=3.  (*= p<0.05 for Student’s t-test for the comparison of control and treated groups). (F) 

WB for tumor total protein homogenate (40µg) from different mice treated with CX-4945, n=3, 

compared with control mice, n=3. p-AKT(S129), AKT1 total, CK2α, and α-tubulin proteins were analyzed. 

(G) Quantification of WB for tumor total protein homogenate (40µg) from mice treated with CX-4945, 
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n=3, compared with control mice, n=3. Ratio (%) of p-AKT(S129) content divided by AKT1 total content. 

*= p<0.05 for Student’s t-test for the comparison of control and treated groups.   

 

 Body weight averages of treated and control mice (A) Weight (average±SD) of mice treated Figure 4.7

two times every day with CX-4945 (red line) and control vehicle (blue line), and for mice treated two 

times a day in alternated days with CX-4945 (green line) and control vehicle (purple line). The dashed 

blue line indicates CX-4945 therapy start point. No differences were observed between groups (p>0.05). 

(B) Weights of individual mice treated with a combination of TMZ cycles (5-2-2) [237] and CX-4945 two 

times every day until death or euthanasia for ethical reasons. The dashed blue line indicates TMZ and CX-

4945 therapy start point. Case C984 was considered an outlier according to Grubbs’ and Dixon’s tests 

(p<0.05). (C) Body weight of each control mice (controls of mice represented in B) until death or 

euthanasia for ethical reasons. Administration of vehicles: phosphate buffer two times a day (CX-4945 

vehicle) and 10% DMSO solution in 0.9% NaCl (TMZ vehicle) in 3 cycles, were performed.  In all cases, the 
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weight is expressed in %, assuming that at day 0 the initial weight corresponds to 100%. The dashed 

black line indicates the 20% weight reduction point. (D) Weight (average±SD) of mice treated with CX-

4945 metronomic treatment (red line), of mice treated with TMZ metronomic treatment (blue line), of 

mice treated with CX-4945 and TMZ metronomic treatment (green line) and control mice (blue line). The 

dashed blue line indicates therapies start point. Significant differences were observed between all groups 

(control vs. treated groups and different treatments between them (p<0.05)). For all conditions and 

studies, n=6 was used. 

 

 MRI of CX-4945 treated mice. Follow up of tumor volume evolution by T2w MRI axial images Figure 4.8

of CX-4945- treated tumor bearing mice (at days 5, 11, 16 and 20 p.i.). C940: treated with CX-4945 every 

day, C952: control of every day treatment (phosphate buffer CX-4945 vehicle administration), C965: CX-

4945 treated in alternated days and C967: control for alternated days (vehicle administration). CX-4945 

dosage was 150mg/kg split into two times per day (75mg/kg 8h and 75mg/kg 16h). MRI is not displayed 

for C952 day 20 because this mouse was found dead the day 17 p.i. C940 was euthanized at day 20 p.i. 

for ethical reasons, and C965 and C967 were euthanized the days 21 and 20, respectively. Cxxxx 

corresponds to a unique alpha-numeric animal identifier code in the GABRMN group. 
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To ensure that CX-4945 reached the tumor, even when no effect on survival could be detected, 

6 arbitrarily chosen tumor samples from the CX-4945 treatment every day (n=3 treated, n=3 

controls) were analysed for CK2 activity and p-AKT(S129) WB. The CK2 activity was more than 

seventeen-fold reduced in CX-4945 treated tumor compared to control tumor after 10.0±2.0 

days of treatment (Figure 4.6E) and p-AKT(S129)/AKT1 ratio (Figure 4.6F-G) was found around 

20% reduced in CX-4945 treated mice, indicating that CX-4945 had reached the desired target 

and inhibited CK2 activity, despite no increase of the survival rate was observed. 

An additional experiment with combined 3 cycles TMZ and CX-4945 administered every day 

(Figure 4.2C),  produced significantly worse results than 3 cycles TMZ treatment alone (see 

[237], Figure 4.9 and Figure 4.10). In other words, CX-4945 treatment in vivo, in these 

conditions, seems to inhibit the beneficial effect produced by TMZ. Tumor volume curves are 

shown in Figure 4.9A. As shown in Figure 4.7B, 3 out of the 6 treated mice died around day 16 

p.i. without noticeable weight reduction. Control mice weight evolution can be observed in 

Figure 4.7C. To compare survival rates between groups, Kaplan-Meier survival curves were 

elaborated, and no significant differences were found between  TMZ 3 cycles+CX-4945 every 

day treated group and control group (p>0.05, Figure 4.9B). The average survival rate was 

21.3±9.0 days for treated mice (TMZ 3 cycles+CX-4945 every day) vs. 19.8±1.5 days for control 

mice, while for TMZ 3 cycles only treated mice from previous work (Figure 4.10) average 

survival time found was 33.9±11.7 days. In addition, no significant differences were found 

when comparing TMZ 3 cycles+CX-4945 every day and CX-4945 everyday alone (survival rates 

of 19.8±1.5 vs 20.5±2.0 days, respectively).  C984 mouse was proven to be an outlier both in 

Grubbs’ and Dixon’s tests for single outliers (survival rate of 39 days, p<0.05), but still it was 

maintained for survival analysis calculations. Overall average survival for control (untreated) 

GL261 harbouring mice was 20.8±1.8 days, n=18, while previous work from our group had 

obtained 21.5±3.7 days, n=61 (Figure 4.10), without significant difference (p>0.05) with the 

present cohort of mice.    
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 Tumor volume and Kaplan-Meier survival curve of mice treated with TMZ combined with Figure 4.9

CX-4945. (A) Tumor volumes (recorded at days 6, 11, 14, 17, 19 and 21 p.i) of control GL261 implanted 

mice (n=6, blue line) and combined TMZ - CX-4945 cycles in GL261 implanted mice (n=5, red line). The 

dashed blue line indicates TMZ and CX-4945 therapy starting point. No significant differences were 

observed between groups for comparisons of control and treated mice tumor volumes at each time point 

(p>0.05). C984 has been excluded from tumor volume comparisons because it has been proven an outlier 

with Grubb’s and Dixon’s tests. (B) Survival Kaplan-Meier curves for TMZ+CX-4945 treated mice (n=6) 

and control mice (n=6). No significant differences were found between groups (p>0.05). The dashed blue 

line indicates TMZ and CX-4945 therapy starting point.  

 

 Survival Kaplan-Meier curve for 3 cycles of TMZ vs. control. Control mice (n=61, blue line) Figure 4.10

and TMZ treatment (n=39, red line). Survival rate average was 21.5±3.7 days for control mice and 

33.9±11.7 days for TMZ (3 cycles) treated mice. Significant differences were found between groups 

(p<0.05) when comparing control mice with TMZ treated mice. The dashed green line indicates the 

therapy start point. Results for control and TMZ treatment extracted from [237] and unpublished data 

from our group. For therapy protocol see Figure 4.2G. 
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Metronomic longitudinal treatments with CX-4945 and/or TMZ in tumor-bearing mice 

Three metronomic (every 6 days) administration treatments were performed: CX-4945 (n=6), 

TMZ (n=6) and a combination of CX-4945+TMZ (n=6), Figure 4.11.  

 

 Tumor volumes and survival rate for 6-day metronomic treatment. (A) Survival Kaplan-Figure 4.11

Meier curve for metronomic CX-4945 treated mice (blue line), metronomic TMZ treated mice (red line), 

CX-4945 and TMZ metronomic treated mice (green line), and control mice (black line). Significant 

differences (p<0.05) were observed between all treatment groups analysed in comparison with control 

mice.  (B) Tumor volumes of control GL261 mice (C) Tumor volumes of metronomic CX-treated GL261 

mice (D) Tumor volumes of metronomic TMZ-treated GL261 mice and (E) Tumor volumes of metronomic 

CX and TMZ- treated GL261 mice. For all conditions and studies, n=6 was used. Significant differences 

were found between groups (p<0.05) when comparing control mice with treated mice, and when 

comparing different treatments between them (TMZ, CX-4945 and combined TMZ and CX-4945). The 

dashed lines indicate therapy administration points. Cxxxx corresponds to a unique alpha-numeric 

animal identifier code in the GABRMN group.  
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For the CX-4945 metronomic treatment, a survival rate of 24.5±2.0 days was found, whereas 

for TMZ treatment, the survival rate was 38.7±2.7. For the combined TMZ and CX-metronomic 

treatment, the survival rate was of 64.8±27.8 days. All groups offered significantly higher 

survival rate (p>0.05) compared to control mice group (22.5±1.2 days), Figure 4.11A. Besides, 

TMZ alone produced better survival rate than CX-4945 alone, while combined TMZ and CX-

4945 was significantly better than any of the two alone. Moreover, tumor volume evolution 

(Figure 4.11B-E) was significantly different (p<0.05) when comparing treated groups with 

control group. Body weight was also inspected every day (Figure 4.7D). At the time of 

comparing the different treated groups, significant differences were found regarding weight, 

tumor volume evolution and survival rate, being the best results always obtained with the 

metronomic treatment combining TMZ with CX-4945. 

It is interesting to remark that mouse C1153 was cured from its GBM (presented substantial 

tumor reduction until only a small, but stable abnormal mass could be detected by MRI), but 

after 114 days p.i, it was found dead.  C1553 mouse did not present body weight reduction. 

This mouse was euthanized according to animal welfare parameters, necropsy was performed 

and samples stored in 4% formaldehyde. A thymic lymphoma mass was detected, being 

probably the main cause of its death.  

4.2.4 Discussion 

Effect of iCK2 on GL261 cultured cells 

GL261 cultured cells sensitivity was variable for the different iCK2 evaluated. CX-4945 

decreased cell viability to about 20% of the control value. The EC50 found for CX-4945 (16.5±5.5 

µM) is similar to the EC50 found in breast cancer cell lines by others [122], who reported values 

between 1.7 and 20 μM. The lowest EC50 (8.1±1.5) was found for TDB, concurring with a 

previous study [125], where a half maximal cell death concentration (DC50) of 2.45±0.84 µM 

was observed for the human HeLa cell line and of 3.45±0.2 µM for human T lymphoblastoid 
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cells. The standard GBM chemotherapeutic agent, TMZ, reached the EC50 at 747.6±63.3 µM, 

which agrees with high values of half maximal inhibitory concentration (IC50) found by others 

that varied between cell lines: the IC50 value of TMZ in SKNMC, NOS1, HS-SY-II, SYO-1 and 402-

92 cells was <300 µM and In U87-MG cells, the IC50 was 348 µM [281]. In addition, the 

combined TMZ and CX-4945 treatment carried out with GL261 cells in vitro presented 

increased efficacy regarding cell viability reduction, in comparison with both therapeutic 

agents administered separately (Figure 4.3C). 

The low EC50 of CX-4945 and TDB, combined with a significant decrease in cell viability, 

indicated that they should be suitable for future preclinical evaluation with GL261 tumors in 

vivo. CX-4945 was eventually chosen because it has been already described in clinical and 

preclinical studies [122–124]10,11. 

As expected, we observed a significant reduction of CK2 activity in CX-4945 treated GL261 cells 

(Figure 4.4D). This was accompanied by the decrease of the phosphorylation of the CK2 target 

AKT(S129)  (Figure 4.4B), similarly to the reported in [123] in prostate PC3 cancer cells. In 

addition, the AKT phosphorylation was found reduced as the CX-4945 concentration was 

increased, in a dose-dependent manner (Figure 4.4A). It has been described that the 

antiapoptotic effect of CK2 can be partially mediated by upregulation of the AKT/PKB pathway 

[203], thus the reduced viability found in GL261 cultured cells treated with CX-4945 can be also 

related to the downregulation of this pathway.  These results reinforced the idea that CX-4945 

could be a promising candidate for non-mutagenic brain tumor therapy in our preclinical GBM 

model.  

                                                           
 

10
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

11
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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Effects of CX-4945 in in vivo studies 

In in vivo studies, CX-4945 was described to inhibit the activation of STAT-3, NF-κB p65 and 

AKT, in nude mice with intracranial human GBM X1046 xenografts [124]. In our work, we could 

demonstrate that 3 days of CX-4945 administration to GL261 tumor-bearing mice caused a 

decrease in CK2 activity of tumor samples analysed to 35% of control values (Figure 4.4E). This 

confirms that CX-4945 reached the target tissue and caused the expected effect, as also 

reported in [124], although no further detailed study of the affected pathway was performed 

in our case. Regarding CX-4945 pharmacokinetics, described extensively elsewhere [123], it has 

a long half-life (more than 5 hours) and high oral bioavailability (20%) in mice, without 

detectable mutagenicity, genotoxicity or cardiac toxicity. The results described in our work 

agree with this, showing that CX-4945 was well tolerated in mice as assessed by minimal 

changes in body weight during the course of treatment compared to control vehicle (Figure 

4.7A). 

Non-metronomic CX-4945 longitudinal in vivo studies 

Although in vitro results indicated that CX-4945 should be a promising candidate for preclinical 

GBM therapy, unexpectedly, the non-metronomic in vivo treatment of GL261 tumor-bearing 

mice did not produce a better outcome. No tumor growth arrest and no survival improvement 

were detected (Figure 4.6A-D). This disagrees with a previous in vivo study [124] with 

intracranial human xenografts treated with CX-4945 which showed significant effects in mice 

survival (50.2-67.8 days for treated mice, versus 35.6-40.4 days for control mice). However, 

there are relevant differences between work reported in [124] and our work, which could 

explain, at least partially, the differences observed. In [124], athymic nude mice were used, 

while in our experiment, immunocompetent C57BL/6 mice have been used, because we 

consider that they mimic better the clinical patient situation. Moreover, despite authors in 

[124] inoculated more cells for tumor generation (5x105 cells vs. 105 cells, in our study), their 

tumor growth pattern was much slower (survival rate for their control mice was 35.6-40.4 
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days, whereas our control mice survived 17-21 days). In this sense, it is widely accepted that 

small, slow-growing tumors are easier to treat than established, fast-growing tumor [282, 283].   

It is also worth mentioning that longitudinal in vivo studies reported by other authors did not 

present satisfactory results with CX-4945 in the same doses used in this work, although they 

studied other tumor types [284]. In this sense, using a drug combination for therapy involving 

CX-4945 was already suggested by authors in [284, 285], with an additive effect recorded, 

which is also in line with our decision to study a drug combination (CX-4945 and TMZ) in order 

to perhaps improve the therapy response results produced by CX-4945 alone.  

Non-metronomic combined CX-4945 and TMZ longitudinal in vivo studies 

Thus, the unexpected result obtained with the in vivo longitudinal study using CX-4945 alone in 

GL261 tumor-bearing mice lead us to hypothesize that a combined therapy with CX-4945 

superimposed with TMZ could produce better results. The TMZ treatment in preclinical GBM 

mice has been proved useful in our group [237] with an average survival of 33.9±11.7 days for 

treated animals (Figure 4.10), significantly higher than control mice (21.5±3.7 days). TMZ 

cytotoxicity is predominantly mediated by O6-MeG DNA lesions, which are repaired by the 

DNA repair protein MGMT [286]. Consequently, GBM patients whose tumors express low 

MGMT level, due to promoter hypermethylation, are more responsive to TMZ based therapy 

[60, 287]. Protein Kinase CK2 is a novel interaction partner of JAK1/2, potentiating JAK and 

STAT-3 activation [207]. A iCK2 could reduce STAT-3, which has been implicated in the 

resistance of GBM to TMZ, downregulating MGMT and diminishing TMZ resistance [288], 

highlighting the potential of use of iCK2 combined with standards of care like TMZ.  

Nevertheless, the combined treatment (standard 3-cycle TMZ described by our group [237] 

superimposed with non-metronomic schedule for CX-4945) did not produce the expected 

improvement, except by case C984, classified as an outlier (Figure 4.7C), which followed an 

evolution pattern similar to TMZ-treated cases described in [237]. Except for this case, the 
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combined TMZ+CX-4945 therapy showed similar results than control mice (survival of 17.8±2.8 

days for treated mice vs 19.8±1.5 days for control mice), reversing the beneficial effect of TMZ 

3 cycles treatment. However, the combined TMZ and CX-4945 treatment carried out with 

GL261 cells in vitro presented increased efficacy regarding cell viability reduction, in 

comparison with both therapeutic agents administered separately (Figure 4.3C). This 

reinforced the idea that an increased efficacy, instead of an antagonistic effect, should have 

been observed in vivo with the combined therapy.  

One of the possible explanations for those results could be due to dramatic CX-4945 ‘off 

target’ effects, e.g leading. to strong splicing inhibition [289]. We cannot discard that these 

effects, rather than CK2 inhibition, are responsible for reversing TMZ efficacy. Another 

explanation could be related to the role of the immune system in therapy response [77] (see 

below), which would help to explain why a synergistic effect was observed in vitro with GL261 

treated cells, but it was not seen in our early non-metronomic in vivo approach.  

Metronomic CX-4945 and/or TMZ longitudinal in vivo studies and possible implication of the 

immune system in therapy response 

The disappointing results obtained with non-metronomic administration schedules of CX-4945 

both alone or in combination with TMZ lead us to raise the hypothesis that a possible 

interference with the host immune system was taking place, and it was the cause of the 

unfavourable outcome. Thus, we decided to move to a metronomic approach to discard or 

confirm this hypothesis. The so-called “metronomic therapy” [91], referring to equally spaced, 

low doses of chemotherapeutic drugs without extended rest periods, has been studied by 

several groups in the preceding years. Also, new therapeutic regimens with conventional drugs 

have been evaluated in order to activate immune responses that enhance tumor regression 

and prevent tumor regrowth. Recent studies with CPA metronomic therapy proved that this 

type of administration  not only activates antitumor CD8+ T-cell response, but also induces 
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long-term, specific T-cell tumor memory in GL261 tumors growing subcutaneously in 

immunocompetent mice [231, 290]. These authors have also proven that a 6-day intermittent 

was the optimum timing for this therapy and this could agree with the 7-day cycle for immune 

cell recruitment described in [81], and accordingly this was the schedule chosen for our 

metronomic treatments. Indeed, the metronomic (every 6 days) therapy carried out in our 

study offered a much better mice outcome, being the best results produced by CX-4945 and 

TMZ combined (64.8±27.8 days) metronomic therapy, which was better  than CX-4945 or TMZ 

metronomic therapies alone. These results reinforce the idea of the role of the immune system 

in therapy response [77] in GBM, and could explain the variation in our results depending on 

the therapy administration protocol used.  

Regarding the immune system cycle involved in tumor response, we should consider that the 

cytotoxic T-lymphocytes (CTLs) have a relevant role in the defence against cancer recognizing 

antigens presented on the surface of transformed cells, following a complex cycle described in 

[80]. Also, the whole cycle for immune cell response could take around 7 days in mouse brain 

[81], which is in agreement with the 6-day interleave that we have used in our work. It was 

also described the need of a functional cluster of differentiation 5 (CD5)-dependent CK2 

signalling for efficient differentiation of naive CD4+T cells into Th2 and Th17 cells [80, 291], 

involved in monocytes differentiation into DCs subsets [292]. Moreover, authors in [293] have 

recently described impairment of Th17 cells development by CK2 inhibition with CX-4945 in a 

C57BL/6 mouse model of experimental autoimmune encephalomyelitis. Accordingly, CK2 

inhibition (which could take place in every day or alternated days CX-4945 administration) 

could impair proper attraction of immune response triggered by immunogenic cell death 

signals. In this respect, several authors have described immunogenic death caused by TMZ 

therapy in GBM [294, 295]. All this combined could explain the reversal of beneficial effects 

observed in the non-metronomic combined therapy. Additionally, CK2 inhibition in vitro has 

been shown to compromise normal T-cell viability of cultured peripheral blood T-lymphocytes 
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harvested from chronic lymphocytic leukemia patients [296], while other authors [284] 

demonstrated cytotoxic effects of CX-4945 administration, alone, in head and neck cancer 

cultured cell lines and xenograft models.  Further work will be needed to clarify, in vitro and in 

vivo, the extent of immunogenic cell death produced by TMZ and CX-4945, alone or in 

combination, in the GL261 GBM model. 

In summary, it is tempting to speculate that when CX-4945 is administered every day or in 

alternated days, it could cause an impairment of immune system elements needed for tumor 

response. Furthermore, when it is administered combined with TMZ (3 cycles of therapy), CX-

4945 reversed the beneficial effect of TMZ. When TMZ and CX-4945 are administered in a 

metronomic scheme every 6 days, the activation of the immune cell recruitment and response, 

which can take around 7 days [81], would not be significantly compromised. Accordingly, a 

word of caution should be said when treating immunocompetent preclinical tumors with CX-

4945: the continued administration of a drug could impair the proper attraction of immune 

response contributing to therapeutic effects being evaluated.  

4.2.5 Conclusions 

CX-4945 has a noticeable effect in decreasing GL261 GBM cell viability and CK2 activity in vitro. 

Additionally, CK2 activity analysis confirmed that CX-4945 reached the target tissue in vivo. 

Notable differences in mice outcome were obtained with CX-4945 every day/alternated days 

(alone or combined with 3 cycles of TMZ), in comparison with metronomic administration of 

CX-4945 and/or TMZ, the highest survival rates being obtained with the metronomic protocol 

combining TMZ ± CX-4945 every 6 days.  

An appealing explanation for this fact would be related to the immune system role in tumor 

response and the possible impairment of cytotoxic T-cell maturation cycle due to continued 

administration of CX-4945, which was overcome by the 6-day schedule metronomic 

administration. Further histopathological studies will be needed to confirm this hypothesis. 
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Accordingly, due care should be exercised when treating immunocompetent mice harbouring 

preclinical tumors with CX-4945 to ensure optimal results. 
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4.3 CYCLOPHOSPHAMIDE AND TEMOZOLOMIDE METRONOMIC TREATMENT IN 

IMMUNOCOMPETENT MICE: POTENTIAL FOR GL261 GLIOBLASTOMA TREATMENT 

Most of the content of this section have been submitted (and it is currently under revision) to 

the NMR in Biomedicine Journal with the title of “Metronomic treatment in immunocompetent 

preclinical GL261 glioblastoma: effects of cyclophosphamide and temozolomide” by Ferrer-

Font L, Arias-Ramos N, Lope-Piedrafita S, Julià-Sapé M, Pumarola M, Arús C and Candiota AP.  

4.3.1 Specific objectives 

 Evaluating CPA and TMZ metronomic treatment in our GL261 implanted C57BL/6 

immunocompetent mice model for therapy response monitored using MRSI-based PR 

techniques and nosological imaging.  

4.3.2 Specific materials and methods 

GL261 cells  

GL261 mouse glioma cells were grown as previously described [270] and explained in section 

3.1.  

Animal model for in vivo studies 

A total of 48 C57BL/6 female wt mice weighing 21.7±1.3 g were used for this study. Tumors 

were induced in C57BL/6 mice by intracranial stereotactic injection of 105 GL261 cells as 

explained in general materials and methods section 3.2.1 Mice were weighed every day and 

tumor volumes were followed twice a week using T2w MRI acquisition as in [237] the day 6 and 

11 after implantation. Mice with the most homogeneous weights and tumor sizes were chosen 

before therapy start to make experimental groups. Volume and weight averages measured 

before treatment did not show significant differences (p>0.05) (Table 4.8). 
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 Average ± standard deviation (AV±SD) for tumor volume (mm
3
) and body weight (g) for Table 4.8

mice before starting therapy, at day 8 p.i. (groups: CONTROL_TMZ_8, TMZ140_8 and TMZ_200_8) and 

at day 11 p.i. (groups: CONTROL_CPA_11, CPA140_11, CONTROL_TMZ_11, TMZ140_11 and 

TMZ240_11). No significant differences (p>0.05) were found between TMZ or CPA treated group (n=6) 

and control mice (n=6) neither for tumor volumes, nor for mice body weight before starting therapy. 

Cxxxx corresponds to a unique alpha-numeric animal identifier code in the GABRMN. 

 

 

 

Tumor volume and body weight 

Therapy start point day 8 p.i 

 
CONTROL_TMZ_8 

CONTROL 

Mice C1075 C1081 C1068 C1079 C1071 C1088 AV±SD  

Weight 22.5 22.5 20.9 20.6 24.7 22.1 22.2±1.5 

Volume 8.3 7.4 4.3 4.0 2.9 2.9 5.0±2.3 

 
TMZ140_8 TMZ  

140mg/kg/day 

Mice C1070 C1069 C1087 C1082 C1073 C1076 AV±SD 

Weight 21.4 21.8 19.3 19.4 22.5 22.8 21.2±1.5 

Volume 10.7 9.3 9.0 1.6 1.3 1.3 5.5±4.6 

 
TMZ200_8 TMZ  

200mg/kg/day 

Mice C1085 C1078 C1086 C1080 C1072 C1077 AV±SD 

Weight 22.1 19.1 19.9 19.5 21.3 21.3 20.5±1.2 

Volume 7.5 7.0 4.3 3.6 2.9 1.9 4.5±2.3 

Therapy start point day 11 p.i 

 
CONTROL_CPA_11 

CONTROL 

Mice C1032 C1036 C1039 C1042 C1038 C1047 AV±SD 

Weight 20.8 20.1 19.4 23.0 22.7 21.3 21.2±1.4 

Volume 6.8 23.1 8.9 20.8 5.5 26.5 15.3±9.2 

 
CPA140_11 CPA 

140mg/kg/day 

Mice C1033 C1034 C1035 C1040 C1041 C1043 AV±SD 

Weight 23.0 21.6 21.4 21.6 20.2 21.6 21.6±0.9 

Volume 8.2 9.3 9.4 5.4 16.0 19.4 11.2±5.3 

 
CONTROL_TMZ_11 

CONTROL 

Mice C1000 C1001 C1004 C1006 C1007 C1009 AV±SD 

Weight 20.8 22.1 22.2 22.4 23.8 23.1 22.4 ±1.0 

Volume 20.6 10.4 21.7 14.5 6.6 20.5 15.7±6.3 

 
TMZ140_11 TMZ  

140mg/kg/day 

Mice C1002 C1010 C1011 C1012 C1013 C1014 AV±SD 

Weight 20.9 23.4 22.8 20.1 23.8 21.2 22.0±1.5 

Volume 5.2 16.6 14.2 19.7 15.8 14.3 14.3±4.9 

 
TMZ240_11 TMZ 

240mg/kg/day 

Mice C1003 C1005 C1015 C1037 C1045 C1046 AV±SD 

Weight 21.3 20.1 23.6 20.5 21.5 20.1 21.2±1.3 

Volume 22.6 3.1 2.4 10.24 14.7 21.0 12.3±8.7 
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Animal treatments 

CPA and TMZ therapy were administered to tumor-bearing mice every six days. Different 

experiments and groups were used (Table 4.9): CPA was administered at a dosage of 140 

mg/kg for 7 times (980 mg/Kg cumulative dose). TMZ was administered at different dosages: 

dosage of 140 mg/kg for 10 times (1400 mg/Kg cumulative dose) and for 7 times (980 mg/Kg 

cumulative dose). TMZ dosage of 200 mg/Kg was administered 6 times (cumulative dose of 

1200 mg/Kg), and dosage of 240 mg/Kg was administered 7 times (cumulative dose of 1200 

mg/Kg). The therapy starting day was not always the same (see Table 4.9). Some groups 

started therapy at day 11 p.i. (tumor volume average 13.8±6.8 mm3), as previously described 

by our group [237], whereas other groups started therapy at day 8 p.i. in order to assess the 

possible effect of starting therapy at smaller tumor volumes (5.0±3.1 mm3).  

Acronym Treatment MRI 
days (p.i) 

Therapy 
starting 

day 

Number of 
doses 

administered 

Cumulative 
dose 

Tumor 
volume at 

therapy start 
point (mm

3
) 

Survival rate 
(days) 

TMZ140_8 
(n=6) 

140 mg/kg TMZ 6 and 8 Day 8 7 doses 
 

980 mg/Kg C: 4.2±2.3 
T: 5.5±4.6 

C: 19.7±2.7 
T: 46.7±28.4 

TMZ200_8 
(n=6) 

200 mg/kg TMZ 6 and 8 Day 8 6 doses 
 

1200 mg/Kg C: 4.2±2.3 
T: 4.0±2.3 

C: 19.7±2.7 
T: 34.5±8.0 

CPA140_11 
(n=6) 

140 mg/kg CPA 7 and 11 Day 11 7 doses 
 

980 mg/Kg C: 15.2±9.2 
T: 11.2±5.3

 
C: 19.7±2.7 

T: 36.7±15.2 

TMZ140_11 
(n=6) 

140 mg/kg TMZ 5 and 11 Day 11 10 doses 
 

1400 mg/Kg C: 15.7±6.3 
T: 14.3±4.9 

C: 19.0±2.1 
T: 43.2±32.2 

TMZ240_11 
(n=6) 

240 mg/kg TMZ 5 and 11 Day 11 6 doses 
 

1440 mg/Kg C: 15.7±6.3 
T: 12.3±8.7 

C: 19.0±2.1 
T: 32.2±15.8 

TMZ140_8 + 
TMZ140_11 

(n=12) 

 
140 mg/kg TMZ 

6 and 8 
 

Day 8 
 

7 doses 
 

980 mg/Kg 
 

C: 4.2±2.3 
T: 5.3±4.6 

 
C: 19.5±2.3 

T: 44.9±29.0 5 and 11 Day 11 10 doses 1400 mg/Kg C: 15.7±6.3 
T: 14.3±4.9 

 Treatments performed with CPA and TMZ therapy: type and dose of treatment, MRI time Table 4.9

points for volume measurement before treatment, therapy starting point, number of doses 

administrated, cumulative dose, tumor volume average (±SD) at therapy starting points and survival rate 

(±SD). C: control and T: treated.  

If tumor volume mass was found to be equal or lower from the previous measurement, the 

tumor was considered to show signs of response to therapy. In this respect, control GL261 
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tumors monitored in our group (unpublished results) display an average increase of 11.7±3.8 

mm3/day  (n = 61) between day 8 p.i. and death of the animal (average of 21.5±3.7 days p.i.). 

Acronyms to name each group have been established and will be used along this section (Table 

4.9): TMZ140_8 (TMZ 140 mg/Kg with therapy start point at day 8 p.i), TMZ200_8 (TMZ 200 

mg/Kg with therapy start point at day 8 p.i), CPA140_11 (CPA 140 mg/Kg with therapy start 

point at day 11 p.i), TMZ140_11 (TMZ 140 mg/Kg with therapy start point at day 11 p.i) and 

TMZ240_11 (TMZ 240 mg/Kg with therapy start point at day 11 p.i.)  

After treatment, animals with progressive tumor growth were euthanized by cervical 

dislocation as animal welfare protocols advice for ethical restrictions (annex 1). Animals cured 

from GBM (cured in this study meaning to have only a small, <2 mm3, stable residual mass) 

were followed-up (weighed twice a week and regular weekly MRI explorations performed).  

TMZ (Sigma-Aldrich, Madrid, Spain) was dissolved in 10% DMSO in saline solution (0.9% NaCl) 

for in vivo experiments and it was administered using an oral gavage at doses of 140 mg/kg, 

200 mg/kg and 240 mg/kg. CPA (Sigma-Aldrich, Madrid, Spain) was administered as a 

monohydrate and was dissolved in 1x PBS (final pH 7.2), filter sterilized (Steriflip, 

Merckmillipore, Spain) and administered at dose of 140 mg/kg by intraperitoneal injection 

using a 1 ml syringe and 27.5 gauge needle as in [297]. 

Necropsies 

In the case of “cured” animals, when a 20% or higher percentage of weight reduction was 

detected, animals were euthanized, necropsy performed and tissue samples kept in 

paraformaldehyde 4%. Organs analysed were encephalon, salivary glands, thymus, heart, 

lungs, LNs, stomach, small and large intestine, liver, spleen, kidneys, pancreas, urinary bladder, 

reproductive organs, skin and skeletal muscle. HE staining was performed and samples 

analysed by histopathology. 
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In vivo MRI and MRSI studies 

Data Acquisition 

 MRI studies  

MR studies were carried out as explained in general materials and methods section (3.4.1). In 

this case, the 7T Bruker BioSpec 70/30 USR was equipped with a mini-imaging gradient set 

(400mT/m) and used a linear volume coil with 72 mm inner diameter as transmitter, and a 

mouse brain surface coil as a receiver for brain MRI studies. Furthermore, for body MRI, a rat 

brain phased array 4-channel coil located over the thorax of the mouse was used.  

GL261 tumor-bearing mice were screened by acquiring HR coronal T2W images using RARE 

sequence to detect brain tumor presence and to monitor its evolution stage. The acquisition 

parameters are described in general materials and methods, section 3.4.1.  

For body MRI, images were acquired with respiration gating. Low resolution T2w fast SE images 

were initially obtained in axial planes to be used as reference scout images. Acquisition 

parameters for these images were: TR/TEeff=3600/36 ms; echo train length (ETL)=8; FOV=3×3 

cm2; MTX=128×128; ST=1 mm; NS=30; NA=2. HR T2w fast SE images were acquired afterwards 

in axial, sagittal and coronal planes. Experimental parameters for coronal and sagittal images 

were: TR/TEeff=3000/26 ms; ETL=4; FOV=4.8×3.2 cm2; MTX=384×256; ST= 1 mm (sagittal) and 

0.5 mm (coronal); NS=15 (sagittal) and 21 (coronal); NA=4.  Experimental parameters for axial 

images were: TR/TEeff=4200/36 ms; ETL=8; FOV=3×1.5cm2; MTX=256×128; ST= 1 mm; NS=35; 

NA=4. An intragate FLASH sequence (with retrospective gating) was also used to acquire a 

coronal image (TR/TE=150/2.5ms flip angle=40°, 30 repetitions, FOV=7×3.5cm2; 

MTX=256×256; NS=15; ST= 1 mm) 

 Diffusion Weighted Imaging (DWI) studies of the brain  

DWI sequences were performed in the coronal and axial planes using a diffusion-weighted SE 

pulse sequence. A total of 11 coronal and 8 axial contiguous 1mm-thick sections were imaged 
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using the following parameters: TR= 3s (coronal) and 1.5s (axial), TE=22 ms, MTX=128x128, 

FOV=1.92 x 1.92 cm2, with two diffusion weightings at b=100 and 900 s/mm2 (Δ=10ms and 

δ=5ms).  ADC maps were estimated from DWI images as in [298]. 

 MRSI studies of the brain 

MRSI was acquired once a week, but if tumor size was unchanged or reduced in comparison 

with the previous exploration, MRSI was acquired twice a week. For these studies, a reference 

T2w high-resolution image and a 14 ms TE basal MRSI with PRESS localization were acquired. 

The MRSI grid was spatially located such that the volume of interest (VOI) included most of the 

tumoral mass as well as normal/peritumoral brain parenchyma. Acquisition parameters were 

as described in [237], except by matrix size (12x12 in this study).  

MRI and MRSI processing and post processing 

 Tumor and edema volume calculation 

Manual segmentation of abnormal brain mass in T2w images and edema in ADC maps was 

performed. Edema volume was considered to be represented by the hyperintensity zone in 

DWI and T2w images, while for estimation of tumor volume, the abnormal mass in T2w images 

was used, without taking into account the possible hyperintensity edema zone (example in 

Figure 4.12A). Tumor or edema volumes were calculated from T2w HR horizontal images using 

the equation 6 in section 3.4.1.1.  
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 Tumor and edema volumes of mice treated with TMZ (A) C1010 mouse (metronomic TMZ Figure 4.12

treatment with 140 mg/kg) at day 39 p.i axial T2w MRI image. Cxxxx corresponds to a unique alpha-

numeric animal identifier code in the GABRMN research group. Manual segmentation of tumor and 

edema is shown. Slashed green line approximately surrounds the tumor zone and slashed red line, the 

edema. (B) Apparent diffusion coefficient (ADC) maps and T2w axial images acquired at days 27, 29, 32, 

34 and 37p.i. from case C1037 with TMZ metronomic treatment (240 mg/kg/day). (C) Quantification of 

the edema volume in both ADC and T2w axial images acquired at days 32, 34 and 37p.i. from case C1037 

TMZ with metronomic treatment (240 mg/kg/day). Edema quantification from T2w images and ADC 

maps did not present significant differences (p>0.05). (D and E) Tumor and edema volume evolution of 

mouse C1010 (TMZ 140 mg/Kg). T2w axial images at different days p.i.  

 Brain MRSI post-processing and nosological imaging 

MRSI data were post-processed essentially as described in [270, 299]. Briefly, data were 

initially pre-processed at the MR workstation with ParaVision 5.1 (Bruker BioSpin), and then 

post-processed with 3D Interactive Chemical Shift Imaging (3DiCSI) software package (courtesy 
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of Truman Brown, Ph.D., Columbia University, New York, NY, USA) for line broadening 

adjustment (Lorentzian filter, 4 Hz), zero-order phase correction and exporting the data in 

American Standard Code for Information Interchange (ASCII) format. Dynamic MRSI processing 

Module (DMPM, http://gabrmn.uab.es/dmpm ), running over MatLab (The MathWorks Inc., 

Natick, MA, USA) was used to align all spectra within each MRSI matrix (using the Cho 

containing compounds peak as reference, 3.21 part per million (ppm)). The 0 – 4.5 ppm region 

of each spectrum in the MRSI matrix was individually normalized to UL2 and the normalized 

matrix was exported in ASCII format for performing the PR analysis.  

NMF methods belong to a group of multivariate data analysis techniques designed to estimate 

meaningful latent components, also known as sources, from non-negative data. Standard NMF 

methods decompose the data matrix into two non-negative matrices S (the sources) and A (the 

mixing matrix). The differences between these NMF methods are given by the different cost 

functions used for measuring the divergence between ‘X’ and S*A. Convex NMF, used in this 

work, is also able to handle negative data [249, 300]. 

From the biochemical viewpoint, the source extraction technique to classify MRS data assumes 

that in each voxel there is a mixture of heterogeneous tissues, from which the contribution of 

each source can be obtained [262]. Three different sources (normal brain parenchyma, actively 

proliferating tumor and tumor responding to treatment) were extracted and used for 

calculating nosologic maps representing the spatial response to treatment, as in [262]. In this 

work, the green colour is used for nosological image coding when GBM responding to 

treatment source contributes the most, blue for normal brain parenchyma, red for actively 

proliferating GBM and black for undetermined tissue [262].  
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Statistical analysis  

Variance homogeneity was assessed with the Levene’s test. Sample distribution was assessed 

with the Kolmogorov-Smirnov test. A two-tailed Student’s t-test for independent 

measurements was used for comparisons, for samples of equal or different variances 

(depending on the Levene’s test result). The global evolution of tumor growth curves or body 

weight measurements was evaluated with the UNIANOVA test. A bivariate correlation test 

with analysis of Pearson coefficient was carried out to assess the interrelation between the 

tumor volume at therapy starting point and the survival of each individual. Comparisons of 

survival rates were performed with the Log-Rank test. The significance level for all tests was 

p<0.05. 

4.3.3 Results  

Longitudinal metronomic treatment with CPA in tumor-bearing mice 

A significant improvement was detected regarding tumor evolution (Figure 4.13A) and survival 

rate (Figure 4.13B) for CPA140_11 in comparison with non-treated mice.  
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 Tumor volumes, survival rate and nosological images of mice treated with CPA (A) Tumor Figure 4.13

volumes ± SD (acquired at days 7, 11, 16, 18, 21, 24, 26, 27, 29, 32, 34, 38, 42, 45, 48 and 51 p.i) of 

control mice (blue line) and CPA treated mice (red line). The dashed blue line indicates CPA therapy 

administration days. Significant differences were observed between groups for comparisons between 

control and treated mice tumor volumes along therapy (p<0.05). (B) Survival Kaplan-Meier curves for 

control mice (blue line) and CPA treated mice (red line). Significant differences were found between 

groups (p<0.05). The dashed blue line indicates CPA therapy starting point. For all conditions and studies, 

n=6 was used (C) Nosologic maps superimposed on T2w reference images acquired at day 32 p.i. in cases 

C1033, C1034 and C1040 (CPA treated) and at day 16 in case C1039 (control). CPA dosage was 

140mg/kg administered every 6 days, at this time point (32 days), mice had received a total of 560 

mg/kg of CPA. For each map, blue represents normal tissue; red, actively proliferating tumor; green, 

tumor responding to therapy; and black undetermined tissue. Mean spectra calculated from individual 
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spectra of cases C1033, C1034 and C1040 at day 32, and C1039 at day 16. For mouse C1033, left, normal 

tissue (average of 2 blue pixels), and right, tumor responsive tissue (average of 23 green pixels). For 

mouse C1034, left, normal tissue (average of 23 blue pixels), in the centre, actively proliferating tumor 

tissue (average of 6 red pixels) and in the right, tumor responsive tissue (average of 54 green pixels). For 

mouse C1040, left, normal tissue (average of 46 blue pixels), and right, tumor responsive tissue (average 

of 50 green pixels). For mouse C1039, left, normal tissue (average of 67 blue pixels), in the centre, 

actively proliferating tumor tissue (average of 41 red pixels).  

The survival rate for CPA140_11 treatment was 36.7+15.2 vs. 19.7+2.7 days in control mice 

(Figure 4.13B). Significant differences (p<0.05) were observed for body weight evolution 

between groups (Figure 4.14A). At the therapy starting point, no significant differences 

(p>0.05) were observed neither for tumor volume nor for body weight between groups (Table 

4.8 and Table 4.9). 

 

  Body weight of mice from different experimental groups (A) Weight of mice treated with Figure 4.14

140 mg/Kg metronomic CPA (red lines) and control vehicle (black lines), the dashed blue lines indicates 

CPA therapy administration time points. Therapy start point is at day 11 day p.i. Significant differences 
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were observed between groups (p<0.05). (B-E) Weight of mice treated with metronomic TMZ (red lines) 

and control vehicle (blue lines), the dashed green lines indicates TMZ therapy administration time points. 

Significant differences were observed between treatment and control in each individual therapy 

experimental groups (p<0.05). (B) 140 mg/kg metronomic therapy starting at day 8 p.i. (C) 140 mg/kg 

metronomic therapy starting at day 11 p.i.  (D) 200 mg/kg metronomic therapy starting at day 8 p.i.  (E) 

240 mg/kg metronomic therapy starting at day 11 p.i. For all conditions and studies, n=6 was used. 

Longitudinal metronomic treatments with TMZ in tumor-bearing mice 

TMZ metronomic treatment was carried out in GL261 tumor-bearing mice and significant 

improvement (p<0.05) in survival rate was detected for all doses used (140, 200 and 240 

mg/Kg, Figure 4.15), in comparison with non-treated mice.  
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 Tumor volumes and Kaplan-Meier curve of control mice and metronomic TMZ treated mice Figure 4.15

(A-F) Tumor volumes of control mice and metronomic TMZ treated mice (metronomic administration 

every 6 days). Significant differences were observed between control and treated mice tumor volumes 

along therapy (p<0.05). (A) Control mice of therapy start point at day 8 p.i. (B) Treatment of 140 mg/Kg 

with 7 doses, therapy start point at day 8 p.i. (C) Treatment of 200 mg/Kg with 6 doses, therapy start 

point at day 8 p.i. (D) Control mice of therapy start point at day 11 p.i. (E) Treatment of 140 mg/Kg, with 

10 doses, therapy start point at day 11 p.i. (F) Treatment of 240 mg/Kg with 7 doses, therapy start point 

at day 11 p.i. (G) Survival Kaplan-Meier curves for control mice from this study, from [237] and 

unpublished data from GABRMN (n=61, dark blue line), TMZ 140 mg/Kg treatment (n=6, green line), TMZ 

140 mg/Kg treatment with therapy start point at day 8 p.i (n=6, purple line), TMZ 200 mg/Kg treatment 

with therapy start point day at 8 p.i (n=6, red line), TMZ 240 mg/Kg treatment (n=6, pink line), 3 cycles 

TMZ from [237] and unpublished data from GABRMN (n=38, black line) and 140 mg/Kg CPA treated mice 

(n=6, clear blue line). Significant differences (p<0.05) were found between treated group and controls, 

and for TMZ 140mg/Kg groups compared to the other treatments (TMZ 200 mg/Kg, TMZ 240 mg/Kg, 

CPA 140 mg/Kg and 3 cycles of TMZ). Inserts in A and D show results in an expanded x-axis scale. 

The composition of the experimental groups can be found in Table 4.9. At the start of each 

treatment, no significant differences were found between treated and control groups 

regarding tumor volume or body weight (Table 4.8 and Table 4.9). 

 TMZ metronomic treatment at 140mg/Kg (TMZ140_8 and TMZ140_11) 

For the 140 mg/kg metronomic TMZ treatment assessment, two different groups were 

studied. In one of the groups, TMZ administration started at day 8 p.i (TMZ140_8), and in the 

other group, at day 11 p.i. (TMZ140_11). 

With the first group, TMZ140_8 (Table 4.9), a Kaplan-Meier survival curve was elaborated to 

compare the survival rate with the control group (Figure 4.15G), and significant differences 

(p<0.05) were found between them. For control mice, the average survival rate was 19.7±2.7 

days and for the metronomic TMZ-treated ones, 46.7±28.4 days. A significant improvement 
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(p<0.05) was detected regarding tumor evolution as well (Figure 4.15A and B). With 

TMZ140_11 (Table 4.9), a Kaplan-Meier survival curve was elaborated to compare the survival 

rate with the control group (Figure 4.15G), and significant differences (p<0.05) were found 

between them. For control mice, the average survival rate was 19.0±2.1 days and for the 

metronomic TMZ-treated ones, 43.2±32.2 days. For this group, significant improvement 

(p<0.05) was also detected regarding tumor evolution (Figure 4.15D and E). On the other hand, 

no significant differences (p>0.05) were recorded regarding survival time for different therapy 

start days. 

 Grouping of both treatment groups at 140mg/Kg of TMZ 

At the starting point of each treatment, body weight and tumor volume were assessed. While 

significant differences (p<0.05) were recorded for different therapy start days comparing 

tumor volume of both groups (at day 8 p.i, 5.0±3.1 mm3 and day 11 p.i, 13.8±6.8 mm3), no 

significant differences (p>0.05) could be detected when comparing TMZ140_8 and TMZ140_11 

survival rates. So both groups have been grouped for further analysis (140 mg/Kg TMZ, n=12 

and control, n=12).  

 TMZ metronomic treatment at 200 mg/Kg (TMZ200_8) 

For TMZ200_8 treatment assessment, TMZ administration started at day 8 p.i. and significant 

differences (p<0.05) were found regarding tumor evolution along treatment (Figure 4.15A and 

C). The survival rate comparison between groups, Figure 4.15G, showed significant differences 

between groups (p<0.05): TMZ-treated mice showed a survival rate of 34.5±8.0 days, and 

control mice, 19.7±2.7 days.  

 TMZ metronomic treatment at 240mg/Kg (TMZ240_11) 

For TMZ240_11 treatment assessment, TMZ administration started at day 11 p.i. Significant 

differences (p<0.05) were found between treated and control group for tumor volume 
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evolution (Figure 4.15D and F), as well as for survival rates (Figure 4.15G): For control mice, the 

average survival rate was 19.0+2.1 days and for the metronomic TMZ treated ones, 32.2±15.8 

days. 

Non-invasive assessment of therapy response 

In Figure 4.13C, nosological images generated through semi-supervised source analysis are 

shown for three CPA metronomic treated cases at day 32 and one control case at day 16. 

Figure 4.13C also shows the mean spectra calculated from the segmented tumor zones. The 

three treated cases shown (out of n=6 total treated cases) presented reduced volume (2-30% 

reduction) at day 32 p.i in comparison with the previous exploration at day 29 p.i. All mice 

presenting tumor volume reduction during treatment show predominantly a “responding 

pattern” (green pixels in the nosological image) in the tumor zone, and a “normal parenchyma 

pattern” in the normal brain zone (blue pixels in the nosological image). On the other hand, 

the control mouse show “actively proliferating tumor pattern ” (red pixels in the nosological 

image) instead of “responding pattern” in the tumor zone.   

Regarding TMZ-treated cases with 140 mg/Kg, three groups were identified based on tumor 

growth: one group (33.3%, n= 4) did not show volume reduction at any time (Figure 4.16A), the 

second (41.7%, n= 5) showed a transient volume reduction (ranging 1.8-45% reduction in 

comparison with previous highest volume measurement) and tumor started growing again 

after a certain point (Figure 4.16B), and a third group (25%, n= 3) considered to be “cured” 

(Figure 4.16C) since tumor volume was reduced until only a small remaining abnormal mass 

was detected by MRI (Figure 4.17). Regarding the representative nosological images (Figure 

4.16B), when GL261 tumors showed volume growth arrest, there was a predominance of 

green pixels (responding tumor). During the phase of tumor shrinkage, red pixels (proliferating 

tumor) seem to predominate again, preceding the regrowth of the tumor. A further 

exploration (day 31 p.i) seems to point to an oscillatory behaviour with an increase in green 
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pixels again, although no further acquisitions were obtained. Tumors smaller than 5 mm3 could 

not be properly segmented from normal tissue due to the limiting pixel size, Figure 4.16C. 

 

 Examples of volume evolution follow-up and MRSI acquisitions of (A) one mouse that did Figure 4.16

not respond to therapy (C1012), in this instance no MRI acquisition was performed. (B) one mouse that 

responded to therapy but with posterior tumor relapse (C1013). (C) and a “cured” mouse (C1076). Mice 

were treated with 140 mg/Kg of TMZ every six days. Green lines indicate the days of therapy 

administration and MRSI was acquired once a week, and if tumor size was unchanged or reduced, twice 

a week. Some MRSI acquisitions could not be used due to the small tumor mass or the bad quality of 
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spectra obtained due to the heterogeneity of the investigated tissue. For each map, blue represents 

normal tissue, red, actively proliferating tumor, green, tumor responding to therapy, and black 

undetermined tissue. Numbers p.i. above or below nosological images refer to p.i acquisition time. 

 

 Coronal T2w MRI of “cured” mice from TMZ 140 mg/Kg metronomic therapy treatment. Figure 4.17

Consecutive slices from dorsal (left) to ventral (right), for the last day before euthanization, marked with 

slashed blue line. In some images, a remaining small abnormal mass is observed (either hypo or 

hyperintense) marked with a yellow arrow, but always lower than 1.5mm
3
 in size and no changes were 

observed during, at least, 4 weeks after the last therapy administration. In the last column (marked with 

a slashed red line) the maximum tumor volume achieved in each case is shown. Mouse C1002, 26.8 mm
3
, 

day 21 p.i.; mouse C1076, 4.6  mm
3
, day 16 p.i.; mouse C1073, 4.8 mm

3
, day 20 p.i. and  mouse C1015, 

18.5 mm
3
, day 23 p.i. 

Diffusion parameters in CPA and TMZ treated mice 

Some of the CPA and TMZ-treated mice displayed clear signs of peritumoral brain edema 

(PTBE) (Figure 4.12). DWI was acquired for these mice, as densely cellular tissues or those with 

intracellular swelling exhibit lower water diffusion coefficients when compared to an 

edematous hypocellular region, which allow their differentiation.  Figure 4.12B and C show 
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that ADC maps indicated that there was PTBE, compatible with an increased content of free 

water. Mice presenting edema were all from the group showing transient tumor volume 

reduction followed by final tumor regrowth. 

Figure 4.12D and E and Figure 4.18 also show that PTBE zones surrounding the tumor seem to 

have sometimes opposed evolution in comparison with tumoral tissue growth: the 

enlargement of the edema zone was accompanied by a decrease in tumor volume, and when 

tumor started growing again, edema decreased. 

 

 Tumor and edema volume evolution (A) of mouse C1011. T2w axial images at days 5, 11, 13, Figure 4.18

17, 21, 23, 25, 27, 29, 31, 34, 37 and 39 p.i. and (B) of mouse C1013. T2w axial images at days 5, 11, 13, 

17, 21, 23, 25, 27, 29, 31, 34, 37 and 39 p.i. Dashed green lines represent TMZ therapy administrations 

(140 mg/Kg).  

Follow-up of cured mice after TMZ therapy and assessment of final cause of death 

One mouse from the TMZ240_11 treatment (mouse C1015) was cured from its GBM, but after 

50 days p.i, it was found dead. In the TMZ140 groups, 25% of the mice (n=3) presented 

substantial tumor reduction until only a small, but stable abnormal mass could be detected by 

MRI (Figure 4.17 and also Figure 4.16C). These GBM-cured mice survived between 50 and 107 

days p.i and they were screened by whole body MRI examinations when their body weight 

decreased beyond 20% (Figure 4.14) to check for possible abnormal masses in other organs. 

Mice were euthanized according to animal welfare parameters, necropsy was performed and 
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samples stored in 4% formaldehyde. In about 75% of these mice (n=3), the most probable 

cause of death was a lymphoma mass (Figure 4.19 shows an example of a treated mouse 

(C1076) from the TMZ140_8 group, with thymic lymphoma detection, compared to a control 

mouse) with metastases in the surrounding structures and organs. The other 25% (n=1) died 

due to other dysfunctions in intestine, liver and kidney.  

  

 Example of thymic lymphoma appearance in one mouse treated with TMZ metronomic Figure 4.19

140 mg/Kg (C1076 at day 78 p.i.) (A-D) compared to a control mice with no lymphoma (E and F). (A) 

Whole body necropsy with the lymphoma localization marked with a black arrow (B) Mediastinum zone 

with the lymphoma localization marked with a black arrow and a red oval (C) C1076 mouse axial T2w MRI 

image. Slashed white line marked the tumor zone, occupying the zone of the mediastinum. (D) C1076 

mouse coronal T2w MRI image. Slashed white line marked the tumor zone. (E) Control mouse axial T2w 

MRI image and (F) Control mouse coronal T2w MRI image. 

Regarding the residual mass observed in brain MRI examinations of the cured mice (Figure 

4.17), the histopathological analysis did not find tumoral cells. Instead, scar tissue with 

macrophages and lymphocytic cells was detected in the initially inoculated region. In addition, 

no abnormal features were found in the rest of normal-appearing brain parenchyma. 
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4.3.4 Discussion 

Longitudinal metronomic treatments with CPA or TMZ in tumor-bearing mice 

Metronomic approaches have been followed for chemotherapeutic treatment of mice bearing 

GL261 tumors, with TMZ (140, 200 and 240 mg/Kg) and CPA (140 mg/Kg). These protocols 

were chosen according to previous studies describing that a 6-day interleave between 

administrations was the ideal resting period [231], because it could improve therapy response 

by enhancing the participation of the host immune system in such response. Authors in [231] 

also studied GL261 GBM in immunocompetent C57BL/6 mice using CPA 140 mg/Kg, achieving 

a cure in all of them, this being effective in 67% of the investigated mice even when animals 

were re-challenged with injection of new GL261 cells for tumor growth. Nevertheless, their 

model was ectopic, having GL261 cells inoculated subcutaneously into the posterior flank. Our 

goal was to assess if this metronomic scheme was also effective in our immunocompetent 

orthotopic GL261 model or, at least, whether it would help to improve our previous results 

obtained with non-metronomic TMZ treatment [237, 262]. In the case of CPA treatment, our 

results did not reproduce those described in [231]; despite the survival rate of treated animals 

being higher than controls (36.7±15.2 vs. 19.7±2.7 days, Figure 4.13B), no cure was achieved in 

our model. In addition, no significant differences (p>0.05) were found between the average 

survival of CPA-treated mice and results reported previously by our group with non-

metronomic TMZ treated mice [237, 262] and unpublished group data, 33.9±11.7 days (n = 

38). The main hypothesis to explain these differences could be that the tumor environment is 

relevant, and the therapy response becomes more complex in an orthotopic GBM, compared 

to the ectopic inoculation, an environment which does not mimic intracranial conditions. For 

example, niches for SCs (and CSCs) may be different in orthotopic with respect to ectopic 

locations. 
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The brain was considered as a relatively ‘immune-privileged’ site [301]. This was thought to 

reflect, in part, the protective nature of the BBB. Thus, the brain environment may be better 

protected as opposed to the subcutaneous location of tumors developed in [231]. Accordingly, 

there is a need to examine the antitumor activity of agents in the context of the appropriate 

tumor micro-environment, and an ectopic model could lead to false-positive response with the 

evaluated drugs [232]. In an orthotopic model, relevant host interactions are analysed, as well 

as aspects deriving from site-specific dependence. Therefore, CPA effect could be impaired in 

our orthotopic model due to the brain microenvironment protection and in relation with the 

performance of the immune system in the different locations. 

In the case of TMZ metronomic therapy studies, 140 mg/kg treatment offered the best results. 

Mice from these groups (TMZ140_8 + TMZ140_11, Table 1) survived 44.9±29.0 days (n=12), 

being significantly better (p<0.05) than the ones treated with TMZ 3 cycles of treatment [237, 

262] and unpublished group data (33.9±11.7 days, n=38). With metronomic TMZ140 

administration, three types of tumor evolution where observed: cured (25%, n=3), transient 

tumor volume reduction with relapse after a certain point (41.7%, n=5) and no apparent 

response to therapy (33.3%, n=4), Figure 4.16.   

TMZ treatment achieved better results regarding tumor volume reduction and survival rate 

than CPA, but without achieving curation of the GBM afflicted mice, in contrast with all mice 

cured results obtained for subcutaneous GL261 in [231] for CPA treatment. Still, the significant 

survival increase produced by CPA and TMZ in our orthotopic GBM model indicates a potential 

interest in the combination/alternation of the two compounds in future therapy studies. 

Influence of the tumor volume at the therapy starting point on survival 

No significant differences were found (p>0.05) when comparing survival rates between groups 

starting therapy with tumor volumes of 5.0±3.1 mm3 and those with tumor volumes of 

13.8±6.8 mm3 (corresponding to days 8 and 11 p.i. respectively), regardless of the therapeutic 
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agent or dosage utilized. Nevertheless, in order to assess the interrelation between the tumor 

volume at the therapy starting point and the survival rate, we decided to delimit the studied 

group to ensure that the only variable between groups would be the starting tumor volume. In 

this sense, only the groups receiving TMZ at 140mg/Kg were used and the linear regression 

test performed showed that the correlation between the initial volume and the overall survival 

time was significant (Pearson coefficient= -0.66, p<0.05), Figure 4.20. This would agree with 

what has been described by others, as it is well known that smaller “early stage” tumors may 

respond better to therapy than “advanced stage” tumors [283]. Decreasing the number of 

implanted cells usually slows down tumor growth [221], accordingly we would expect tumor 

volumes in [295] to be clearly below that of our day 8 tumors, still their average survival time 

was not better than the one found in this work and in [262]. On the other hand, results 

described in [302] when comparing survival of C57BL/6 mice harbouring GL261 GBM 

(intracerebral injection of 105 GL261-luc2 cells), treated with antibodies against CTLA-4 and/or 

PD-1 and starting therapy on day 6 p.i. or on day 14 p.i., showed better survival in the case of 

smaller (6 day) tumors at therapy start day. In this respect, it may be wise to recognize that in 

some of the mice groups being evaluated in the present work, differences between the 

smallest and the largest tumor volume at the starting therapy point was substantial (Table 

4.8), with the smaller (slow growing) ones producing a better therapy outcome, which is the 

case of mice C1076, C1071 and C1002, with survival times in the range of 50-107 days. On the 

other hand, smaller (slow growing) tumors in non-treated mice did not display major survival 

differences with respect to larger ones. In summary, although no significant differences could 

be demonstrated for average survival values of the evaluated groups analysed altogether, 

there were hints of possible influence of initial tumor volume at treatment start in therapy 

response also in our model, as it can be noted with the significant correlation obtained within 

the TMZ 140mg/Kg groups (Figure 4.20). 
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 Correlation between volume at therapy starting point (metronomic TMZ at 140mg/Kg) and Figure 4.20

survival.  

Non-invasive assessment of therapy response 

MRSI grids were acquired once a week, or two times a week if tumor volume stayed constant 

or decreased in comparison with previous MRI acquisitions. So, not all time points of tumor 

evolution have a corresponding MRSI data acquisition. A semi-supervised source analysis, as 

described in [262], was applied to MRSI data and nosologic images were generated (Figure 

4.13, Figure 4.16). Clearly responding tumors (according to tumor volume changes and 

response evaluation criteria in solid tumors (RECIST) criteria [262, 303]) showed a 

predominance of green pixels (“responding” spectral pattern). A predominance of red pixels 

(“actively proliferating” spectral pattern) was also seen in some cases at times of tumor 

volume reduction, for example in Figure 4.16B (day 29 p.i.). In this case, it was followed by a 

mostly “actively proliferating” metabolomics pattern with tumor volume regrowth (days >31 in 

Figure 4.16B), suggesting an oscillatory behaviour for the response/regrowth patterns being 

sampled by MRSI, which may merit further evaluation in future work. These results are in 

agreement with previous results from our group [262], and offer an additional non-invasive 

window to assess the effectiveness of TMZ and CPA chemotherapy through a surrogate 

biomarker. Even before changes in tumor volume expected increase are observed in MRI 
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acquisitions, spectral pattern changes can be seen (e.g. day 21 p.i. in mouse C1013 in Figure 

4.16B).  

The reference sources used in the semi-supervised methodology were the same ones used for 

the conventional 3 cycles TMZ experiment [262]. Those sources have been robust enough to 

differentiate responding from non-responding tumors under different therapies (TMZ and 

CPA), which suggests that metabolic changes contributing to those response patterns are 

reproducible and, possibly, similar between TMZ and CPA (Figure 4.21), being both recognized 

by the previously extracted source. If we accept that both therapeutic agents produce 

immunogenic death, as stated in [295] for TMZ, and in [304] for CPA, these metabolic changes 

sampled by the response source could be explained due to the mobilization of the immune 

system to fight against the tumor (see below Relevance of host immune system in therapy 

response section) producing similar metabolomic patterns due to immune system-caused 

tumor cell death. This would provide a rationale for the recognition by the same source in the 

response caused by both therapeutic agents. 

 

 Responding pattern average spectra after semi-supervised source analysis of (A) TMZ Figure 4.21

treated mouse (C1037 at day 21 p.i.), tumor responsive tissue (average of 44 green pixels) and (B) CPA 
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treated mouse (C1034 at day 32 p.i.), tumor responsive tissue (average of 54 green pixels). Both average 

spectra are visually compared with the TMZ responding source obtained from the training group [262]. 

One of the handicaps for this part of our work is that there were some situations that could 

impair the correct acquisition of MRSI data. Namely, when tumor reached a large volume 

(about 150 mm3), occupying most of the acquired MRSI grid and becoming MRI-wise 

heterogeneous, the presence of edema and extravasated blood could impair local 

homogeneity adjustments and, accordingly, the spectral MRSI quality could be worsened. On 

the other hand, when tumor volumes became very small (for example C1076 at day 23 p.i., 

volume of 2.9 mm3) partial volume effects from peritumoral brain parenchyma could limit the 

accuracy in the nosological images obtained from the sampled region, Figure 4.16C.  

Diffusion MRI studies in CPA and TMZ treated mice:  edema appearance 

A new feature observed in this study, compared to previous work from our group [237, 262] 

and other work with orthotopic GBM [295], was the appearance of PTBE zones surrounding 

the tumor, which seem to have in some instances an opposing behaviour in comparison with 

tumor evolution. This was observed in T2w MRI and confirmed by diffusion MRI. The underlying 

mechanism for these events has not been elucidated yet, but one possible explanation is that 

chemotherapy causes a higher degree of (desired) tumor-cell and endothelial-cell killing than 

basal effects produced by standard tumor growth with concomitant nutrient access restriction. 

Thus, it is known that TMZ induced DNA damage may harm proliferating endothelial cells. This 

overall increased cell death might lead to secondary inflammatory reactions analogous to the 

wound-healing response [305], originating abnormal vessel permeability and subsequent 

edema formation in the (peri)tumoral area [306]. Furthermore, some authors state that PTBE 

is a consequence of tissue reconstruction resulting from tumor cell invasion and could also act 

as an appropriate suitable niche for the growth and spread of glioma cells [307], indicating an 

increased probability of tumor regrowth/relapse.  
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It may be relevant to mention here the phenomenon named “pseudoprogression” (increased 

contrast uptake volume faking relapse) known to appear in humans during or after classical 

radiochemical GBM treatment, which has been described to correlate with increased PTBE. 

This PTBE has also been seen in glioma patients treated with dendritic cell-based 

immunotherapy [308]. In this respect, the PTBE detected in our GBM cases could well have a 

similar origin as in the pseudoprogression human instances. Accordingly, the large PTBE 

recorded from our investigated mice would also agree with the participation of the immune 

system of the host mice in the response mechanism, producing inflammatory regions 

detectable by MRI. 

Hazardous effects due to cumulative TMZ dosage in brain-tumor “cured” mice 

A total of 3 mice out of 12 (25%) of the TMZ140 treatments presented tumor regression 

(Figure 4.16C) and their survival rate ranged between 74 and 114 days. In addition, one mouse 

from TMZ240_11 survived for 50 days.  However, they had to be euthanized after 20% weight 

reduction, and concomitant worsening of the health status of the animal. In 3 out of these 4 

mice (75%), a lymphoma was found in necropsy studies (Figure 4.19). TMZ has a strong 

mutagenic potential on mouse bone marrow cells in vivo [309]. Also, clinical patients treated 

with high dose regimens of TMZ for extended periods might present with particular risk for 

secondary malignancy (like lymphoma appearance [310]) because of treatment-associated 

immunosuppression and a high cumulative dose of a potentially carcinogenic alkylating drug 

[311].  

The cumulative dosages used for this study are shown in Table 4.9. For all treatments, the 

lower cumulative dosage used for TMZ was of 980 mg/Kg, and the higher cumulative dosage 

used was of 1400mg/Kg, which is equivalent to 2940 mg/m2 and 4200 mg/m2, respectively, 
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taking into account the conversion factors for mouse data12. For human patients, TMZ is used 

in a different administration schedule [312], with 75 mg/m2/day x 7 days/week for 6 weeks, 

plus 150-200 mg/m2/day x 5 days, every 28 days for six cycles. This results in a cumulative dose 

of 7650-9150 mg/m2. The cumulative dosage given by us in our study in mice is indeed lower 

than the human dosage, but it is concentrated in a much shorter period of time (42-60 days in 

mice vs. around 240 days in human patients, in addition to large interleave rest periods), which 

could explain a higher incidence of other malignancies due to TMZ treatment in our preclinical 

studies in the GBM “cured” mice.  

Until the present study, the TMZ cumulative dosage used in our group was of 540 mg/Kg (1620 

mg/m2 concentrated in 15 days) and no toxic effects had been found. One of the possible 

reasons to explain this absence of toxic effects could be that animals previously evaluated in 

our group did not survive beyond 33.9±11.7 days and the toxic effects (or tumor promoting 

effects) would appear at a later time, in case of animal survival due to first-line therapy. In 

chapter 4.2 (Figure 4.5), we have found that TMZ MTD in acute dosage was 480 mg/Kg for 

C57BL/6 mice (1440 mg/ m2), but no systematic study has been performed about TMZ 

cumulative toxicity. On the other hand, there is a study of cumulative MTD in human glioma 

patients [313], where they affirm that the MTD is 350 mg/m2/day, as at this dose level they 

observed evidence of severe toxicity occurring beyond cycle two (3 days every other week), 

producing a cumulative dose of 2400 mg/m2. Their toxicity evidence included neutropenia in 

33% of patients and severe thrombocytopenia in 42% of patients. Therefore, a daily dose of 

300 mg/m2 was considered to be the recommended dose for TMZ for use in repeated cycles 

administration (8 cycles) in humans.  

                                                           
 

12
 https://ncifrederick.cancer.gov/lasp/acuc/frederick/Media/Documents/ACUC42.pdf 
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As many studies have reported, one of the advantages of metronomic chemotherapy 

administration schedules with low dosages would be the decreased toxic effects compared to 

MTD chemotherapy [314]. In this sense, and given the results described in this work, a 

decrease in the TMZ dosage would be advisable in order to avoid the appearance of hazardous 

effects due to TMZ cumulative dosage upon metronomic administration. 

It is also worth mentioning that the lymphoma occurrence found in our treated mice took 

place around 3 months p.i., but most of the studies dedicated to preclinical brain tumor 

therapy in literature do not perform long-term follow-up studies in their treated animals. 

Without these follow-up explorations, it is impossible to check for tumor relapse or 

development of other malignancies due to the usually high doses of mutagenic 

chemotherapeutics administered [65], and accordingly, it is not possible to compare our data 

in this with those of other authors. For example, authors in [231] describe a resting period 

after the last CPA administration of 33 days, with an additional re-challenge period of about 30 

additional days but there was no longer-term follow-up described.  

Relevance of host immune system in therapy response 

The possibility of using the patient’s immune system for the treatment of cancer was first 

theorized more than 100 years ago, but only in the last decades this field has advanced toward 

clinical applications. 

Since its inception in 2000, metronomic chemotherapy [91], has undergone major advances as 

an antiangiogenic therapy. Furthermore, the discovery of the pro-immune properties of 

chemotherapy through mechanisms of immunogenic death and its indirect effects on cancer 

cells has established the intrinsic multitargeted nature of this therapeutic approach [315]. The 

past 15 years have seen a marked rise in clinical trials of metronomic chemotherapy, which is 

being increasingly combined in the clinic with conventional treatments, as well as with novel 
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therapeutic strategies, such as drug repurposing, targeted agents and immunotherapy [314]. 

Our results perfectly link with results described by others [231, 290] which worked with GL261 

subcutaneous tumors in immunocompetent mice treated with CPA metronomic therapy. This 

treatment was proven to activate antitumor CD8+ T-cell response, and also to induce long-

term, specific T-cell tumor memory [231, 290]. The same authors also proved that a 6-day 

intermittent was the optimum timing for this therapy, which could agree with the 7-day cycle 

for immune cell recruitment in mouse brain described in [81].  

Other approaches taking into account the immune response are being developed with 

satisfactory results. For example, immune vaccines used in GL261 C57BL/6 mice produced 

increased survival with respect to control mice [316] or even cure for up to 50% of the 

investigated mice [317].  Moreover, direct treatment of GL261 orthotopic tumors growing in 

C57BL/6 mice with monoclonal antibodies against CTL4 or PD1 T-lymphocyte ligands cures up 

to 75% of treated animals [302], highlighting that the immune factor cannot be neglected in 

the therapy response context. Nevertheless, GL261 cells used in [302, 316] also expressed a 

transduced firefly luciferase gene for non-invasive follow-up, and luciferase has been reported 

to trigger an immune response on its own [218] which suggests that caution may be required 

to untangle the possible contribution of the mouse-alien protein to the favourable results 

obtained with the immune checkpoint blockade alone.  

Results obtained in our study would point to the metronomic schedule of administration (best 

results at 140mg/Kg dosage) as a good alternative for preclinical GBM treatment. Moreover, 

the improvement of results in comparison with the traditional administration scheme 

described in [237] suggests that the 6-day cycle is performing better than classical more 

continuous drug administration approaches. This would agree with a possible better 

recruitment of the host immune system as described in [231, 304]. Further work will be 

needed to validate this hypothesis, with longitudinal studies and histopathological analysis at 
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different time points, taking into account non-invasive information from nosological images as 

guidance to decide euthanization time points for ex-vivo tumor infiltrating immune cells 

characterization through immunohistochemistry.  

4.3.5 Conclusions  

Results in this work indicate that orthotopic GL261 inoculated mice did not produce the same 

outcome under metronomic CPA therapy than ectopic GL261 GBM mice. Thus, the correct 

choice of the preclinical model is essential to obtain relevant information about treatment. On 

the other hand, both the CPA and the TMZ metronomic protocols produced a satisfactory 

effect, reducing tumor volume and increasing mice survival, while 25% of mice experienced 

tumor regression and cure. This is an improvement in comparison with the previous 3-cycle 

TMZ treatment approach previously described by us. Further studies will be needed to 

evaluate the possible contribution of the host immune system recruitment due to metronomic 

schedule administration in our experimental model. Despite these promising results, the 

incidence of lymphoma in some animals indicate that further optimization experiments must 

be performed with lower TMZ cumulative dose and/or less administrations or with 

combination therapies while maintaining or increasing cured mice percentage. 
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 GENERAL DISCUSSION 5

In the attempt of finding a suitable non-mutagenic GBM therapy for our GL261 implanted 

C57BL/6 mice (intended to be used alone or in combination), we focused into protein CK2, an 

oncogenic protein kinase which contributes to tumor development, proliferation, migration 

and invasion, as well as apoptosis suppression in cancer [115, 164]. Our results in preclinical 

GL261 GBM pointed to higher expression levels of CK2α in tumor in comparison with the 

normal tissue (Figure 4.1 and Table 4.1), which is in agreement with other authors that 

affirmed that  high levels of CK2α are expressed in solid human tumors [165, 166]. So these 

results reinforced the potential of CK2α as a valid therapeutic target [124, 275] to investigate 

in preclinical GL261 GBM. In this sense, recent studies have reported that diverse iCK2 exert 

inhibitory effects over cell growth, such as the very specific iCK2, CX-4945, which has been 

reported as the first iCK2 to reach clinical stage testing for the treatment of multiple types of 

cancer [121, 124]. Moreover, there are other promising iCK2s in development, such as TDB 

[125].  

When culturing GL261 cells with different iCK2, cells sensitivity was variable for the different 

iCK2 evaluated, being CX-4945 and TDB the ones producing the most significant decrease in 

GL261 cell viability (Figure 4.3A and B), although CX-4945 was chosen for further experiments 

because it has been already described in clinical and preclinical studies [122–124]13,14. 

Moreover, as expected, a significant reduction of CK2 activity in CX-4945 treated GL261 cells, 

accompanied by the decrease of the phosphorylation of the CK2 target AKT(S129) (Figure 4.4A-

D), similarly to [123] in prostate PC3 cancer cells, was detected. In addition, AKT 

phosphorylation was found reduced as the CX-4945 concentration was increased in GL261 

                                                           
 

13
 http://www.cancer.gov/clinicaltrials/search/view?cdrid=642699&version=HealthProfessional 

14
 http://www.prnewswire.com/news-releases/cylene-presents-encouraging-clinical-data-for-oral-ck2-

inhibitor-at-asco-123219423.html 
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cultured cells, in a dose-dependent manner. It has been described that the antiapoptotic effect 

of CK2 can be partially mediated by upregulation of the AKT/PKB pathway [203], thus the 

reduced viability found in GL261 cultured cells treated with CX-4945 can be also related to the 

downregulation of this pathway. These results reinforced the idea that CX-4945 could be a 

promising candidate for non-mutagenic brain tumor therapy in our preclinical GBM model.  

Despite CK2 activity was found reduced in GL261 GBM tissue from investigated mice after CX-

4945 administration, confirming us that CX-4945 had reached the target tissue (Figure 4.4E), in 

agreement with [124], surprisingly, the in vivo treatment of GL261 tumor-bearing mice did not 

produce a better outcome (Figure 4.6). These results were in disagreement with a previous in 

vivo study [124] with intracranial human xenografts treated with CX-4945, which showed 

significant effects in mice survival. These unexpected results lead us to hypothesize that a 

combined therapy with CX-4945 superimposed with TMZ could produce better results, as TMZ 

treatment in preclinical GBM mice has been proved useful in our group [237]. Nevertheless, 

the combined treatment did not produce the expected improvement (Figure 4.9). On the 

contrary,  the combined TMZ+CX-4945 therapy showed similar results than control mice, even 

reversing the beneficial effect of the TMZ 3 cycles treatment (Figure 4.10). After these results, 

we checked for any possible antagonistic interaction between the two agents in  GL261 cells in 

vitro, for example through TMZ-induced indirect AKT activation [318]. Nevertheless, we found 

increased efficacy regarding cell viability reduction in comparison with both therapeutic agents 

administered separately (Figure 4.3A). 

The more appealing explanation for the initially disappointing in vivo results with non-

metronomic therapeutic schema could be related to the role of the immune system in therapy 

response [77], which could explain why different results are obtained when comparing in vitro 

and in vivo results for CX-4945 in our hands. The CTLs have a relevant role in the defence 

against cancer recognizing antigen presented on the surface of transformed cells, following a 
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complex cycle described in [80] and also in Figure 1.8. It was also described the need of a 

functional CD5-dependent CK2 signalling for efficient differentiation of naive CD4+ T cells into 

Th2 and Th17 cells [80, 291], involved in monocytes differentiation into DC subsets [292]. 

Moreover, authors in [293] have recently described impairment of Th17 cells development by 

CK2 inhibition with CX-4945 in a C57BL/6 mouse model of experimental autoimmune 

encephalomyelitis. Accordingly, CK2 inhibition could impair proper attraction of immune 

response triggered by immunogenic cell death signals. In this respect several authors have 

described immunogenic death caused by TMZ therapy in GBM [294, 295]. Additionally, CK2 

inhibition in vitro has been shown to compromise normal T-cell viability of cultured peripheral 

blood T-lymphoctes harvested from chronic lymphocytic leukemia patients [296].  All this 

combined would provide an explanation for the lack of tumor response detection or even 

reversal of the TMZ effect, and accordingly, no survival increase in our treated GBM mice.  

In this respect, in preceding years, several groups started to study the so-called “metronomic 

therapy” [91] approach, referring to equally spaced, low doses of chemotherapeutic drugs 

without extended rest periods. Also, new therapeutic regimens with conventional drugs have 

been evaluated in order to activate immune responses that enhance tumor regression and 

prevent tumor regrowth. Specifically in GL261 tumors growing subcutaneously in 

immunocompetent mice, CPA metronomic therapy has proven to not only activate antitumor 

CD8+ T-cell response, but also to induce long-term, specific T-cell tumor memory [231, 290]. 

These authors have also proven that a 6-day intermittent was the optimum timing for this 

therapy and this could agree with the 7-day cycle for immune cell recruitment described in 

[81] and Figure 1.8. Authors in [231] studied GL261 GBM in immunocompetent C57BL/6 mice 

using CPA 140 mg/Kg, achieving a cure in all of them, this being effective even when animals 

were re-challenged with new GL261 cells for tumor growth. Nevertheless, their model was 

ectopic, having GL261 cells inoculated by subcutaneous injection into the posterior mice 

flanks. In the case of CPA treatment, our results were not able to reproduce the ones 
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described in [231]. The metronomic CPA treatment (140 mg/kg, every 6 days) in orthotopic 

GL261 GBM showed an increased survival rate with respect to control GL261 (Figure 4.13), 

although without significant differences in comparison with the standard TMZ 5-3-3 cycle 

previously described by our group of non-metronomic TMZ treated mice [237, 262]. These 

differences could be because the environment of the tumor is relevant, and the response to 

therapy becomes more complex when the GBM is growing orthotopically inside the brain, in 

comparison with an ectopic inoculation, an environment which does not mimic intracranial 

conditions due to the brain microenvironment protection and related with the actuation of the 

immune system. 

After observing that CPA metronomic therapy produced a promising outcome, TMZ 

metronomic therapy protocols were performed. Different dosages of TMZ were used (60, 140, 

200 and 240 mg/Kg) and we also assessed the influence of starting therapy with smaller tumor 

volumes. The best results were obtained with 60 and 140 mg/kg treatment (with no significant 

differences between them, p>0.05) with survival rates of 44.9±29.0 days and 38.7±2.7, 

respectively. From TMZ_140 group, a 25% of mice were cured, 41% of mice had transient 

tumor volume reduction with relapse after a certain point and a 33.3% of mice did not 

significantly respond to therapy (Figure 4.16). TMZ treatment achieved better results regarding 

tumor volume reduction in growth curves and survival rates than the ones obtained with CPA, 

but without achieving 100% curation of the GBM afflicted mice as described for subcutaneous 

GL261 GBM in [231]. Still, the significant survival increase produced by CPA and TMZ in our 

orthotopic GBM model suggests a potential interest in the combination or alternation of the 

two compounds in future studies. 

A new feature observed in this study with metronomic therapy compared to previous work 

from our group [237, 262] and that of others with orthotopic GBM [295] was the appearance 

of PTBE zones surrounding the tumor, which seem to have delayed or even opposing 
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behaviour in comparison with tumor evolution (Figure 4.12). It may be interesting to mention 

here the phenomenon named “pseudoprogression” (increased contrast uptake volume faking 

relapse) known to appear in humans during classical radiochemical GBM treatment, which has 

been described to correlate with increased PTBE. This PTBE has also been seen in glioma 

patients treated with dendritic cell-based immunotherapy [308, 319]. In this respect, the PTBE 

detected in our GBM cases could well have a similar origin as in the “pseudoprogression” 

human instances. Accordingly, the large PTBE recorded from our investigated mice would also 

agree with the participation of the immune system in the response environtment of host mice 

in the response mechanism, producing inflammatory regions detectable by MRI. Further 

histopathological studies would be needed to confirm or discard this hypothesis.  

The appearance of lymphomas was observed in necropsy studies (Figure 4.19) from mice 

treated with high TMZ cumulative dosage (480-1440mg/Kg). The lymphoma formation could 

be due to the strong mutagenic potential of TMZ on mouse bone marrow cells in vivo [309]. 

Also, patients treated with high dose regimens of TMZ for extended periods might present 

with particular risk for secondary malignancy (like lymphoma appearance [310]) because of 

treatment-associated immunosuppression and a high cumulative dose of a potentially 

carcinogenic alkylating drug [311]. Despite improving therapy outcome with TMZ metronomic 

administration in mice GBM, the incidence of lymphoma in some animals indicates that further 

optimization experiments must be performed with lower TMZ cumulative dose and/or less 

administrations or with combination therapies while maintaining or increasing cured mice 

percentage. This was partially the case of metronomic every 6-day TMZ (60mg/Kg/day) and CX-

4945 (150mg/Kg/day) administration treatment, with a cumulative total dose of 480mg/kg for 

TMZ and 1200mg/Kg for CX-4945. Nevertheless, mouse C1153, receiving the aforementioned 

treatment, died in consequence of a lymphoma at day 114 p.i. Accordingly, this cumulative 

dose need to be further reduced for improving mice GBM outcome without generating TMZ 

derived secondary malignancies, such as thymic lymphoma. 
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Taking into account MRSI analysis performed in this study, clearly responding tumors 

(according to tumor volume changes, tumor growth arrest or tumor volume decrease) showed 

a predominance of green pixels (referring to “responding” spectral pattern). A predominance 

of red pixels (“actively proliferating” spectral pattern) in semi-supervised MRSI analysis was 

also seen in some cases of tumor volume reduction, although in these cases a relapse and 

resume of tumor growth was seen after 3-4 days, Figure 4.16B. These results are in agreement 

with previous results from our group [262], and offer an additional non-invasive window to 

assess the effectiveness of a therapy through a surrogate biomarker, even before changes in 

anatomical information gathered from MRI acquisitions (tumor volume changes) can be seen 

(e.g. day 21 p.i. in mouse C1013 in Figure 4.16B). Still, an unexpected further increase in the 

green (“responding”) pixels in a posterior acquisition at day 31 (see last nosological image 

shown in Figure 4.16B) seems to suggest an oscillating behaviour for the responding pattern 

detectable from nosologic images, which may merit further evaluation.  

Other results from our group performed in parallel with this thesis (reported in [320]), with 

TMZ 5-3-3 cycles schedule instead of metronomic schedule, offered interesting 

complementary information. Thus, in Figure 5.1, regarding to tumor volume, we can clearly 

appreciate growth arrest starting after the second TMZ cycle (day 20 p.i.), with small changes 

until day 31 p.i. (stable disease following RECIST parameters [303]), whereas the relative 

percentage of responding pixels (the volume of “responding” tumor) presents an oscillating 

pattern peaking every 5-7 days, approximately. This apparent discrepancy between lack of 

tumor volume changes and response detected by in vivo metabolomics would fit with the 

“waves” of host immunological response triggered by initial immunogenic death of tumor cells 

after treatment with TMZ, as described in [294, 295], and Figure 1.8. New “repopulation” of 

the tumor mass with actively proliferating GL261 cells with new clonal characteristics would 

cause the oscillating peaks of non-responding tumor (red pixels). The initially activated CD8+ T 

cells would not be effective against those new GL261 cells done and another cycle of DC 
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priming and new T cells clones activation would be required. However, although it seems that 

7-day oscillations of “responding pixels” are present, it is important to remark that the 5-2-2 

cycle scheme was not designed for metronomic performance, or to maximize immune system 

attraction, with concomitant avoidance of interference with the immune attack to the tumor.  

 

 Relationship between tumor volume evolution and nosological images obtained (A) T2w MRI Figure 5.1

(axial orientation) from one GL261 tumor-bearing mouse. These acquisitions allow an accurate tumor 

volume calculation. The pink rectangles represent the scheme of the multislice MRSI used for the 

nosological image calculation, orientation perpendicular to the axial view. (B) Graphical representation 

of the tumor volume evolution (in mm
3
 , blue line, left scale), and the percentage of responding “green” 

pixels obtained after NMF analysis of MRSI data acquired in the multislice set as in [262] (in %, green 

line, right scale). For chosen time points, the evolution of the nosological images obtained with the 

semisupervised source extraction system is shown in four columns of colour coded grids, superimposed 

to the T2w-MRI for each slice. The green shaded columns indicate TMZ administration periods. (from 

[320]). 
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On the contrary, it is possible that the timing of the TMZ cycles was partially preventing the 

detection of a full immune cycle development. If the 7-day cycle for immune system activation 

is proven correct in our GBM preclinical system, the interleave between the first and second 

cycle should have been 6-7 days, instead of the 3 days shown in Figure 5.1. Premature TMZ 

administration could trigger cell death, both from tumor cells and also from proliferating 

primed CD8+ lymphocytes in the LN (see Figure 1.8) which should later infiltrate the tumor. The 

next “response” peak would be a mixture of new immune system attraction through tumor cell 

death caused by the previous TMZ treatment, and a wave of the remaining CD8+ lymphocytes 

not killed by TMZ administration.  

All this taken into account, it can be suggested that the timing of administration of an iCK2 as 

therapeutic agent may be crucial for obtaining optimal therapeutic results in case immune 

response is involved. In this respect we should remind the reader that CX-4945 treatment 

every day, alternate days, or every 6 days metronomic did not produce any benefit (Figure 

4.6A and B and Figure 4.11C). It was only when TMZ and CX-4945 combined metronomic 

treatment was applied that significant, and the best survival results in the group where 

obtained (64.5±27.1 days). This may be interpreted as meaning that CX-4945 administered 

every 6 days could help TMZ to kill tumor cells producing better immunogenic death that with 

TMZ or CX-4945 alone without impairing the immune system CTL amplification time in the 

middle of the 7-day immune cycle. Despite this, it is important to mention that it is unclear the 

extent to which CX-4945 or TMZ cause immunological cell death in GL261 GBM cells. This is a 

study progress in our group.   

Other approaches taking into account the immune response from the host for GBM therapy 

are being developed by other authors with satisfactory results. For example, immune vaccines  

used in GL261 C57BL/6 mice, in which treated mice survived longer than control mice [316], or 

plain treatment of GL261 orthotopic tumor growing in C57BL/6 mice with monoclonal 
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antibodies against CTL4 or PD1 T-lymphocyte ligands which cure up to 75% of treated animals 

[302], highlighting that the immune factor cannot be neglected in the GBM therapy response 

context.  

The improvement of results with metronomic TMZ administration in comparison with the 

traditional administration scheme described in [237] suggests that the 6-day cycle is 

performing better. This would agree with a possible higher recruitment of the host immune 

system in our case as described by [98, 304], although no histopathological validation of this 

has been carried out yet in our case. Further studies are needed to confirm or discard this 

hypothesis, with longitudinal studies and histopathological analysis at different time points 

profiting from the evaluable non-invasive characterization of response through nosological 

images and using different histochemistry approaches for immune cells characterization. 

We consider that it is possible to enhance or modulate the host immune system fight against 

GBM triggered by cell death due to treatment. Moreover, we also consider it possible to non-

invasively assess this immune system performance with our molecular imaging strategies, 

gathering information about tumor response even when the tumor volume evolution is stable 

and no apparent changes are seen in the volume of the tumor. If proven correct, in the future 

it would be interesting to use the non-invasive information gathered from tumors along 

treatment to adjust the therapy administration in each case. We would expect in this case that 

a 6-7-day metronomic cycle would produce a responding pattern. But, still, we cannot discard 

that some natural deviations of the standard 6-7-day cycle for immune system recruitment 

and action could take place. If it was possible to detect these variations in a non-invasive way, 

the therapy administration could be adjusted to match with the first signal of tumor response 

compromise. 

It is worth noting the potential interest in attempting the clinical translation of this approach. 

Nowadays, patients under treatment have follow-ups each 3 months for therapy response 
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assessment, and based essentially in MRI features. If our nosological imaging approach 

strategy is robust enough, this would provide an additional window for effectiveness 

assessment and therapy change in case of no-response or, on the contrary, maintain a 

therapeutic schedule if signals of clear response  are seen. 

 



General conclusions 

153 
 

 GENERAL CONCLUSIONS 6

1. The content of the CK2 catalytic subunit (CK2α) was found higher in GL261 GBM tumor 

(about 4-fold) and in contralateral brain parenchyma (more than 2-fold) compared to 

wt brain parenchyma.  

2. No significant changes were found in the CK2 regulatory subunit (CK2β) expression, 

suggesting a predominance of CK2α overexpression in the evaluated GL261 tumors 

and possibly pointing to a differential role for the two subunit types in GBM tumor 

development in our investigated model.  

3. CX-4945 and TDB had a noticeable effect in decreasing GL261 GBM cell viability and 

CK2 activity in vitro. Additionally, we found that CX-4945 reached the target tissue in 

vivo and inhibited its CK2 target.  

4. No beneficial effect was observed for tumor growth or survival rate in longitudinal in 

vivo experiments in GL261 tumor-bearing mice treated with CX-4945 every day or in 

alternated days. The combination of CX-4945 every day and TMZ 5-2-2 therapy also 

showed poor results, reversing the beneficial effect of TMZ in GL261 tumor-bearing 

mice survival, although an increased effect had been observed in the combined in vitro 

treatment of GL261 cells.  

5. The TMZ metronomic protocol produced a satisfactory effect increasing survival rate in 

GL261 harbouring C57BL/6 mice. Some mice experienced tumor regression and cure, 

which is an improvement in comparison with the previous 3-cycle TMZ treatment 

approach previously described by us. 

6. CX-4945 administration every day or in alternated days could be impairing cytotoxic T-

cell amplification cycle and, consequently, blunting proper immunotherapy related 

response. Otherwise, metronomic TMZ and CX-4945 combined therapy offered the 

best results obtained in our group increasing survival rate, which could explain the 
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poor results obtained with the non-metronomic schedule. This would reinforce the 

idea of the immune system participation of host C57BL/6 mice in response to therapy. 

7. Orthotopic GL261 inoculated mice did not produce the same outcome under 

metronomic CPA therapy than ectopic GL261 GBM mice described in previous 

literature, but survival rate was significantly higher than with control mice. 

8. In mice treated with TMZ 140 mg/Kg PTBE zones surrounding the tumor were found, 

which seem to have delayed or even opposing behaviour in comparison with tumor 

evolution and could be related to the “pseudoprogression” concept described for 

human patients.  

9. High doses of TMZ metronomic treatment produced lymphoma in some animals, 

indicating that further optimization experiments must be performed with lower TMZ 

cumulative dose and/or less administrations while maintaining or increasing cured 

mice percentage. 

10. The semi-supervised source extraction methodology used for nosological image 

generation was able to characterize the response to TMZ and CPA in preclinical GBM 

both at a defined time-point and along the therapy protocol.  

11. The semi-supervised source extraction methodology used for nosological image 

generation bears a translational application potential for monitoring response to 

treatment in patients and allowing early decision making with respect to second line 

personalized therapeutic strategies.  
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 ANNEXES 8

8.1 ANNEX 1: SUPERVISION OF LABORATORY ANIMALS  

MONITORING PARAMETERS (scale: 0-3 points):  

Weight Loss  
0) Normal Weight  
1) Less than 10% loss  
2) Between 10 and 15% loss  
3) Consistent or rapid, exceeding 20% loss maintained for 72h  
 
Physical appearance  
0) Normal  
1) More than 10% dehydration, skin tenting  
2) Erected hair. Cyanosis  
3) Hunched back. Loss of muscle mass  
 
Clinical signs  
0) None  
1) Circular motion of the animal  
2) Mucous secretions and/or bleeding from any orifice. Detectable hypertrophy of organs 
(lymph nodes, spleen, liver)  
3) Shortness of breath (particularly if accompanied by nasal discharge and / or cyanosis). 
Cachexia.  
 
Changes in behaviour  
0) No  
1) Inability to move normally  
2) Inability to get to the food / drink. Isolation from the rest of the animals in the cage  
3) Unconsciousness or comatose. Lack of response (Dying)  
 
Wounds  
0) No  
1) Scratches  
2) Nonhealing wounds. Infection at the surgical site  
3) Ulcerating, festering wounds. Ulcerating or necrotic tumors 
 
The animal condition according to the parameters and overall score:  
a) 0 points: Healthy animal  
b) 1-2 points: Minor signs, follow established protocol  
c) 3-11 points: Daily supervision of the animal. Analgesics* or sacrifice of the animal **  
d) 12-30 points: sacrifice **  
 
* Analgesic: Meloxicam (subcutaneously: 1 mg /kg)  
** The Servei d'Estabulari veterinary staff informs a group member as soon as possible to 
consider halting of the protocol / experiment.  
NOTE: As the tumor grows, it affects the motor function of the brain. Animals may suffer from: 

paresis, decreased strength, plegia, paralysis. In these cases, food and water (i.e. 
hydrogel or water-soaked food) should be placed inside the cage to facilitate access by 
the animal.  
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8.2 ANNEX 2: Article of “Protein kinase CK2 content in GL261 mouse glioblastoma” 
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8.3 ANNEX 3: Article of “Improving Ribosomal RNA Integrity in Surgically Resected Human 

Brain Tumor Biopsies”. 

During this thesis, collaboration with Xavier Castells in RNA analysis was performed. This study 

focused on biopsies extracted from brain cancer patients. Often, these biopsies display 

degraded ribosomal RNA, which makes them unusable for transcriptomic experiments. The 

main objective of this work was to determine RNA integrity in a large cohort of human brain 

cancer biopsies and also to evaluate different factors that may influence RNA integrity in both 

a murine model of glioblastoma and in additional subsets of patient biopsies. Total RNA was 

isolated from 255 biopsies of various human brain tumors and processed on a Bioanalyzer. The 

time-dependent effect of ex vivo ischemia was evaluated in a murine model, whose results 

were tested in a new collection of 27 human biopsies. Multiple biopsy sampling was 

considered in a further set of 32 biopsies. 

LFF carried out the experimental studies of the multiple biopsy sampling of (32 biopsies), and 

helped to draft the manuscript.  
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