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1. INTRODUCTION 

1.1. GLIOMA 

1.1.1. Epidemiology and classification 

Tumours of the Central Nervous System (CNS) comprise less than 2% of all cases diagnosed 

in the year 2020 worldwide. Still, due to their poor prognosis, they are responsible for a mortality 

rate of 2.8% of all cancer patients [1]. Despite the low mortality, tumours of the CNS lead to 

quality of life losses and shorten patients' life (18.4 years of life lost on average)[2]. Among all 

primary brain tumours, gliomas account for almost 30% of the total. Furthermore, gliomas 

represent ca. 80% of all malignant tumours, being responsible for the majority of deaths due to 

primary brain tumours [3]. The average annual incidence of glioma was 5.26 per 100,000 people 

(Figure 1.1. Worldwide estimated age-standardised incidence rates of malignant brain tumours 

in 2020 (Global Cancers Observatory: https://gco.iarc.fr/).Figure 1.1) or 17,000 new diagnoses per year 

during the years between 2000 and 2013 [4]. 

 

Gliomas originate from either mature glia or their less differentiated precursors which 

infiltrate the surrounding brain tissue [5]. The fifth edition of the World Health Organization 

Classification of Tumours of the CNS (WHO CNS5), published in 2021, classify brain and spinal 

cord tumours according to histological, immunohistochemical, and molecular findings, assigning 

grades 1-4. This classification indicates different degrees of malignancy, with WHO grade 1 

showing the least malignant behaviour and WHO grade 4 indicating the most malignant 

behaviour [6].  

Figure 1.1. Worldwide estimated age-standardised incidence rates of malignant brain tumours in 2020 

(Global Cancers Observatory: https://gco.iarc.fr/).  

https://gco.iarc.fr/
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Glioblastoma (GB) is the most fatal and frequently occurring type of primary astrocytoma, 

representing approximately 57% of all gliomas and 48% of all primary malignant CNS tumours 

[7,8], and has been designated Grade 4 by WHO [6]. GBs are included within the classification 

of adult-type diffuse gliomas, and present characteristic histology and genes/molecules that are 

key for diagnoses, such as microvascular proliferation or necrosis, Isocitrate Dehydrogenase 

wildtype gene, Telomerase Reverse Transcriptase promoter mutation, or Epidermal Growth 

Factor (EGF) Receptor gene amplification or +7/−10 chromosome copy number changes 

(combined whole chromosome 7 gain and whole chromosome 10 loss) [9]. Conversely, the IDH-

mutant gene is present in that GBs that arises from a precursor diffuse or anaplastic 

astrocytoma, typically called secondary GBs, which represents approximately 10% of GBs 

tumours and generally carries a better prognosis [10]. 

Due to its heterogeneity, infiltrative nature, hypoxic tumour environment, presence of 

resistant cancer stem cells, and immunosuppressive microenvironment and despite application 

of aggressive standard of care therapeutic options such as surgery, radiation, and 

chemotherapy, GB patients present a median survival of less than 15 months, and the 5-year 

survival rate is less than 10% [11]. The complexity of the GB landscape reveals the need of 

constant investigation and improvement regarding therapeutic advancements [12].  

1.1.2. GB diagnosis and follow-up 

The detection of brain tumours occurs by the time they become symptomatic, and an 

imaging-based study is performed, since their growth is mostly silent until symptoms appear. 

GBs grow locally and, even being extremely invasive, rarely metastasize outside of the CNS. The 

clinical symptoms depend on the tumour location and size at diagnosis, being the most common 

headache and/or nausea when there is a large mass or significant edema, followed by symptoms 

related to intracranial hypertension (presented by 30% of patients), motor deficit (20%), 

epilepsy (15–20%), loss of body weight and condition (17%), confusion (15%) and visual or 

speech difficulties (13%) [13]. The initial assessment, localization and tentative diagnosis of brain 

tumours are based in non-invasive imaging approaches such as Magnetic Resonance Imaging 

(MRI), Computed Tomography (CT) and Positron Emission Tomography (PET). However, the 

definitive diagnosis in general requires the gold standard procedure, histopathological analysis 

from a tumour biopsy (taken from a stereotactic biopsy or surgical sample, depending on the 

case). This information may be also useful to gather molecular/cellular information from a given 

tumour, which may help in therapeutic decisions in some cases.  

1.1.3. GB therapy 

The current standard treatment used in clinical practice for GB patients consists of surgery, 

followed by radiotherapy (RT) plus temozolomide (TMZ) chemotherapy, followed by adjuvant 

TMZ chemotherapy. Even after aggressive therapy, the prognosis of patients with GB remains 

poor [14] and this standard clinical protocol has remained essentially the same for decades. 



3 
 

Developing novel therapeutic approaches and follow up methods is needed to improve the 

prognosis for GB patients. A comprehensive review of novel therapeutic approaches is described 

in [12], but only discrete, often non-significant, therapeutic improvements have been achieved. 

More details about the therapeutic standards of care are described below: 

1.1.3.1. Surgery 

Nowadays, surgery is the principal and the most effective component of standard care for 

GB patients, with the aim of maximal or supramaximal resection for mass reduction, while 

preserving neurological functions [15]. Its performance depends on the extent of resection, 

which is in turn determined by the site and eloquence of the brain area involved. In addition to 

the mentioned reduction in tumour volume, surgery also allows for accurate histological 

diagnosis and tumour genotyping that can determine subsequent therapy [10]. Surgical 

resection leads to prolonged survival and improves the quality of life of GB patients [15]. 

However, the infiltrative features of GB tumours make it difficult its complete resection. 

Consequently,  the relapse occurs in approximately 80% of cases usually in the areas near to the 

original lesion [11]. Surgery is usually followed by RT and/or chemotherapy in an attempt to 

eradicate remaining tumour cells. 

1.1.3.2. Radiotherapy 

Following maximal safe resection, radio-chemotherapy is usually applied in GB patients in 

order to improve survival. Currently, conventional RT includes fractionated doses to a total of 

60 Gy delivered in 30 to 33 fractions over a period of approximately 6 weeks [16]. Radiation is 

typically delivered to the gross tumour volume with an additional 2-3 cm surrounding margin to 

treat the infiltrating tumour, based on the observation that, following RT, GB recurs within 2 cm 

of the original tumour site in 80% – 90% of cases [17]. In addition to the direct effects of 

radiation, inducing deoxyribonucleic acid (DNA) damage and killing of tumour cells, RT can 

render cancer cells visible to the immune system through the expression of inflammatory and 

immunostimulatory mediators that modify the tumour microenvironment (TME), leading to 

improvement of patient’s survival [18,19]. However, cancer stem cells play a relevant role in 

tumour resistance to RT [20,21] probably due to their plasticity and interactions with TME and 

their niches.  This could be one of the challenges to face with the present therapeutic 

approaches, leading to GB relapse and patient death.  

1.1.3.3. Chemotherapy – Temozolomide 

Chemotherapeutic approaches in general induce death/proliferation arrest in cancer cells 

through different mechanisms such as apoptosis, autophagy, senescence, and/or necrosis [22]. 

TMZ is the current standard of care for chemotherapy of GB patients [23], since it was confirmed 

that RT with concomitant TMZ chemotherapy was more effective than RT alone (median survival 

after diagnosis of 14.6 months versus 12.1 months, respectively) [14]. The protocol used for TMZ 

treatment in GB patients is a daily dose of 75 mg/m² given 7 days concomitant with RT for up to 
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49 days. A four-week break is scheduled, and after that, patients receive up to six cycles of TMZ 

(150–200 mg/m²) for 5 days, every 28 days. 

TMZ is an alkylating agent that can be administered orally and has the ability to cross the 

blood-brain barrier (BBB), achieving effective concentrations within the tumour site (≈10 µg/ml) 

[24]. Following oral intake, TMZ is quickly absorbed intact through the gastrointestinal tract. In 

the neutral/alkaline pH of proliferating tumour cells, TMZ is spontaneously hydrolysed to 5-(3-

methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC), which is rapidly converted to the inactive 

5-aminoimidazole-4-carboxamide (AIC) and to diazomethane, which is responsible for 

cytotoxicity, since it transfers a methyl group to the O6 of guanine residues in the DNA, giving 

rise to O6-methyl-guanine (O6-meG) (Figure 1.2). This was historically described to interrupt 

replication and cause a collapse of the replication fork, generating single-strands breaks, which 

induce double-strand breaks and ultimately cell death via apoptosis [25].  

 

This cytotoxicity leading lesion in DNA can be removed by the enzyme O6-methylguanine-

DNA- methyltransferase (MGMT), which transfers the methyl group from the adduct to its own 

cysteine residue. After repairing the DNA lesion, methylated MGMT is degraded. Therefore, 

MGMT confers tumour cell resistance to TMZ and hinders the success of the treatment In this 

respect its overexpression is linked to bad prognosis for patient survival [27–29]. 

Several research efforts have been devoted to the improvement of GB outcome, but only 

discrete results have been achieved. In this sense, surgery followed by chemo-radiotherapy and 

adjuvant therapy remains the approved first-line therapy that improves overall survival of 

patients with GB [30], and as previously mentioned, the overall survival of patients even after 

aggressive therapy is below 15 months. This highlights the urgent need to investigate novel 

Figure 1.2. Prodrug activation of TMZ. TMZ is spontaneously hydrolysed to MTIC at neutral or alkaline 

pH. MTIC further fragments to AIC and the methyldiazonium ion, which in turn reacts with nucleophilic 

sites, for example, in the DNA. Abbreviations: TMZ, temozolomide; MTIC, 5 -(3-methyltriazen-1-yl)-

imidazole-4-carboxamide; AIC, 5-aminoimidazole-4-carboxamide; O6-meG, O5-methyl-guanine. Figure 

modified from H. Strober et al [26].  
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treatment approaches, as well as efficient follow-up strategies in order to improve patients’ 

outcome. 

TMZ effect in GB cells: what is currently known? 

The beneficial effect of TMZ in preclinical/clinical settings has been historically attributed 

to its role as DNA alkylating agent and activator of the apoptotic cascade [31,32]. However, the 

TMZ effect could be also due to the methylation of other macromolecules, such as ribonucleic 

acid (RNA), proteins and lipids carrying nucleophilic groups, which implies post-

transcriptional/translational modifications, and also mitochondrial DNA. This may lead to an 

alteration of mRNA folding, structure and maturation that can accelerate its decay. 

Furthermore, it results in remodelling of chromatin structure, causing alterations in gene 

expression, DNA replication, synthesis and repair, and lastly cell cycle disruption and cell death 

[26].  

However, studies with cultured GB cells (e.g., GL261 GB cells) revealed that TMZ was not 

especially efficient in cell killing, mostly acting as cytostatic rather than cytotoxic drug [33]. Then, 

cell killing may not be the only reason for satisfactory results of survival increase obtained with 

TMZ in clinical and preclinical settings, being one of several possible explanations host immune 

system recruitment [34–40], mainly triggered by the exposure/release of damage-associated 

molecular patterns (DAMPs) by TMZ damaged cells. 

1.1.4. Preclinical models for investigation in GB therapy  

There are several limitations regarding therapy-related studies in GB patients. Due to 

evident ethical reasons, it is not possible to have ‘untreated’ (i.e., no therapy administered) 

groups of brain tumour patients. In the same line, it is not possible to perform repeated imaging 

exams in patients or collect biopsy samples at given time points of tumour growth/progression 

for research purposes, especially if standard surgical resection is feasible. This can be overcome 

with the use of preclinical models, which allow us to investigate the evolution of untreated 

animal groups, as well as to perform repeated explorations along treatment. Moreover, animal 

euthanasia can be performed in predetermined time points, providing a powerful tool to study 

new therapeutic targets, assess cellular/molecular local effects, as well as shed light on the 

situation of the TME, its influence on disease progression and outcome. The mouse genome has 

direct human orthologs in a relevant percentage of genes, thereby this is one of the dominant 

model organisms for cancer therapy studies [41]. 

There are different types of preclinical models (Figure 1.3¡Error! No se encuentra el origen 

de la referencia.) which have been used in various experimental settings with their advantages 

and disadvantages. However, it is worth noting that the relevance of a given preclinical model 

depends on how closely it replicates the original human disease (e.g., growing in the same 

organ/tissue of origin and displaying similar histopathological features), tumour growth 
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reproducibility, and its capacity to thrive in immunocompetent models [42]. Furthermore, given 

the relevance of the host immune system in events related to response to therapy (see section 

1.3), the use of immunocompetent models is an important point to consider. Since in this thesis 

our work is centred in preclinical brain tumour models, some considerations about them will be 

made below. 

Brain tumour models can be either spontaneous or transplantable. Spontaneous models 

are based on specific genetic alterations (genetically engineered mice, GEM) similar to human 

brain tumours, thus mirroring the histology and biology of human GBs. These models arise 

spontaneously, which turns into a challenge for standardisation within cohorts (especially in 

relation to the tumour initiation time point) [43]. Moreover, from our previous experience [44], 

the incidence of MR-detected brain tumours can be lower than expected from literature, 

hampering the formation of homogeneous groups for investigation. On the other hand, 

transplantable models are generated by cell lines or fragment tissues implantation into healthy 

mice. One intermediate possibility in this sense is the transplantation of cells/gliospheres 

obtained from GEM tumours for establishing transplantable lines [44]. 

Transplantable models can be divided into syngeneic and xenogeneic models depending 

on whether cells/tissues implanted comes from the same host species or not. Syngeneic models 

are generated by implantation of cells/tissues from the same genetic background of the host. 

This implies low or no host immune system action against tumour cells, which allows to study 

the full role of the immune system in case of therapy response investigation [45]. On the 

contrary, xenogeneic models are transplanted with cells from a different species, thus requiring 

the use of immunocompromised mice, in order to avoid rejection of the implanted cells. In 

general, in the case of brain tumours, the origin species is from human, either from established 

cell lines such as U87 or U258, or from brain tumour samples, also known as patient-derived 

xenografts (PDX). The investigation around better preclinical models is continuously evolving, 

and a “tolerized” PDX developed with human samples over immunocompetent strains was 

described by Semenkow et al [46], which can open a way for future studies.  
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Considering the location, transplantable models can be also divided into ectopic and 

orthotopic. Ectopic models are generated by cells or tissues implanted in a location that differs 

from where disease naturally occurs. The subcutaneous injection (mice flank) is the most 

common procedure for these models, allowing easy monitoring of tumour evolution by calliper 

measurements. This model makes it difficult to recapitulate the original tumour behaviour and 

are known to provide over-optimistic therapy response results with respect to orthotopic 

models [42]. On the other hand, orthotopic models involve implantation of tumour cells into the 

same organ or tissue in which the disease naturally occurs, in our case, the brain. This mimics 

better the infiltrative nature of GB and the disease-relevant environment. Unfortunately, the 

assessment of tumour growth by calliper measurements is no longer possible, and evolution 

must be analysed through non-invasive imaging approaches.  

GL261 GB model 

The immunocompetent GL261 murine model, a transplantable and orthotopic model, was 

used in this thesis. It is generated by the stereotactic injection of the murine glioma cell line 

GL261 into the brain of C57BL/6 mice, resulting in tumours with invasive and infiltrative 

characteristics similar to those of human GB, growing in mice with an intact immune system 

[48]. Furthermore, this model presents ca. 100% take rate and allows for obtaining 

homogeneous experimental groups for therapy response studies.  

The GL261 model is one of the best characterised mouse models of human GB and has 

been largely used as an in vivo model for GB research in our group [44,49–52] and other research 

groups worldwide [53–56]. It was generated by chemical mutagenesis in the late 30’s [57] over 

the C3H background, i.e., it was not developed over the C57BL/6 background. Although it is 

usually described as syngeneic in literature, it may be rather considered isogenic due to its 

different background of origin. However, it would probably belong to the so-called “venerable 

Figure 1.3. Preclinical cancer models scheme (obtained from [47]). 
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tumours” (i.e. any long-transplanted tumour) [58] where no or few immunological effects are 

expected against the tumour when inoculating those cells in immunocompetent mice. 

Accordingly, after the 1970s, the common practice was to grow GL261 tumours in the C57BL/6 

mice strain, in which these tumours grow exponentially for about three weeks, the time when 

the tumour kill animals due to mass effect [59]. 

Regarding the GL261 cell line, studies on gene alterations show that these cells share 

several molecular modifications with human gliomas, such as K-Ras and p53 gene mutations. 

Moreover, they express basal Major Histocompatibility Complex I (MHCI) on its cell surface, but 

not Major Histocompatibility Complex II (MHCII) [48]. The immunological characteristics of the 

cell line GL261 growing in C57BL/6 mice make it a potent tool to investigate the antitumour 

effect of various treatment strategies such as immunotherapy, gene therapy, chemotherapy, 

radiotherapy or antiangiogenic therapy [48,59,60]. It has to be noted that the mutational load 

of GL261 [61] is much higher than an untreated human GB [62], which could trigger the host 

immune system stimulating rejection. On the other hand, relapsing human GB after several 

cycles of TMZ, may contain a similar mutational load [63] than GL261 tumours. 

1.2. NUCLEAR MAGNETIC RESONANCE (NMR) AND ITS ROLE IN GB FOLLOW-UP 

NMR, usually known in the clinical environment as MR1, is the most common non-invasive 

technique for GB diagnosis and follow-up. MR was described in 1946 by Edward Purcell and Felix 

Bloch and started to be used in vivo in the 1970s. Since then, it has become a powerful tool in 

clinical diagnosis and follow-up, as well as in preclinical research. MR is based on the physical 

properties of certain atoms to absorb radiofrequency (non-ionizing) energy when they are 

placed in a magnetic field. This energy is released back to their surroundings during the 

transition of nuclei to their original state. This return to equilibrium conditions is a process 

known as relaxation. The most used nucleus in MR is the proton, 1H, due to its close to 100% 

natural abundance, its high content in the human and animal bodies (we are ca. 70% water) and 

its large magnetic moment, resulting in an easily detectable signal. Depending on the 

parameters used in the acquisition, MR can inform about anatomical features such as tumour 

volume or contrast uptake (magnetic resonance imaging, MRI), metabolomic features (magnetic 

resonance spectroscopy, MRS), a combination of both (magnetic resonance spectroscopic 

imaging, MRSI), or biophysical parameters (diffusion/perfusion weighted imaging).  

 The following subsections will emphasise the main aspects related to MR approaches 

closely related to methods and results described in this thesis, with the main focus on brain 

tumour features. On the other hand, the detailed explanation of the physics behind the MR 

 
1  Magnetic Resonance is always Nuclear, but in order to avoid the undesirable connotations of 

the word nuclear among the lay public, this word is usually omitted in clinical settings.  
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technique are beyond the scope of this work and can be found in different resources such as 

[64]. 

1.2.1. Magnetic Resonance Imaging 

MRI is highly sensitive to pathologic alterations of normal brain parenchyma and has been 

widely used for diagnostic and follow-up of brain tumours. It provides high-quality images which 

inform about the size and local extension of the tumour mass [65], being useful for the diagnosis, 

surgery and therapy response assessment (informs about tumour volume evolution and contrast 

uptake). MRI is based on the signal from the 1H nuclei, mostly from water and in some tissues 

from fat. Accordingly, images obtained, represented in a greyscale, primarily show the location 

of two molecules, water and triglycerides in fat. Thereby, the inherent contrast of MRI is 

achieved due to differences in proton density (essentially, the concentration of the sampled 

water) between brain regions. In addition to the proton density, the endogenous contrast is 

defined by two additional parameters intrinsic to a biological tissue: the longitudinal (T1) and 

transversal (T2) relaxation times of the water protons (mostly unbound mobile water). Thus, 

signal intensity in MRI is optimised through the adjustment of acquisition parameters such as 

echo time (TE, time elapsed between the application of the excitation pulse and the signal 

collection) or repetition time (TR, time elapsed between two excitation pulses). Accordingly, 

parameters chosen for the acquisition sequence determine which type of image will be 

obtained, e.g., proton density-weighted images, T1-weighted (T1w) images or T2-weighted (T2w) 

(Figure 1.4). T1w images show cerebrospinal fluid and most tumours as low signal intensity 

(hypointense), while areas of fat and subacute haemorrhage appear as high signal intensity 

(hyperintense). T2w images are more sensitive for lesion detection and show cerebrospinal fluid 

and most lesions as high signal intensity, whereas areas of haemorrhage may appear as low 

signal. Exogenous contrast agents (CA) can enhance endogenous contrast from MRI images, 

usually gadolinium-based or superparamagnetic iron oxide nanoparticles. MRI CAs decrease 

relaxation times of protons in tissues, enhancing contrast effect on T1w and T2w MRI, provided 

they are able to reach tumour sites. In brain tumours, the arrival of CAs to tumour sites is closely 

related to the impairment of BBB, which is in turn related to increase of tumour grade. 

Accordingly, CAs are broadly used in clinics to evaluate tumour borders and estimate grades, 

since the BBB impairment and abnormal perfusion allows CA extravasation and delayed 

clearance [66].   
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1.2.2. Magnetic Resonance Spectroscopy 

The anatomical information provided by MRI can be complemented by MRS, which allows 

obtaining information about the metabolomic profile of the investigated tissue [67,68] 

noninvasively. MRS can detect low molecular weight metabolites of interest that are present in 

adequate concentration (millimolar range) and with enough mobility, by means of suppression 

of the intense water signal, which is three to five orders of magnitude larger than the signal of 

the metabolites in tumour and brain. MRS can inform about a single region (single voxel) or 

different regions (multivoxel, also known as magnetic resonance spectroscopic imaging, MRSI, 

see section 1.2.3) within the region of interest. Single voxel provides a spectrum acquired from 

a small volume of tissue, in general a cubic volume. On the other hand, MRSI allows the study 

of the metabolic pattern across a larger region of the brain/tumour anatomy. This makes it 

possible to distinguish between different tissue types, tumour grades or the same tumour under 

different conditions (e.g., before or after therapy), as well as to predict the treatment response 

or failure and the clinical outcomes, allowing for an earlier change in treatment if needed, 

provided suitable interpretation of the spectroscopic pattern is achieved [69]. 

The information contained in MRS is essentially different from information provided by MRI 

and it is not as straightforward to interpret. As opposed to MRI, in which anatomical structures 

are delineated by different signal intensities, the MRS signal is contained in a spectral vector 

Figure 1.4. Human brain MRI examples obtained with different combination of TR and TE values. Both 

short TR and TE results in a T1w image, in which fluids such as cerebrospinal fluid (CSF) are hypointense, 

water-rich tissues are mid-grey and water-poor (e.g., high myeline/fat-tissues) are hyperintense. A 

combination of long TR and short TE results in a proton density weighted image, in which the maximum 

proton signal is obtained: the signal of tissue water is in the mid -grey scale and myelin/fat appears 

hyperintense. A combination of short TR and long TE result in a poor contrast image with insufficient 

signal. Both long TR and TE results in a T2w image, in which fluids have the highest intensity 

(hyperintense), and water- and fat- based tissues are mid-grey. Figure extracted from 

http://mriquestions.com/index.html. 

http://mriquestions.com/index.html
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composed by signals with different positions (chemical shifts). The chemical shift is the resonant 

frequency of a given nucleus (in part per million (ppm)) relative to a standard compound and 

informs about the chemical environment of the nucleus being detected. The proton MRS (1H-

MRS) information is represented as a spectrum, in which protons from different metabolites can 

be visualized at different chemical shifts (i.e., peak position along the x-axis) depending on their 

chemical environment and reflecting their relative concentration (along the y-axis) (Figure 

1.5¡Error! No se encuentra el origen de la referencia.). 

 

1.2.3. Magnetic Resonance Spectroscopic Imaging 

MRSI is a technique that combines MRI and MRS, thus it can provide metabolomic 

information superimposed to anatomical information, making it possible to investigate different 

regions of the studied tissue [72–74]. It is a method that superimposes metabolomic information 

to anatomical information, thus obtaining a spatial distribution of metabolites in different 

regions of the studied tissue (Figure 1.6). Thereby, MRSI can be a powerful tool to provide 

important clues about tumour heterogeneous biology and response to therapy, contributing to 

making early decisions about the efficacy of such therapies [50,75]. Although most reference 

clinical centres have full capabilities for MRS/MRSI implementation, these approaches are not 

currently used in the clinical pipeline for brain tumour follow-up, probably due to the prior 

biochemical knowledge needed for MR spectral interpretation, the lack of standardisation in 

MRS formats and the need of advanced tools for spectral processing and quantification. 

After suitable processing and postprocessing, the information contained in MRSI 

acquisitions can be shown as an "image-like" output. However, most studies rely on a single 

metabolite assessment (NAA, Cho, Cre), metabolite ratios (NAA/Cho, NAA/Cre) [76], or specific 

indexes such as choline-to-NAA (CNI) [75]. This may be useful to distinguish between normal 

Figure 1.5. Example of a T2w MRI and a single voxel spectrum from healthy human brain. The y-axis 

corresponds to amplitude (arbitrary units) and X-axis reflects the local chemical and magnetic 

environment of the molecule (chemical shift, ppm). Peaks are originated due  to different chemical 

groups of the same metabolite. Thus, one metabolite can give rise to several peaks  [71]. Major labelled 

resonances are indicated: Cho, choline (3.21 ppm); Cr/PCr, creatine/phosphocreatine (3.03 ppm); NAA, 

N-acetyl aspartate (2.01 ppm); Lac, lactate (1.31 ppm). See  Table 1.1 for more details. Adapted from 

[70].  
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brain parenchyma and tumour tissue or identify voxels at risk of progression [77]. However, the 

use of only a few metabolites may not be enough in some situations in which expected changes 

are more subtle. In addition, rich information provided by other metabolites in the spectral 

vector is disregarded. The use of the whole spectral pattern, instead of focusing on single 

metabolites or metabolite ratios, may help to tackle subtle changes affecting several 

metabolites at once. In this sense, approaches such as pattern recognition (PR, see section 1.2.4) 

are of great interest for the objective analysis of whole MRSI spectral patterns and integrate 

them in a suitable way to gain maximum information, which can be useful both in clinical and 

preclinical studies [49,50,78]. 

 

1.2.3.1. Metabolites identified in normal murine brain parenchyma and GL261 GB. 

The MRS spectral pattern can inform about a large list of metabolites provided their 

concentration ranges are over a minimum detection range (ca. 0.5 - 1.0 mM) (Figure 1.7). 

However, there is considerable overlapping of some signals of interest, especially with the 

resolution achieved in in vivo MR acquisitions. Metabolites of special interest for this PhD thesis 

are described below (Table 1.1):  

Figure 1.6. Examples of representative pixel spectra obtained in a 12x12 MRSI grid from a GL261 

tumour-bearing mouse treated with TMZ. A) Axial T2w MRI showing the volume of interest (VOI) from 

the GL261 GB tumour bearing mouse C1412 (unique GABRMN identifier for mice subjects, see section 

XXX) enlarged in B). The boundaries of the tumour mass are marked with a white discontinuous line. B) 

Examples of individual short echo time spectra (14 ms) from the acquired MRSI grid. C) Individual 

spectrum, shown for the 0.5-4.5 ppm range (see section 1.2.3.2 for more detailed information. 
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Metabolite name 

Chemical shift for 

main metabolite 

resonances in “in 

vivo” spectra 

(ppm) 

Described biological meaning 

(increases/decreases) 

N-Acetyl Aspartate 

(NAA) 

2.01 Major signal in normal brain spectral 

pattern. Related to osmoregulation, N-

acetylaspartylglutamic acid (NAAG) synthesis, 

fatty acid and myelin synthesis. Linked to 

neuronal density and functional integrity. 

Decreased in brain tumours due to neuronal 

dysfunction/loss [79,80].  

(total) Creatine 

(Cr) 

3.03, 3.93 Considered an indicator of brain cells 

energy production ability status.  Generally used 

as internal concentration reference for assessing 

changes in other metabolites [81], it is described 

to decrease in tumour/damaged brain tissue 

[82,83].  

(total) Choline  

(Cho) 

3.21 Often referred as choline-containing 

compounds or total choline, due to considerable 

overlap in vivo (e.g., Phosphoryl choline, 

Glycerophosphocholine, free choline). Involved 

in membrane phospholipid 

synthesis/degradation [79]. Increased in tumour 

tissues due to elevated cell proliferation and 

membrane synthesis [84].  
Lactate  

(Lac) 

 

1.33, 4.10 End product of anaerobic glycolysis, 

increased in gliomas, which can metabolize 

glucose to lactate fast, even when oxygen is 

present [85].  Usually below detection in normal 

brain parenchyma, but increases in tumour 

tissue [80] especially in high grade tumours. The 

signal at 1.33 ppm can be partially contributed 

by fatty acids from NMR visible mobile lipids 

[86,87]. 

Myo-inositol  

(mI) 

3.26, 3.55-3.56,  

3.61 and 4.04 

Considered a glial function marker and an 

osmotic agent regulator for cell volume; ml has 

been shown to inversely correlate with 

astrocytic grade in vivo, being lower in high 

grade tumours [88,89]. Overlaps with a possible 

glycine singlet signal at 3.56 ppm [89].  
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Glutamate & 

Glutamine 

(Glx) 

2.01-2.35 

(glutamate) 

2.11-2.46 

(glutamine) 

Glutamate (Glu) is the major excitatory 

neurotransmitter in the brain and an important 

precursor for synthesis of glutathione. On the 

other hand, Glutamine (Gln), is a precursor and 

storage form of Glu located in astrocytes and is a 

complementary source of carbon for growing 

tumours [88,90]. Glu and Gln play a role in 

detoxification and regulation of 

neurotransmitters [88].  
Glycine  

(Gly) 

 

3.55 Gly is an inhibitory neurotransmitter that I 

also been known to be increased in high-grade 

gliomas [89,91] Due to overlap with the mI signal 

at clinical fields, their differential contribution 

can be estimated with the combined use of 

short/long echo times [89].   
Mobile Lipids & 

Macromolecules 

(MLs & MM) 

0.9, 1.3-1.4,  

2.0 - 2.8 and 5.3 

ppm 

ML peaks are not observed in normal brain 

tissue but are known to be significant markers of 

tumour malignancy, their levels correlate with 

necrosis and membrane breakdown [92], a 

histopathological feature of high-grade gliomas 

caused by hypoxic stress [93], but also with 

proliferation rate [86,94]. Signal from MM 

probably arise due to post-translational 

modification of chemical groups in proteins (e.g., 

methylation, glycosylation, sialylation) [95].   
Polyunsaturated 

fatty acids  

(PUFAs) 

2.8 Constituents of cellular membranes 

essentially undetectable by MRS in normal brain 

tissue. It has been observed that PUFA levels 

increase in brain tumour after therapy in 

preclinical [60,96] probably due to apoptotic 

events.  

Table 1.1. Summary of relevant metabolites identified in preclinical brain tumour MR spectra (main 
detectable signals), chemical shifts and biological relevance.  
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1.2.3.2. Pattern Recognition approaches 

The individual analysis of MRSI spectral patterns is definitely time-consuming and requires 

specific spectroscopic expertise. Therefore, automated evaluation of the MRSI data as well as 

efficient display of the results are needed for routine clinical/preclinical application. This can be 

achieved through PR analyses, in which MRSI data can be analysed and classified into different 

categories according to differences spotted in their spectral pattern. In general, PR is defined as 

a description of measurements, with the final goal of inferring from a collection of 

measurements (training dataset) a mechanism for a decision-making process and to automate 

the aforementioned process [97]. The classification of new elements (test dataset, not part of 

training) is a prediction process, assigning those elements to one of the predefined categories 

or classes, based on the decision mechanism established through the training data. A detailed 

description of PR different approaches is beyond the scope of this PhD thesis, and only the 

methods applied in our described work will be mentioned.  

When PR methods are applied to MRSI data, the automated decision-making processes can 

detect meaningful and key features (patterns) in order to distinguish between different 

categories analysed. Thus, robust PR algorithms combined with MRSI approaches make it 

possible to identify quantitative changes of different metabolites (even minor variations), which 

allows obtaining useful biochemical information related to biological and pathological 

processes. Those changes are difficult to spot without this type of approaches even for an expert 

observer. Based on the learning procedure used for classification, the classification strategies 

for PR could be supervised, unsupervised and semi-supervised. 

With supervised methods, a set of data (the training dataset) is provided, consisting of a 

set of instances properly labelled with a known category. In the case of brain tumours, the 

Figure 1.7. Main differences of extracted sources between the responsive (green) and 

unresponsive/untreated control (red) GL261 tumours. Tumour responding to TMZ show higher total ML 

(0.9 ppm), PUFA (2.8 ppm), and Lac (4.1 ppm), combin ed with lower Gln/Glu/Ala (ca. 3.8 ppm) and 

MLs/Lac (1.3 ppm). Figure adapted from [50]. (See “Pattern Recognition approaches” section 1.2.4. 

below for a more detailed explanation. 
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labelling of spectra is usually based on histopathological analysis of the tumour biopsy [98]. Once 

the system is trained, the classifier and mathematical algorithms extracted can be applied to 

different cases (the test dataset).  

On the other hand, unsupervised methods assume unknown training data, which has not 

been manually-labelled, and aim to find inherent patterns in the data that can then be used to 

determine the correct output value for new data instances. 

Non-negative matrix factorization (NMF) [99] is a common unsupervised method by which 

each class is represented by a "paradigmatic spectroscopy pattern" (i.e., a given metabolic 

profile), also known as "source". Biochemically, the source extraction technique for classifying 

the MRSI data assumes that a mixture of heterogeneous tissue patterns is present in each voxel 

and that the contribution of individual sources to the final pattern can be calculated. One of the 

advantages of this approach lies in the prevention of the confusing effect of mislabelled cases.  

The semi-supervised methods [50,99] are a combination of both supervised and 

unsupervised PR approaches, which uses a combination of labelled and unlabelled data for 

training. The advantage is the prior knowledge regarding class membership to guide source 

extraction. The semi-supervised method previously developed in our group [60] was the 

approach used in this thesis to classify mouse brain tissues into normal brain parenchyma, 

actively proliferating (untreated/control) and responding to TMZ therapy (Figure 1.8), with no 

new source extraction or retraining. 

1.2.3.3. Nosological imaging: visual assessment of response to therapy 

One of the main challenges regarding the translation of metabolomics-based methods is, 

as previously mentioned, the need of advanced tools and previous knowledge on spectroscopy 

and PR methods, but also the general lack of imaging-like outputs that radiologists are used to. 

Then, past research work from our group was devoted to ‘translate’ the complex information 

into visual representations called nosological images [100]. 

In our case, the nosological image is a coloured-coded representation that is generated 

after application of PR techniques by estimating the contribution of each source (“paradigmatic 

spectra”) to the individual voxels in the MRSI grid in order to assign each acquired voxel to one 

of the predetermined classes, namely normal brain tissue, responding or unresponsive tumour, 

extracted from the training dataset described in [60]. The most contributing paradigmatic 

spectrum is selected as the “winning source” for each voxel and each source is assigned a 

different colour, finally represented as nosological maps for each matrix.  

In this PhD thesis, our previously semi-supervised PR method was used to test the response 

to TMZ therapy in GL261 GB bearing mice. In this sense, in the nosological images, the green 

colour was used when the GB responding to the treatment source contributed the most, red for 

actively proliferating GB, blue for normal brain parenchyma, and black for undetermined tissue 
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(Figure 1.8). See also Figure S1 of Chapter II for a summary of the steps required for this type of 

analysis. 

 

1.3. TUMOURS ARE MORE THAN TUMOUR CELLS: ROLE OF TUMOUR 
MICROENVIRONMENT AND HOST IMMUNE SYSTEM 

The environment in GB tissue is heterogeneous, involving interaction of tumour and non-

tumour cell types, influencing their growth, progression and response to therapy. This tumour 

microenvironment (TME) represents not only non-cancerous cells but also extracellular 

biomolecules within the tumour. Glioma cells secrete numerous chemokines, cytokines and 

growth factors that promote infiltration of various cells such as peripheral macrophages, 

antigen-presenting cells (APCs), helper T cells (Th, CD4+ lymphocytes), cytotoxic T cells (Tc, CD8+ 

lymphocytes), regulatory T cells (Treg, CD4+/FoxP3+ lymphocytes) and natural killer cells (NK, 

CD49b+ lymphocytes) within the tumour [101]. Indeed, Broekman et al. [102] described 

recruitment of healthy cells by GBs, which can modulate its growth and cross-talk with 

neighbouring cells.  In addition, locally produced cytokines and chemokines may help to 

reprogram the infiltrating immune cells to acquire distinct functional phenotypes, thereby 

directing the immune system into inflammatory (anti-tumour) or anti-inflammatory (pro-

tumour) responses [101]. In summary, proper response to therapy depends on suitable host 

immune responses. 

1.3.1. The Cancer Immunity Cycle 

For an anticancer effective immune response, a series of stepwise events are needed, 

which are repeating in cycles and constitute the Cancer Immunity Cycle (Figure 1.9). In the first 

step, DAMPs created by tumour cells due to therapy are exposed/released, being recognised by 

APCs through their Toll-like receptors (TLRs) and processed by them. After maturation, APCs 

migrate to the lymphatic nodes and present the captured antigens on MHCI and MHCII 

molecules to T cells in a process called cross-priming, resulting in the priming and activation of 

T cell responses. In this step, it is critical to achieve a balance between effector T cells (helper 

Figure 1.8. Examples of nosological images obtained with the semi-supervised PR method in TMZ-

treated and control GL261 GB tumours. A) Homogeneous tumour from the treated case C1526 mostly 

identified as responding. B) Homogeneous tumour from the control case C1465 m ostly identified as non-

responding. C) Tumour from the treated case C1352 showing  a heterogeneous pattern, with partial 

response to therapy. 
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and cytotoxic) and inhibitory Treg cells, which is key to satisfactory outcome [103]. During the 

next days, expansion and differentiation of T cells may take place, followed by migration of T 

cells to the tumour site, infiltration of the tumour bed and, together with macrophages, destroy 

matching antigen-expressing tumour cells [104]. The killing of the tumour cells releases 

additional antigens that are recognised by APCs, lead an increase in the breadth and depth of 

the response in the subsequent cycle [103]. Granulocyte Macrophage Colony-Stimulating Factor 

(GM-CSF), I interleukin (IL)-4, IL-12, and interferon-γ (IFN-γ) are central to the process of APCs 

maturation [105]. APCs in turn release cytokines like IL-1β, IL-6, IL-12 or tumour necrosis factor 

(TNF) that shape the NK and T cell responses [106]. 

 

The Cancer Immunity Cycle may not perform optimally due to several reasons, namely: 

impairment of the amplification step in lymph nodes by antiproliferative agents, deregulation of 

Figure 1.9. Scheme of the cancer immune cycle against a tumour. The whole cycle in mouse brain is 

assumed to take around 6–7 days [107]. The malignant cells may release immunogenic signals, after the 

therapeutic effects on them. These signals attract APC precursors to the tumour, where they are 

activated by compromised tumour cells. Then, activated APCs migrate to local lymph nodes, such as the 

dorsal cervical lymph node for brain, and present processed tumour -derived peptides to naïve T and B 

lymphocytes. In case of antigen match, they are then activated to become plasma cells producing 

antibodies, helper T lymphocytes or cytotoxic T lymp hocytes. Activated lymphocytes leave lymph nodes 

to infiltrate brain tumour tissues and exert effector functions [108,109].This results in the recruitment 

and activation of innate immunity effector cells, including microglia/macrophages (MØ), N K and Natural 

Killer T cells, all of which are able to kill cancer cells. Immune tolerance may be induced by the activation 

of regulatory T cells (see section 1.3.3). Figure adapted from [49,103]. 
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APCs, considering antigens as self rather than foreign, expansion of Treg cell responses rather 

than effector responses, deficient trafficking of T cells to tumours, inhibition of T cell tumour 

infiltration, or the suppression produced by factors in the microenvironment, such as 

Programmed Cell Death-1 ligand 1 (PD-L1) [110]. 

1.3.2. The GB immune microenvironment: its components and influencing factors  

The immune system and its influencing factors (i.e., pathways which can modulate, 

enhance or decrease immune system activity) are critical regulators of tumour biology with the 

capacity to support or inhibit tumour development, growth, invasion and metastasis. Some of 

the relevant elements related to the work and results described in this PhD will be introduced. 

1.3.2.1. Glioma-associated microglia/macrophages (GAMs) 

Microglia (i.e. resident immune cells of the CNS), together with peripheral macrophages 

recruited by tumour cells from circulating blood [111], constitute the most common non-tumour 

cell types in the GB microenvironment [112], representing up to 30-40% of the tumour mass 

[111]. GAMs can be activated by various stimuli and polarized into a classically activated (M1) 

or alternatively activated (M2) phenotype, which in fact represent extreme situations of a 

continuum of activation states. Different pathologies are associated with dynamic changes in 

GAM activation. While M1 microglia is involved in proinflammatory and anti-tumour 

mechanisms, M2 microglia is involved in activities for promoting tumour survival and growth 

[113]. Accordingly, it is their gradual polarization state that determines the pathophysiological 

character of this cell population. Still, the fact that microglia/macrophages are significantly more 

abundant in GB than in low grade gliomas [112] may be suggestive of their possible active role 

in GB progression. Regarding GL261 GB model, it was described to be a complex environment 

composed by different tumour and immune cells. In this respect, a recent study has described 

the spatial localization of immune cell populations and mediators during GL261 tumour 

development [114]. 

1.3.2.2. Glioma infiltrating T helper, T cytotoxic and T regulatory cells 

T cells are lymphocytes that play important roles in the antitumour immune response and 

determine the development and progression of tumour diseases, including GB [115]. The so-

called Tc and Th are part of the adaptive immunity, which development is slower than innate 

immunity mediated by NK cells and macrophages [116]. These T lymphocytes are in a quiescent 

state in the lymph nodes and become effector T cells when an APC cell presents them with an 

adequate antigen on its surface [117,118]. Tc cells detect tumour-derived antigenic peptides 

presented by MHC class I molecules expressed on the surface of tumour cells or APCs [116], 

while Th cells interact with antigens in the context of MHC class II  molecules on the surface of 

APCs [119]. 
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Tc cells, also known as CD8+ T cells (i.e. expressing the CD8 coreceptor [120]), critically 

affect the development and progression of the tumour and are considered as a pivotal 

prognostic marker for cancer [115,121]; thus, a direct correlation between the proliferation of 

intratumoural Tc and the reduction of tumour size has been described [122]. Following Tc cell 

activation, effector Tc cells traffic to the tumour site to exert efficient responses [123] and kill 

tumour cells through granule exocytosis and apoptosis induction mediated by Fas ligand (FasL) 

[124]. 

Tc cells can develop positive cross-talking with immunostimulatory cells including NK cells, 

M1 GAMs, Th cells, and APCs, whereas these cells have negative cross-talking with 

immunoinhibitory elements including tumour cells, Treg cells, and M2 GAMs (Figure 1.10). 

When the TME is immunosuppressive this fosters cancer cell proliferation in an uncontrolled 

manner, allowing them to attain their invasive features. 

 

Th cells, also known as CD4+ T cells (i.e. expressing the CD4 coreceptor), mediate anti-

tumour immunity by providing help for proliferation and function of Tc cells and antibody 

responses [118], as well as via secretion of effector cytokines such as IFN-γ and TNF-α. 

Moreover, under specific contexts, they can act via direct cytotoxicity against tumour cells, 

playing a fundamental role in a sustained effective anti-tumour response [125]. Additionally to 

cytokines secretion, the interaction between a Th cell and the MHC class II antigen of an APC 

can promote the induction of costimulatory signalling pathways between Th cells and Tc cells, 

such as CD80 and CD86 which activate both cell types for their further migration to the tumour 

site [118]. Furthermore, Th cells activate and enable APCs for maturation, expression of 

Figure 1.10. Cross-talk between Tc and other cells of TME. Tc cells have positive cross-talk with Th cells, 

APCs, M1 GAMs and NK cells, whereas they display negative cross with immunoinhibitory cells including 

M2 GAMs, tumour cells and Treg.  
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costimulatory molecules and secretion of cytokines that are contributed to Tc cell priming [126]. 

It is also important to highlight the effect produced by IFN-γ and TNF-α released by effector Tc 

and Th cells inducing cytotoxicity in cancer cells [124]. Furthermore, IFN-γ stimulates M1 GAMs 

to exert antitumour effects [118].  

Treg cells, also known as CD4+/FoxP3+ cells, represent a subset of cells that mitigate the 

immune response by secreting cytokines such as IL-10 and facilitating the inactivation of Tc cells 

by direct cell-to-cell interactions (Figure 1.11). Tumour cells can take advantage of Treg by 

attracting them into the tumour milieu and manipulating Treg-mediated immunosuppression in 

order to escape recognition and elimination by the host immune system [115]. Decreased 

infiltration of Treg results in reduced tumour growth and increased survival in murine models  

[127].  

 

1.3.2.3. Natural Killer cells 

The NK cells, also known as CD49b+ cells, are lymphocytes that secrete cytokines and 

chemokines known to participate in the innate immune response. They can recognize tumour 

cells due to the lack of MHC molecules on the surface, and kill them without any previous 

activation through the perforin/granzyme pathway or death receptor-related pathways [129]. 

NK cells are described to infiltrate in the gliomas, but in a lesser extent, reported as ca. 2.11% of 

the total [130], when compared with other IS populations such as macrophages. 

Figure 1.11. Immunosuppressive function of Treg cells. Regulatory T cells can inhibit effector Th and Tc 

cells through the production of immunosuppressive cytokines (IL -10, transforming growth factor-

beta (TGF-β), and IL-35), the expression of inhibitory molecules such as CTLA-4, and by the release of 

adenosine through the CD39-CD73 pathway. Figure modified from [128].  
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1.3.2.4. Immune checkpoint pathways  

Tumour cells develop different protection strategies for evading the immune system attack 

by high jacking inhibitory immune checkpoints, being able to create a strong 

immunosuppressive microenvironment. These checkpoints, such as the programmed cell death-

1 ligand 1/ programmed cell death-1 receptor (PD-L1/PD-1) axis [131] and the Cytotoxic T-

Lymphocyte Antigen 4 (CTLA-4) [132] (Figure 1.12), lead to the escape from immune surveillance 

allowing tumour cells to not be detected, thriving unchecked in the TME. Thus, therapeutic 

approaches based on immune checkpoint inhibitors that result in robust activation of the 

immune system and productive antitumour immune responses are a promising strategy in many 

types of cancer. However, despite the success of immune checkpoint inhibitors, resistance and 

immune-related adverse symptoms might eventually appear, which may make treatment 

ineffective [121]. Thus, better insight into their action mechanisms is needed. 

PD-L1 / PD-1 axis 

The tumour immune escape plays a very important role in the progression of tumour, and 

TME normally protects tumour cells from being killed by the immune system. Tumour-intrinsic 

factors involved in glioblastoma-associated immunosuppression include the induction of 

signalling pathways known to suppress immune responses [133]. The main mechanism to 

mediate immunosuppression in the TME is the interaction between PD-1 and PD-L1 [134]. PD-1 

is an inhibitory receptor mainly expressed on activated T cells, including Th and Tc cells, natural 

killer T cells, B cells, macrophages and dendritic cells [135], while PD-L1 is highly expressed by 

malignant tumour cells [135], as well as by tumour-infiltrating myeloid cells, including 

macrophages [136,137]. 

Cytotoxic T-Lymphocyte Antigen 4  

CTLA-4 is a protein with high homology to CD28, one of the main proteins expressed on T 

cells that provide co-stimulatory signals required for T cell activation and survival through its 

binding to B7 molecules, proteins presented on activated APCs. Thus CTLA-4 may compete with 

CD28 for binding to the B7 molecules (CD80 and/or CD86) expressed on the APCs. This binding 

would finally lead to reduced inducible activity of APCs on Tc cells with their subsequent 

suppression [138,139]. 
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1.3.3. The role of different metalloproteases 

1.3.3.1. A Disintegrin and Metalloprotease (ADAMs) 

The ADAM family proteins belong to the metalloprotease superfamily, which comprises a 

diverse group of multi-domain transmembrane and secreted proteins  [141][142]. To date, 21 

ADAM protein-coding genes have been identified in the human genome, whereas 24 ADAMs 

protein-coding genes have been named in the mouse genome (http://www.genenames.org/). 

ADAMs have been described to modulate the activities of membrane cytokines and growth 

factors, their receptors, and cell adhesion molecules. Their mechanism of action is related to 

cleavage of transmembrane proteins and solubilization of the complete ectodomain of 

cytokines, growth factors, receptors, and adhesion molecules. Thus, these molecules can initiate 

or inhibit signalling on the same cell, neighbouring cells, or distant cells by transport through 

blood [143]. ADAMs functions place them in pivotal positions regarding the regulation of tumour 

proliferation, inflammation, among others [141] and their specific roles in immunity have been 

reviewed in [144]. ADAMs are type I transmembrane proteins that consist of an N-terminal 

signal sequence followed by a pro-domain, a metalloprotease (catalytic) domain, a disintegrin-

domain, an EGF domain-like (EGF-like) (cysteine-rich) domain, a single transmembrane domain, 

and a cytoplasmic tail (scheme in Figure 1.13). An exhaustive description of all existing ADAM 

proteins is beyond the scope of this PhD. Only subtypes related to results and discussion will be 

emphasized. 

Figure 1.12. T Cells interact with dendritic cells and tumour cells through the inhibitory immune 

checkpoints PD-1 and CTLA-4. PD-1 is an inhibitory receptor expressed on activated T cells that bind PD -

L1, a ligand highly expressed by malignant tumour cells and APCs. C TLA-4 is expressed on activated T 

cells and binds B7 molecules expressed on the APCs. The consequence of these interactions is the 

suppression of T cells. Figure modified from [140]. 

http://www.genenames.org/
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ADAM 8 

ADAM8 is expressed mainly in immune system cells, such as monocytes, neutrophils, 

eosinophils, dendritic cells, and B- cells [145] and its expression is regulated by TNF-α in a dose-

dependent manner. A study using wobbler mutant mice as a model for neurodegeneration and 

glial activation described ADAM8 upregulation in activated microglia, suggesting a role for 

ADAM8 in cell adhesion during neurodegeneration [146]. ADAM8 triggers the shedding of 

Tumour Necrosis Factor Receptor 1 (TNF-R1), thereby resulting in a reduction of the TNF action 

at cellular levels. Thus, the shedding of TNF-R1 by ADAM8 may protect cells from TNF-induced 

cell death [147]. Furthermore, ADAM8 that has been identified as a significant player in 

aggressive malignancies including breast, pancreatic, and brain cancer. High expression levels of 

ADAM8 are associated with invasiveness and predict a poor patient outcome [148]. 

  

Figure 1.13. The general structure of ADAMs. ADAMs consist of several domains, including a chaperone-

like prodomain with two convertase recognition sites (keeps ADAMs inactive); a Zn2+ -dependent 

metalloprotease domain (a key domain involved in catalytic activity and ligand shedding); a disintegrin -

domain (interacts with integrins, supports adhesion and serves to maintain the structure of the 

extracellular region); a cysteine-rich domain containing a hypervariable region (HVR), an EGF domain-

like (EGF-like) repeat domain (regulates substrate binding and shedding activity), a transmembrane 

domain and a carboxy- terminal SH3-binding cytoplasmic domain (interacts with signalling molecules 

and its phosphorylation regulates the activation, trafficking, and subcellular localization of ADAMs). In 

ADAM10 and ADAM17, the EGF-like repeat domain is absent, and the membrane-proximal region is often 

referred to as the stalk region. Figure modified from [144]. 
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ADAM10 

ADAM10 endopeptidase is one of the primary enzymes responsible for ectodomain 

shedding of membrane proteins in eukaryotes, with a broad specificity in membrane protein 

ectodomain shedding, targeting ca. 100 substrates [149]. One of the described mechanisms of 

ADAM10 involving the immune system is the activation of Notch, a critical regulator of CD4+ cell 

differentiation which is activated through proteolytic cleavage carried out by ADAM10. Thus, 

ADAM10 action contributes to effective T-cell proliferation and differentiation [150]. 

ADAM17 

It is the most thoroughly-studied ADAM protein. ADAM17 is an important regulator of cell 

signalling, expressed very broadly in somatic tissues, and it is present in cell membranes as a 

multimer. A variety of growth factors, cytokines, receptors, adhesion molecules, amongst 

others, have been described as substrates of ADAM 17, being some of these immunoregulatory 

molecules such as TNF-α, colony-stimulating factor 1 (CSF-1) and IL-6 receptor (IL-6R) [151,152].  

ADAM17 plays an important role in the early APCs response. After TLR stimulation, APCs 

capture and process antigens for their presentation to naïve T lymphocytes at lymph nodes. In 

order to enhance antigen endocytosis, APCs need to disassembly of their podosomes, structure 

involved in their cellular mobility, and loss of podosomes depends on ADAM17 activity. TLR 

signalling induces cell surface recruitment and/or activation of ADAM17, which then cleaves 

surface proteins required for cell-substrate contact and podosome formation, causing 

podosome disassembly [153]. 

ADAM17 activity also influences the traffic of monocytes and T-cell differentiation and 

activation during the inflammatory processes. The soluble form of IL-6R (sIL-6R), which is able 

to bind IL-6, is produced by naïve and memory Th cells upon T cell receptor (TCR) activation 

through ADAM17-mediated shedding. Further on, the IL-6/sIL-6R complex stimulates the 

secretion of Monocyte Chemoattractant Protein-1 (MCP-1), a chemokine which attracts 

mononuclear cells, such as lymphocytes or macrophages. On the other hand, ADAM17 is 

involved in T-cell differentiation. T cells differentiate into Treg cells upon TGF-β stimulation, 

whereas triggering of the same cells with TGF-β plus IL-6 induces its differentiation toward CD4+ 

cells. Accordingly, stimulation of uncommitted T cells with TGF-β in the presence of IL-6 and sIL-

6R leads to lower Treg differentiation when compared with IL-6 alone [154]. 

Inflammation is characterized by elevated levels of TNF-α. In this respect, ADAM17 

mediates the shedding of membrane-bound TNF-α precursor to produce soluble TNF-α. This is 

a step needed for pro-inflammatory TNF-α activity, since membrane-bound TNF-α has rather 

anti-inflammatory properties [155]. Furthermore, it has been described that ADAM17- mediated 

shedding of colony-stimulating factor 1 (CSF-1) on the cell surface of neutrophils and 

macrophages can enhance macrophage proliferation [156]. 
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1.3.3.2. Matrix Metalloproteases (MMPs) 

The MMPs are a family of more than 25 structurally related zinc-dependent 

endopeptidases. In their active form, MMPs can degrade components of extracellular matrix 

such as collagen, fibrinogen and proteoglycan. MMPs can also affect bioactive molecules on cell 

surfaces and modulate various signalling pathways by cleaving cytokines, chemokines and 

growth factors. Thereby, MMPs have been shown to be relevant for cell biological processes 

such as cell proliferation, migration, differentiation, apoptosis, angiogenesis, tissue repair, and 

immune response. Low expression levels of MMPs have been described in unstimulated 

cultured cells and intact tissues in vivo, but their expression can be induced in TMEs [157]. It is 

still unclear which genes/molecules are responsible for MMPs overexpression in tumours, 

although TNF-α and IL-1 are often suggested to be involved [158]. Furthermore, alterations in 

MMP expression and activity have also been implicated in tumour progression and invasiveness 

[159]. MMPs structure consists of a signal peptide, a pro-domain, a catalytic domain, and a 

carboxy-terminal haemopexin domain (Figure 1.14). The pro-domain contains the cysteine 

switch sequence which complexes the catalytic Zn2+ in the zymogen form and allows MMPs to 

remain inactive in the extracellular space until they are activated by proteolytic cleavage 

providing a mechanism for their regulation. The carboxy-terminal hemopexin domain confers 

substrate specificity [158]. 

 

Figure 1.14. Domain structure of matrix metalloproteases MMP9 and MMP14. All MMPs share the 

signal peptide, the pro-domain, and the catalytic domain. Specifically, MMP9 uniquely contain three 

fibronectin repeats within their catalytic domain and MMP14 presents a furin recognition site before 

the catalytic domain, which allows for intracellular activation of the zymogen by furin. The membrane -

bound MMP-14 contains, in addition, a transmembrane and cytosolic domain. Both MMP9 and MMP14 

have a flexible proline-rich hinge region and a haemopexin-like C-terminal domain, which helps in 

substrate recognition. Figure modified from [160]. 
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MMP9 

MMP9 is a metalloprotease capable of breaking down the extracellular matrix by type IV 

collagen degradation and damaging the tumour vascular endothelial barrier, leading to 

increased vascular permeability with the consequent extravasation of nutrients [161]. 

Furthermore, these changes contribute to neovascularization of gliomas and promote tumour 

growth and invasion. A study involving 45 cerebral glioma patients showed correlation between 

the expression of MMP9 and MRI features and histopathological grade of gliomas, indicating 

that MMP9 plays a significant role in tumour progression [162]. 

MMP14 

MMP14 is a pericellular metalloprotease acting against extracellular matrix components 

directly. Potential substrates for MMP14 are proteins, including collagens, fibronectin, laminins, 

vitronectin, and aggrecan [163]. Previous studies have described that MMP14 is upregulated in 

different human tumours such as breast cancer, colon cancer, hepatocellular carcinoma, head 

and neck carcinoma, oral carcinoma, prostate cancer and pulmonary tumours [162,164–166], 

suggesting that MMP14 acts on the surrounding environment and promotes tissue remodelling, 

invasion, and metastasis. Furthermore, MMP14 is known to be over-expressed in glioma tissues 

and has also been demonstrated to correlate with grade and poor outcome in glioma patients 

[167,168]. 

1.4. ADJUSTING THE THERAPEUTIC SCHEDULE WITH IMMUNE-RESPECTFUL 
PROTOCOLS: MORE IS NOT ALWAYS BETTER  

Chemotherapy regimens have usually exploited maximum tolerated doses (MTD) [169], 

alternated with rest periods to allow patients’ organism to recover. However, this type of 

strategy can foster tumour re-growth, giving time to resistant clones to replenish the tumour. 

Moreover, most of the anticancer therapeutics are based in targeting cells actively replicating, 

but they are not selective. Accordingly, and having in mind the T-cell proliferative step occurring 

in lymph nodes (Figure 1.9), this type of regimen can hamper the achievement of a good 

resolution of the cancer treatment since it may also affect suitable proliferation of host immune 

system cells needed for tumour cell killing. In this sense, using a glioma and melanoma model, 

Litterman et al [170] demonstrated that alkylating agents, including TMZ, resulted in a decrease 

in lymphocytes and qualitative dysfunction of T and B cells. Then, considering the immune 

system role in response to TMZ therapy, it is essential to change paradigms for the 

administration of therapeutic agents with anti-proliferative action and respect/enhance the host 

immune system capabilities, setting rest periods between doses of therapy. 

As opposed to the MTD intensive schedule interleaved with rest periods, metronomic 

chemotherapy was defined as the frequent and equally spaced administration of the minimum 

biological effective dose, significantly below the maximum tolerated dose, of chemotherapeutic 
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drugs, without the necessity of long rest periods for normal tissues recovery [171]. It has been 

demonstrated that following a metronomic schedule of chemotherapy drug administration 

every 6 days is effective in enhancing antitumour immune responses, both of the innate and 

adaptive systems, leading to tumour regression and avoiding tumour regrowth [172,173]. Note 

that this therapeutic spacing is in agreement with sparing the host immune system, avoiding 

application of antiproliferative agents during the T-cell proliferative period at the proximal 

ganglia. Specifically regarding TMZ, its toxicity effects to the host can be decreased by 

administration of TMZ on a metronomic schedule [174], maintaining the cytotoxicity to tumour 

cells and reducing the toxicity to non-tumour cells [175–177]. In this sense, TMZ metronomic 

low-dose schedules have been demonstrated to inhibit tumour growth, increase tumour cells 

autophagy, elicit antitumour immune responses in human, and show promising results in 

preclinical models [34]. 

Furthermore, the success of a given therapeutic approach is related with its capability to 

trigger immunogenic cell damage/death (ICD), a non-tolerogenic form of cell damage followed 

by emission of DAMPs in order to elicit host immune system to fight against tumours. ICD may 

involve changes in cell surface composition and/or release of soluble factors, while impairment 

in this process can contribute to therapeutic failure. It is accepted that three subclasses of 

DAMPs are characteristic of ICD (reviewed at [178]): a) DAMPs appearing on cell surface such as 

Calreticulin (CRT) exposure, which acts as an ‘eat me’ signal for macrophage engulfment. b) 

DAMPs released as end-stage degradation factors such as ATP secretion from cells experiencing 

physical or chemical stress, which is a prominent ‘find me’ signal for macrophage and APC 

precursors. c) DAMPs released extracellularly such as HMGB1 (nonhistone chromatin protein 

high-mobility group box 1, in its reduced state) released by injured cells during post-apoptotic 

necrosis and important for antigen presentation by APCs.  

It is also well described that chemo-radiotherapy is capable of ICD triggering and DAMPs 

emission, eliciting host immune response against neoplastic cells and raising “indirect 

immunotherapy” (as opposed to “direct” immunotherapy, see section 1.3.3).  Specifically 

regarding TMZ, its immunogenic effects are described to contribute in obtaining a positive 

outcome in anticancer therapy [35–40]. Contrary to what was historically described, TMZ does 

not need to completely kill all tumour cells, but rather produce enough damage triggering 

release/exposure of DAMPs in order to further attract immune system host elements. Our 

previous results with TMZ and preclinical GL261 GB support these findings: our group has 

reported in vitro investigation of TMZ in GL261 cultured cells had rather cytostatic than cytotoxic 

effects, but good ability to induce ICD [33], with results especially interesting regarding CRT 

exposure, in agreement with results reported by other authors [37].  Previous results from our 

group [172,179] also support that a regularly spaced therapeutic schedule improves outcome in 

GB-bearing mice. Altogether, results suggest that TMZ administration may trigger ICD and 

launch the cancer-immune cycle as described by Chen & Mellman [103] eventually leading to 

tumour cell killing, rather than killing cells directly. We coined the expression Immune-Enhanced 
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Metronomic Schedule (IMS) to define every 6 days chemotherapeutic administration protocol 

(see section 4, Chapter I).  
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2. GENERAL OBJECTIVES 

The general objective of this PhD thesis was to gain insight into the validation of the MRSI-

based developed biomarker as a robust method for therapy response follow-up in GB. This 

validation aims to explain cellular/molecular features triggering the MRSI-detected spectral 

pattern changes in IMS-TMZ-treated and untreated GL261 tumour-bearing mice. We planned to 

achieve this general goal through the following specific sub-objectives: 

1. Investigation of the robustness of the MRSI-based biomarker in longitudinal studies of 

the therapy response follow-up in GL261 GB tumour-bearing and control mice. Preliminary 

histopathological validation and possible explanation for relapse after transient response 

(Section 4, Chapter I). 

2. Evaluation of changes in tumour micro-environment regarding different sub-

populations of GAMs, T lymphocytes and NK cells in GL261 GB tumour samples (control and 

transient response to IMS-TMZ) in order to explain the differential MRSI-detected pattern 

(Section 4, Chapters II and III).  

3. To investigate GL261 GB samples in different situations (control/untreated, transient 

response, relapsing and unresponsive) regarding gene expression in GAMs and of PD-L1, 

ADAMs and MMPs to better characterize their role in the whole therapy response process 

(Section 4, Chapter IV).  
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3. GENERAL MATERIALS AND METHODS 

3.1. GL261 CELLS 

GL261 glioma cells were obtained from the Tumor Bank Repository at the National Cancer 

Institute (NCI, Frederick, MD, USA) at passage 8. This cell batch was exhaustively tested as 

requested by NCI for the absence of pathogens and for being bona fide GL261 cells and absence 

of interspecies contamination. Tests were performed by IDEXX BioAnalytics and results can be 

found in Annex I. The GL261 cell line has been used by our group in different studies [49,170,171] 

due to the high take rate (close to 100%), reproducibility and reliability in generating 

glioblastomas when implanted into C57BL/6 mice. 

3.1.1. Cell culture 

GL261 cells were cultured in 75 cm2 cell-culture flasks with RPMI-1640 culture medium 

(Sigma-Aldrich, Madrid, Spain) supplemented with 10% of foetal bovine serum (FBS) (Gibco, 

Invitrogen, UK), 0.285 g/l glutamine, 1% penicillin-streptomycin, and 2.0 g/L of sodium 

bicarbonate (all from Sigma-Aldrich, Madrid, Spain). Cells were incubated at 37°C in 5% CO2 and 

95% humidity (incubator HERAcell, 150i, Thermo Scientific). When cells covered 75%-85% of the 

flask surface, cells were sub-cultured (ca. after 7 days of cell culture start). For that, the medium 

was removed by aspiration with a vacuum pump. Then, the attached cells were washed with 10 

ml of the sterile phosphate-buffered saline (PBS), PBS was removed by aspiration. Then, 2 ml of 

trypsin-ethylenediaminetetraacetic acid (EDTA) (0.5 g/l and 0.2 g/l, respectively) (Sigma-Aldrich, 

Madrid, Spain) was added in order to detach cells from the flask. After 3 min in the incubator, 

cells were resuspended in 8 ml of RPMI medium and centrifuged. The supernatant was discarded 

and the pellet resuspended in 10 ml fresh medium for cell counting (see section  Cell count). 

Finally, cells (ca. 7x105 cells) were seeded in a new flask containing 25 ml RPMI medium. The 

medium was changed on days 3 and 5 after the culture passage. Cells were discarded after 25 

passages in order to avoid the possible accumulation of genetic alterations; after that, a new 

aliquot was thawed and the process restarted. 

3.1.2. Cell counting 

For cell counting, aliquots of 10 µl of the cell resuspension described in 3.1.1 were added 

to 10 µl of trypan blue dye (Sigma-Aldrich, Madrid, Spain), and 10 µl of the mixture were loaded 

into the cell count slice for cell counting with the TC10TM automatic cell counter (both from Bio-

Rad, Hercules, California). Two replicates for each sample were performed. 
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3.2. GL261 GB PRECLINICAL MODEL GENERATION 

3.2.1. C57BL/6 mice 

The animal model used in this PhD thesis was the C57Bl/6 mice (females weighting 18-24 g 

and aged 13-23 weeks). They were obtained from Charles River Laboratories (Charles River 

Laboratories International, l'Abresle, France) and housed in the animal facility (Servei 

d’Estabulari, https://estabulari.uab.cat/) of the Universitat Autònoma de Barcelona. The 

husbandry conditions were as follows: light:dark cycles: 12:12 h (light from 8 am to 8 pm); 

temperature 20 °C (±2°); relative humidity 55% (±10%); water/food access ad libitum (2014 

Teklad Global 14% protein rodent maintenance diet, Harlan, France); individually ventilated 

cages of five animals maximum (Tecniplast, Italy). Mice used in this work were housed in an 

enriched environment for at least 3 weeks before tumour generation, maintaining it over the 

whole mice life at our facility, since it has been reported that these approaches enhance host 

immune mechanisms [182]. All animal experiments were conducted according to the 

experimental protocol approved by the local ethics committee (Comissió d’Ética en 

l’Experimentació Animal I Humana, https://www.uab.cat)etica-recerca/) according to regional 

and state legislation (protocol CEEAH-3665, Generalitat de Catalunya order number 9685). The 

supervision protocol followed by animal facility staff for animal welfare and endpoint 

parameters can be found in Annex II. Each mouse studied in this thesis was attributed an 

alphanumeric identifier (CXXXX, being XXX a correlative increasing number). Furthermore, a 

unique ear notch combination was made with an ear punch divide in order to distinguish animals 

in the same cage, as shown in Figure 3.1. 

  

 

3.2.2. Generation of GL261 GB tumours by stereotactic injection of cells 

For GL261 GB tumour generation into the brain parenchyma of C57BL/6 mice, analgesia 

(meloxicam at 1.0 mg/kg, Metacam, Boehringer Ingelheim) was administered to each mouse 

subcutaneously 15 minutes before anaesthesia, as well as 24 and 48 hours after implantation. 

Mice were anaesthetised with a mixture of ketamine (Parke-Davis SL, Madrid, Spain) at 80 mg/kg 

and xylazine (Carlier, Barcelona, Spain) at 10 mg/kg administered intraperitoneally. When they 

did not respond to a tail or toe pinch reflex, mice were immobilised in a stereotaxic holder (Kopf 

Figure 3.1. Example of identification in mice by ear punching. 

https://estabulari.uab.cat/
https://www.uab.cat)etica-recerca/
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Instruments, Tujunga/CA, USA) in a prone position. Then, the incision area was shaved and 

sterilised, and a 1 cm incision was made to expose the skull. Then, a 1 mm hole was drilled 0.1 

mm posterior to Bregma and 2.32 mm to the right of 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 the injection 

of 4 µl of RPMI cell culture medium containing 105 GL261 cells at a depth of 3.35 mm from the 

skull surface at a rate of 2 µl/min. Once injection was completed, the Hamilton syringe was left 

untouched for 2 minutes more before its removal to prevent cells leaking out of the brain. 

Finally, the Hamilton syringe was gently and slowly taken out and the scission site was closed 

with suture silk 6.0 (Braun, Barcelona, Spain) and the mouse was left in the cage to recover from 

anaesthesia under active supervision until total recovery. 

3.3. MRI AND MRSI ANALYSES – NOSOLOGICAL IMAGES 

All MRI/MRSI analyses were carried out using standard protocols detailed and published 

by our research group. In order to avoid unnecessary text repetition in this section, please note 

that Chapter I and its supplementary material already detail the relevant parameters used in 

MR-based acquisitions, while supplementary material from Chapter II summarizes the steps 

performed for nosological image generation. Regarding Chapters III and IV, specific mention will 

be done whether animal selection was guided for MRI/MRSI or MRI parameters and the cut-off 

points used for each determined mice group (responding, relapsing, non-responding), but 

repetition of the technical parameters for MRI and MRSI will be avoided. 

3.4. STATISTICAL ANALYSES 

Sample distribution was assessed with Kolmogorov-Smirnov test. Levene’s test was used 

for assessing variance homogeneity. A two-tailed Student’s t-test for independent 

measurements was used for comparisons. For comparisons with groups not sufficiently large to 

perform a Student’s t-test, i.e., groups with an n=2, nonparametric tests were performed (Mann-

Whitney U test) following the recommendation from the UAB Statistics Facility (https://sct-

prv.uab.cat/estadistica/es). Relationships between different PCR-based markers were assessed 

with the Pearson correlation coefficient. The significance level for all tests was set to p < 0.05.  

A trend to significance was considered for analyses in which p values were in the range 0.05 < p 

< 0.01. 

For specific materials and methods of each section, please check each corresponding 

chapter for detailed description.  

https://sct-prv.uab.cat/estadistica/es
https://sct-prv.uab.cat/estadistica/es
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4. RESULTS/DISCUSSION 

• CHAPTER I: Anti‐tumour immune response in GL261 glioblastoma generated by 

Temozolomide Immune‐Enhancing Metronomic Schedule monitored with MRSI‐based 

nosological images. Published: https://pubmed.ncbi.nlm.nih.gov/31926117/ 

 

• CHAPTER II: Immune system-related changes in preclinical GL261 glioblastoma under 

TMZ treatment: explaining MRSI-based nosological imaging findings with rt-PCR 

analyses. Published: https://pubmed.ncbi.nlm.nih.gov/34071393/ 

 

• CHAPTER III: One step beyond for molecular profiling of the TME during TMZ response 

to treatment or relapse in GL261 GB bearing mice: GAM population, metalloproteases 

and PD-L1 expression profiles analyses by rt-PCR approaches. 

 

• CHAPTER IV: Assessment of T cell and natural killer populations in control and TMZ-

treated GL261 GB tumours by flow cytometry approaches. 

 

 

Chapters I and II are included as published papers in this PhD thesis2. 

  

 
2 Please note that due to copyright restrictions set by Publishers, Chapter I is presented in 

its pre-print format. Also consider that reference list at the end of this thesis is related to 

introduction, chapters III-IV and the general discussion. References regarding published papers 

as well as their supplementary materials may be found at the end of their corresponding 

subsection. 

 

https://pubmed.ncbi.nlm.nih.gov/31926117/
https://pubmed.ncbi.nlm.nih.gov/34071393/
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4.1. CHAPTER I: ANTI‐TUMOUR IMMUNE RESPONSE IN GL261 GLIOBLASTOMA 
GENERATED BY TEMOZOLOMIDE IMMUNE‐ENHANCING METRONOMIC SCHEDULE 
MONITORED WITH MRSI‐BASED NOSOLOGICAL IMAGES. 

 

 

 

 

 

Wu, S.; Calero‐Pérez, P.; Villamañan, L.; Arias‐Ramos, N.; Pumarola, M.; Ortega‐Martorell, S.; Julià‐Sapé, M.; 
Arús, C.; Candiota, A.P. Anti‐tumour immune response in GL261 glioblastoma generated by Temozolomide Immune‐
Enhancing Metronomic Schedule monitored with MRSI‐based nosological images. NMR Biomed. 2020, 33, 
doi:10.1002/nbm.4229. https://pubmed.ncbi.nlm.nih.gov/31926117/
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ABSTRACT:  

Glioblastomas (GB) are brain tumours with poor prognosis even after aggressive therapy. 

Improvements in both therapeutic and follow-up strategies are urgently needed. In previous work 

we described an oscillatory pattern of response to Temozolomide (TMZ) using a standard 

administration protocol, detected through MRSI-based machine learning approaches.  In the 

present work, we have introduced the Immune-Enhancing Metronomic Schedule (IMS) with an 

every 6-days TMZ administration at 60mg/kg, and investigated the consistence of such oscillatory 

behaviour.  

A total of n=17 GL261 GB tumour-bearing C57BL/6j mice were studied with MRI/MRSI every 2 days, 

and the oscillatory behaviour (6.2±1.5 days period from the TMZ administration day) was 

confirmed during response. Furthermore, IMS-TMZ produced significant improvement in mice 

survival (22.5±3.0 days for controls vs 135.8±78.2 for TMZ-treated), outperforming standard TMZ 

treatment. 

Histopathological correlation was investigated in selected tumour samples (n=6) analyzing control 

and responding fields. Significant differences were found for CD3+ cells (lymphocytes, 3.3±2.5 vs 

4.8±2.9 respectively) and Iba-1 immunostained area (microglia/macrophages, 16.8±9.7% and 

21.9±11.4% respectively).  

Unexpectedly, during IMS-TMZ treatment, tumours from some mice (n=6) fully regressed and 

remained undetectable without further treatment for one month. These animals were considered 

“cured” and a GL261 re-challenge experiment performed, with no tumour reappearance in 5 out 

of 6 cases.  

Heterogeneous therapy response outcomes were detected in tumour-bearing mice, and a selected 

group was investigated (n=3 non-responders, n=6 relapsing tumours, n=3 controls). PD-L1 content 

was found ca. 3-fold increase in the relapsing group when comparing with control and non-

responding groups, suggesting that increased lymphocyte inhibition could be associated to IMS-

TMZ failure. Overall, data suggest that host immune response has a relevant paper in therapy 

response/escape in GL261 tumours under IMS-TMZ therapy. This is associated to changes in the 

metabolomics pattern, oscillating every 6 days, in agreement with immune cycle length, which is 

being sampled by MRSI-derived nosological images.  

KEY WORDS: glioma; orthotopic tumours; immune response; metronomic therapy; immune 

memory, TMZ; PD-L1 

 

Abbreviations used: 3DiCSI, 3D Interactive Chemical Shift Imaging; BTDP, below threshold 

detection period; CPA, cyclophosphamide; CTLs, cytotoxic T lymphocytes; DAMPs, damage-

associated molecular patterns; DCs, dendritic cells; DMSO, dimethyl sulfoxide; DMPM, dynamic 

MRSI processing module; ETL, echo train length; FASTMAP, fast automatic shimming technique by 

mapping along projections; FOV, field of view; GB, Glioblastoma; HIF, hypoxia-inducible factor; IMS, 

immune-enhancing metronomic schedule; IT, inter-slice thickness; MDSCs, myeloid-derived 

suppressor cells; MTX, matrix size; MRI, magnetic resonance imaging; MRS, magnetic resonance 

spectroscopy; MRSI, magnetic resonance spectroscopic imaging; NA, number of averages; NMF, 

non-negative matrix factorization; NS, number of slices; PD, progressive disease; PD-1, 

programmed death-1; PD-L1, programmed death-ligand 1; PR, pattern recognition; PRe, partial 

response; PRESS, point-resolved spectroscopy; PVDF, polyvinylidene fluoride; RANO, response 

assessment in neuro-oncology; RARE, rapid acquisition with relaxation enhancement; RECIST, 



 

38 

 

response evaluation criteria in solid tumours; ROIs, regions of interest; SDi, stable disease; SDS-

PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; ST, slice thickness; SW, sweep 

width; T2w, T2 weighted image; TAT, total acquisition time; TE, echo time; TEeff, effective echo 

time; TMZ, temozolomide; TR, repetition time; TRI, tumour responding index; TV, tumour volume; 

VAPOR, variable power and optimized relaxation delay; VOI, volume of interest; WB, western blot; 

wt, wild-type  
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1 | INTRODUCTION  

Glioblastoma (GB) is the most frequent type of primary central nervous system 

malignancy in adults with very poor prognosis, which has not significantly improved 

despite the development of new diagnostic strategies and innovative therapies.1 

Combination chemotherapy after surgery such as Temozolomide (TMZ) with 

radiotherapy have been used as standard adjuvant therapeutic choice producing an 

average survival of 14.6 months.2 

For therapy response assessment in GB, the most common monitoring approach is 

magnetic resonance imaging (MRI), which is the preferred modality to provide 

information about tumour size and local tumour tissue extension.3 Radiological and 

clinical guidelines are used to evaluate GB response to therapy, particularly through 

the application of the response assessment in neuro-oncology (RANO)4 and Response 

Evaluation Criteria in Solid Tumours (RECIST) criteria.5 However, MRI information has 

been shown to be inaccurate due to the pseudoresponse and pseudoprogression 

phenomena occurring in some cases.6 Functional and molecular imaging can provide 

more accurate information and has attracted a lot of attention in the last decade. 

Among functional methods, magnetic resonance spectroscopy (MRS) may provide 

information about the metabolomic profile of the investigated lesion.7,8 Compared to 

MRS merely acquiring a single spectrum from a certain volume, magnetic resonance 

spectroscopic imaging (MRSI) is a technique that can provide metabolomic 

information superimposed to anatomical information, making it possible to gather this 

type of information from different regions of the studied tissue.9,10 In this sense, MRSI 

might be an interesting approach to complement MRI information in evaluating 

tumour response to therapy. 

Furthermore, the MRSI signal obtained from different types of tissue can be 

automatically categorized by pattern recognition (PR) techniques creating nosological 

maps potentially useful to detect and characterize therapy response in a noninvasive 

way.11–13 In this respect, the tumour responding index (TRI) as an evaluation 

parameter has been put forward to measure the extent of response to treatment 

using the obtained nosological images.14 In previous studies from our group, the multi-

slice MRSI technique has allowed us to observe TRI oscillations (ca. 6 days period) in 

GL261-tumour bearing mice treated with TMZ.14 Moreover, other authors have 

described that treatment with alkylating agents (e.g., TMZ) trigger the host immune 

system recruitment, eventually leading to tumour cell death.15 Still, it has been 

described that the whole immune cycle in mice brain usually requires around six 

days16, which agrees with the oscillation period found in previous studies.14 Beyond 
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that, it was described that administering chemotherapy with consecutive cycles every 

6 days could trigger immune system activation17 and we coined the expression 

“Immune-Enhancing Metronomic Schedule” (IMS) for this type of administration 

protocol18. In the late steps of each immune cycle, activated T cells traffic to and 

infiltrate the tumour bed, specifically recognizing and binding cancer cells and killing 

their target.19 In addition, microglial and macrophage cells, which can contribute up 

to 30% of a brain tumour mass, play a role in GB growth control.20 

Programmed death-1 (PD-1) and its ligand (PD-L1) play a key role in tumour immune 

escape and the modulation of tumour microenvironment, closely related with tumour 

generation and development.21 Chemotherapy can modify this tumour 

microenvironment. Thus, a recent study on 30 patients with thymic epithelial tumours 

revealed that PD-L1 expression increased in patient’s tumours after chemotherapy.22 

Similar findings have been communicated in other types of tumour such as rectal 

adenocarcinoma and breast cancer.23,24 These studies reveal a potential link between 

chemotherapy and tumour immunoresistance. However, little is known about how 

PD-L1 content changes in GB after chemotherapy, neither preclinical nor clinical.  

Consequently, in this work, our goal was to observe the evolution of TRI in GL261 

tumour-bearing mice treated with IMS-TMZ which was expected to enhance immune 

system participation in response to therapy. Furthermore, the tumour-associated 

immune population was characterized by histopathology studies, the contribution of 

PD-L1 to tumour relapse was investigated by western blot (WB) analysis, and the long-

term antitumour immune memory was examined by re-challenging TMZ-cured mice 

with GL261 glioma cells.  

2 | MATERIALS AND METHODS 

2.1 | GL261 cells  

GL261 mouse glioma cells were obtained from the Tumour Bank Repository at the 

National Cancer Institute (Frederick, MD, USA) and were grown as previously 

described.25 Cells were checked for mouse STR profile and interspecies contamination, 

as well as PCR evaluation to discard Mycoplasma and virus contamination. 

2.2 | Animal model  

All studies were approved by the local ethics committee (Comissió d’Ètica en 

Experimentació Animal i Humana (CEEAH, https://www.uab.cat/web/experimentacio-

amb-animals/presentacio-1345713724929.html ), according to the regional and state 

legislation (protocol CEA-OH-9685 / CEEAH-3665). 

https://www.uab.cat/web/experimentacio-amb-animals/presentacio-1345713724929.html
https://www.uab.cat/web/experimentacio-amb-animals/presentacio-1345713724929.html
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A total of 37 C57BL/6 female wild-type (wt) mice weighing 22.4±2.2 g were used in this 

study. Six out of 37 C57BL/6 GL261 tumour bearing mice were generated in a previous 

study14 and further analyzed by histopathology studies in the present work. Thirty-one 

C57BL/6 GL261 tumour bearing additional mice were generated for this work (See 

Figure 1 and Table 1). They were obtained from Charles River Laboratories (l'Abresle, 

France) and housed in the animal facility of the Universitat Autònoma de Barcelona. 

Tumours were induced in C57BL/6 mice by intracranial stereotactic injection of 105 

GL261 cells as previously described by us.26 Mice were weighed every other day and 

tumour volumes were followed twice a week using T2 weighted image (T2w) MRI 

acquisitions. Mice with the most homogeneous weights and tumour sizes were 

randomly chosen before therapy start to make experimental groups. 

2.3 | Animal treatment 

For in vivo experiments, TMZ (Sigma-Aldrich, Madrid, Spain) was dissolved in 10% 

dimethyl sulfoxide (DMSO) in saline solution (0.9% NaCl). IMS-TMZ 60 mg/kg was 

administered to n=19 tumour-bearing mice using an oral gavage, every 6 days, from 

day 11 post inoculation (p.i.), while control mice received 10% DMSO vehicle. After 

treatment, animals meeting endpoint criteria were euthanized by cervical dislocation 

according to animal welfare protocol advice for ethical reasons, the brain was removed, 

and tumour resected. Animals cured by the IMS-TMZ therapy were followed up and a 

re-challenge experiment was carried out (see section 2.4 for further details). 

Regarding the histopathological analysis, six mice were used, four treated with TMZ 

and two controls from.14 For these cases the TMZ administration scheme was the one 

described in previous studies, shown in Figure S1A. Still, control animals from 14 did 

not receive 10% DMSO vehicle.  

2.4 | Tumour-specific Immune memory studies  

2.4.1 |Criteria for cured mice 

When GL261 tumours were reduced after IMS-TMZ treatment until abnormal mass 

detection by MRI was no longer possible, or its volume remained stable (usually below 

2 mm3) during at least 2 weeks, TMZ administration was halted. Then, MR images were 

acquired twice a week. Whenever the volume of the residual/abnormal mass was 

stable or decreased for one month, mice were transiently declared "cured" as in 17. 

2.4.2 |Re-challenge experiment 

Mice cured by the IMS-TMZ treatment (n=8) were inoculated with GL261 cells again, 

symmetric but contralateral to the initial injection site. For re-implantation, three 

C57BL/6 female wt mice were also implanted as controls, to check for consistency and 
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growth rate in contralateral side. All mice were followed-up (weight + welfare 

parameters) twice a week and volumetric T2w MRI was acquired once a week. 

 
Figure 1. Experimental schedule of the 37 mice harbouring a GL261 GB included in this work, 

corresponding to the contents of Table 1. 

2.5 | In vivo MRI and MRSI studies  

2.5.1 | Data acquisition 

In vivo MRI/MRSI studies were performed at the joint nuclear magnetic resonance 

facility of the Universitat Autònoma de Barcelona and Centro de Investigación 

Biomédica en Red-Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN) 

(Cerdanyola del Vallès, Spain), Unit 25 of NANBIOSIS (www.nanbiosis.es). The 7T 

Bruker BioSpec 70/30 USR spectrometer (Bruker BioSpin GmbH, Ettlingen, Germany) 

equipped with a mini-imaging gradient set (400 mT/m) was used. A 72 mm inner 

diameter linear volume coil was used as transmitter, and a mouse brain surface coil as 

a receiver for brain MRI studies.  

Mice were positioned in a bed, which allowed delivery of anaesthesia (isoflurane, 1.5-

2.0% in O2 at 1 L/min), with an integrated heating water circuit for body temperature 

regulation. Respiratory frequency was monitored with a pressure probe and kept 

between 60–80 breaths/min. 
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Table 1. Table illustrating animal distribution in different groups investigated in this work. 

 

Note: # means cured cases (see Figure for representative cases and section 2.4.1 for the “cured mice” criteria). Total 

“n” (35) is different from the n stated in section 2.2 and 3.1 (37) because two cases (C1345 and C1351) did not have 

full longitudinal follow-up with MRI and MRSI, but still, were followed up only with MRI (see section 2.4.1). 

MRI studies 

GL261 tumour-bearing mice were screened by acquiring high resolution coronal T2w 

images using a Rapid Acquisition with Relaxation Enhancement (RARE) sequence to 

detect brain tumour presence and to monitor its evolution stage with repetition time 

(TR)/effective echo time (TEeff) = 4200/36 ms. The whole set of parameters used in 

MRI acquisitions can be found in the supplementary file. MRI data were acquired and 

processed on a Linux computer using ParaVision 5.1 software (Bruker BioSpin GmbH, 

Ettlingen, Germany). 

MRSI studies 

The MRSI acquisitions were performed every two days with mice in the longitudinal 

group, starting at day 15-17 post-implantation. 

Consecutive 14 ms echo time (TE) MRSI with point-resolved spectroscopy (PRESS) 

localization grids were acquired individually across the tumour, using as a reference 

T2w high resolution images, as described in previous work.14 Tumour was covered by 

3-4 MRSI grids with matrix size of 10x10 or 12x12 (technical details of MRSI 

acquisitions can be found in the supplementary file). In order to ensure quality of the 

acquired data, shimming was performed individually for each MRSI grid. MRSI grids 

were spatially located such that the volume of interest (VOI) included most of the 

tumoural mass as well as normal/peritumoural brain parenchyma. 

Water suppression was performed with Variable Power and Optimized Relaxation 

Delay (VAPOR), using a 300 Hz bandwidth. Linear and second order shims were 

automatically adjusted with Fast Automatic Shimming Technique by Mapping Along 

Projections (FASTMAP) and six saturation slices (ST, 10 mm; sech-shaped pulses: 1.0 

ms/20250 Hz) were positioned around the VOI to minimize outer volume 
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contamination in the signals obtained.  

2.5.2 | MRI and MRSI Processing and Post Processing 

Tumour volume calculation 

Manual segmentation of abnormal brain mass in T2w images was performed and 

tumour volumes were calculated from T2w high resolution horizontal images using the 

equation:  

TV (mm3) = [(AS1 × ST) + [(AS2 + (. . .) + AS10) × (ST + IT)]] × 0.0752    (Equation 1) 

Where TV is the tumour volume, AS is the number of pixels contained in the region of 

interest in each slice of the MRI sequence, ST is the slice thickness, IT the inter-slice 

thickness and 0.0752 the individual pixel surface area in mm2. The tumour area was 

calculated from pixels in each slice with ParaVision 5.1 software. The inter-slice volume 

was estimated adding the inter-slice thickness to the corresponding slice thickness in 

Equation 1.  

Brain MRSI post‐processing and pattern recognition strategies 

MRSI data were post-processed essentially as described in 25. Briefly, data were initially 

pre-processed at the MR workstation with ParaVision 5.1, and then post-processed 

with 3D Interactive Chemical Shift Imaging (3DiCSI) software package version 1.9.17 

(Courtesy 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 ASCII format. Dynamic MRSI processing Module (DMPM), 

running over MatLab 2013a (The MathWorks Inc., Natick, MA, USA) was used to align 

all spectra within each MRSI matrix, using the choline signal as reference, 3.21 ppm). 

The 0–4.5 ppm region of each spectrum in the MRSI matrix was normalized to unit 

length and exported in ASCII format for performing the PR analysis. No baseline 

correction was performed in these spectra.  

After that, the non-negative matrix factorization (NMF) semi-supervised 

methodology27,28 was applied for the extraction of meaningful source signals from the 

MRSI investigated tumours. From the biochemical viewpoint, the source extraction 

technique to classify MRS data assumes that in each voxel there is a mixture of 

heterogeneous tissues and their metabolites from which the contribution of each 

source can be obtained. A previously described semi-supervised approach29, which 

relies on Convex-NMF for the final source extraction, was used for classifying pixels 

into normal brain parenchyma, actively proliferating tumour and tumour responding 

to treatment; and for calculating nosologic maps representing the spatial response to 

treatment. Green colour is used when the GB responding to treatment source 

contributes the most, blue for normal brain parenchyma, red for actively proliferating 
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GB and black for undetermined tissue. A more detailed explanation on NMF can be 

found in the Supplementary file.  

2.5.3 |Tumour Responding Index (TRI) calculations 

In order to measure the extent of response to treatment using the obtained 

nosological images, a numerical parameter named TRI was calculated (Equation 2) 14. 

             TRI =
Tumour responding pixels

 Total tumour pixels
× 100           (Equation 2) 

TRI is stated as the percentage of green, responding tumour pixels of all grids over the 

total tumour pixels of all recorded grids. Then, tentative ranges of TRI categories were 

established to classify the different response to treatment levels observed in the 

studied animals, taking into account both TRI percentage and volumetric data from 

MRI measurements according to RECIST criteria5. An adapted set of RECIST criteria was 

used to classify cases into Progressive disease (PD), Partial response (PRe) or Stable 

disease (SDi). See the Supplementary file for the adapted RECIST criteria.  

In this work, a TRI cycle was defined provided a change between maximum and 

minimum TRI values was above 10%. Values below this threshold were attributed to 

possible experimental variability and were not counted as ‘cycles’. 

2.6 | Antibodies 

For histopathology studies, Anti-CD3 antibody (dil. 1:300, rabbit, Ref A0452) was 

purchased from Dako (Santa Clara, CA, USA) and Anti-Iba-1 antibody (dil. 1:300, goat, 

Ref ab5076) was purchased from Abcam (Cambridge, UK). 

For PD-L1 WB studies, Anti-PD-L1 antibody (dil. 1:400, rabbit, Ref ab233482) was 

purchased from Abcam (Cambridge, UK), β-tubulin antibody (dil. 1:1000, rabbit, Ref 

2146) was purchased from Cell Signalling Technology (Beverly, MA, USA) and 

secondary antibody towards rabbit IgG (dil.1:2000), conjugated to horseradish 

peroxidase, was purchased from Bio-Rad (Richmond, CA, USA). 

2.7 | Histopathology studies  

TMZ-treated cases used for histopathological validation were the following: C1100 (TRI 

= 61.8%), C1108 (TRI = 70.3%), C971 (TRI = 44.1%) and C1022 (TRI = 46.5%). In addition, 

two control (non-treated) tumour-bearing mice were also explored (C1110 and C1111). 

MRI/MRSI data, nosological images and TRI calculations are described in.14 

Fixed brains were embedded in paraffin and serial horizontal sections were cut, taking 

into account MRSI slices in order to ensure spatial correlation. Brain was split in half 

and each half was cut in 20 sections of 5 µm. The upper half of the brain corresponded 

to MRSI Grids 1 and 2, while the lower half of the brain corresponded to MRSI Grids 3 

and 4. 
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One section corresponding to each MRSI Grid position was selected for CD3+ 

immunohistochemical staining for detecting the presence of T lymphocytes and Iba-1 

immunohistochemical staining for detecting the presence of activated 

macrophages/microglia in treated and control tumours. 

After immunostaining, the preparations were digitized for quantification using a 

Nanozoomer 2.0HT (Hamamatsu Photonics France, Massy, France). Then, CD3+ 

positive cells and percentage of Iba-1 positive immunostained cellular areas were 

counted in each section in fields that corresponded to green or red tumour areas in 

nosological images. From each chosen area, 5 fields of 0.025 mm2 were randomly 

selected at 40x magnification, using NDPview 1.2.53 software (Hamamatsu Photonics 

France SARL, Massy, France). Fields were placed in the more highly cellular areas, 

avoiding poor or acellular areas. Exceptionally, in some samples, fewer fields were 

counted if the corresponding area of the nosological image was not large enough to 

evaluate 5 fields. 

2.8 | PD-L1 expression by Western blotting  

Cases used for PD-L1 expression were those with the following codes: fast growth 

tumours escaping IMS-TMZ therapy right from the start, defined as “non-responding” 

(C1288, C1319 and C1356, n=3); cases showing transient tumour shrinkage but 

eventually relapsing, defined as “relapsing” (C1290, C1292, C1341, C1342, C1343 and 

C1349, n=6). Control cases received 10% DMSO vehicle with the same schedule (C1266, 

C1300 and C1317, n=3).   

Tissue Homogenization and Protein Extraction. Whole GL261 tumours obtained after 

euthanization at endpoint were weighted and protein extracted as described in 30, 

details can be found in Supplementary file. Protein concentration was determined by 

Bradford assay (Bio-Rad) and equal amounts of protein (80 µg) were loaded on 12% 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), blotted on 

polyvinylidene fluoride (PVDF) Immobilon-P membranes (Millipore, Darmstadt, 

Germany), and immunodetected with the corresponding antibodies using a 

chemiluminescent detection method (ClarityTM Western ECL Blotting Substrates, Bio-

Rad, California, U.S.A.). Chemiluminescent signal was obtained with Chemidoc MP 

Image System and quantified with the ImageJ software. 

2.9 | 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). Comparisons of survival 
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rates were performed with the Log-Rank test. The significance level for all tests was 

p<0.05.  

3 | RESULTS  

Table 1 summarizes the cases described in this study and the analyses performed with 

each one. 

3.1 | IMS-TMZ treatment and follow up in GL261 tumour-bearing mice  

In this part of the study 19 mice were used. Among them, 13 mice were treated with 

TMZ using an IMS protocol and 6 were administered with vehicle, also in an IMS 

administration (see Table 1 for individual codes). The IMS administration scheme can 

be found in Figure S1A. All mice were followed-up according to the supervision 

parameters for animal health status and weighted (Figure S1C). The tumour volume at 

therapy starting (day 11 p.i.) in this section was 5.4 ± 2.6 mm3, close to tumour volumes 

in previous work with similar TMZ schedule (6.0±1.2 mm3)30. Tumour volume evolution 

of vehicle and TMZ-treated mice is shown in Figure S1B. As described before,31 TMZ 

treatment with the IMS administration has a positive impact in the survival of GL261 

tumour-bearing mice (Figure S1D). Thus, the average survival rate for control mice was 

22.5 ± 3.0 days whereas the TMZ-treated animals survived significantly more, 135.8 ± 

78.2 days (p<0.05 according to Log Rank Test), being 61.5% of TMZ treated mice alive 

at day 150 p.i. and some individuals still alive at 464 days p.i.  

3.2 | Multi-slice MRSI-based volumetric analysis of therapy response assessment under 

IMS-TMZ treatment  

A longitudinal study was performed with eleven TMZ-treated GL261 tumour-bearing 

mice and six vehicle treated mice (see Table 1 for individual codes). Mice were studied 

every two days (see Figure S2A) until endpoint. The start of MRSI explorations was 

conditioned by the measured tumour volume. According to our experience and data 

described by our group31, tumour volumes below 10-20 mm3 are not properly 

segmented by MRSI, and this was the cut-off point to start MRSI acquisitions. An 

example can be seen in Figure S2B. Results are summarized below. 

3.2.1| TMZ-treated mice  

The relationship between TRI and tumour volume evolution, as well as the 

corresponding nosological images of three most representative cases of TMZ treated 

mice are shown in Figure 2 (for the remaining cases, refer to Figures S3 and S4).  

Several TRI oscillations were observed in the TMZ-treated mice, and these were 

generally coincident with SDi and PRe tumour stages (Table S2), according to the 
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adapted RECIST criteria. Oscillations were observed between days 17 and 39 p.i. 

depending on the case observed. It is worth mentioning that in the first MRSI time 

points (days 15-19 depending on the case), where the evolution tumour would be still 

classified as PD, TRI oscillations can already be seen.  

In five cases (C1263, C1264, C1270, C1380 and C1383) tumour escaped from therapy 

and met PD criteria, leading to the euthanization of the mice. During this relapse, 

which started between days 35-41, either TRI cycles were not found anymore, or this 

value was no longer reliable. When the slope of the tumour growth increased 

dramatically or tumour relapsed beyond volumes of ca. 50 mm3, TRI do not seem to 

suggest response, even if oscillating features are seen. Moreover, the combination of 

high tumour volume (>70mm3) and relatively low TRI (e.g., C1270, TRI <40%) resulted 

in bad survival outcome in comparison with other cases, and tumour grew 

uncontrolled until the second TRI oscillation appearance.  

Regarding cases with complete follow-up, a total of 48 doses of TMZ were given, 

resulting in 26 TRI oscillation peaks, 21 of them corresponding with tumour growth 

arrest or volume decrease, whereas 5 TRI peaks were no longer able to coincide with 

controlled tumour growth (almost exclusively at relapsing time points). In addition, 8 

TMZ doses corresponded to periods in which tumour volume were below the 

minimum volume for nosological imaging segmentation while 2 TMZ doses 

corresponded to endpoint with no further explorations made.  

It is worth mentioning that TRI peak appears ca. 6-8 days after the first therapy 

administration period. The only case which delayed this appearance – 12 days, but 

only 6 days after the second therapy dose, C1383– could be due to segmentation 

problems due to borderline tumour volume between therapy cycles one and two. For 

all followed tumours, the first TRI peak agreed with a certain decrease in the tumour 

growth slope. 

Spectra acquired were of overall good quality and examples of chosen MRSI spectra 

for case C1263 are shown in Figure S2A. 
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Figure 2. Nosological images and graphical representation of the tumour volume evolution for the 

tumour region in the cases (a) C1263, (b) C1264 and (c) 1270. Tumour volume in mm3 (black line, left 

axis) and the percentage of green, responding pixels (TRI) obtained taking into account total pixels 

counting (green line, right axis). In the upper part of every image, chosen time points show the evolution 

of the nosological images in four rows of colour-coded grids superimposed to the T2w-MRI for each slice. 

Vertical arrows indicate days of therapy administration. In the graph below, green shaded columns 

indicate TMZ administration days. TRI cycle duration (therapy administration to next peak maxima) is 

highlighted in every image. In (a), from Day 31 to Day 37 it was not possible to evaluate TRI evolution 

because tumour volume was below the limit for confident MRSI segmentation, which we called below 

detection threshold period (BDTP). 

3.2.2| Additional cases from cured mice 

For mice with full MRI/MRSI follow-up, six of the TMZ treated mice analyzed (see Table 

1 for individual codes) had tumours which disappeared after IMS-TMZ treatment, 

which obviously prevents the generation of nosological images. Details about their 

tumour volume and TRI evolution can be found in the supplementary material (Figure 

S3).  
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As in other TMZ-treated mice, TRI oscillations or punctual increases could be found for 

most cases. For example, in the first days of MRSI monitoring, TRI cycles were found in 

four out of six cases. After that time, the relationship between tumour volume 

evolution and TRI changes was different in every case.  

The maximum volume achieved in this group was 37.4 mm3, and tumour volume 

decrease was found around the second TMZ therapy dose, lasting until ca. day 30 p.i. 

For cases with enough volume for nosological imaging segmentation, oscillations were 

seen during active response. For example, case C1276 (Figure S3A) showed TRI 

oscillations from days 17 till 27 p.i., when the tumour was classified either as SDi or 

PRe. Case C1382 presented TRI oscillations at days 17 and 21 p.i., followed by a gradual 

decrease which concurred with tumour disappearance.  

Cured mice had tumours with a trend to smaller volumes at therapy start (average 4.3 

± 1.4 mm3 vs 6.9 ± 3.4 mm3 in non-cured mice from this work), although this difference 

was not statistically significant. 

3.2.3| Vehicle-treated mice 

Six vehicle-treated mice were analysed for comparison purposes (Figures S5 and S6). 

The tumour evolution in this group was classified as PD throughout the period of MRSI 

analysis (Table S2), as expected. The TRI oscillatory pattern is not observed in any of 

the cases, except in the C1258, where a possible TRI cycle is observed (Figure S5), 

although tumour growth slope did not decrease. In the remaining 5 cases, no TRI cycles 

were observed, indicating that clear TRI oscillations are only present when tumour-

bearing mice respond to IMS-TMZ treatment.  

3.3 | Histopathology validation  

Six mice were used for histopathological analysis, 4 treated with TMZ and two non-

treated. Comparison of responsive and unresponsive zones (i.e., green and red areas 

of the nosological images) was performed (see Figure 3). Responsive zones presented 

significantly higher CD3+ positive cell counting and higher percentage of Iba-1 

immunostained area in comparison with unresponsive zones. Values for CD3+ were 

4.8 ± 2.9 and 3.3 ± 2.5 CD3+ positive cells in responsive and unresponsive zones, 

respectively (n=53 and n=94 fields). For Iba-1, the percentage of positive 

immunostained area was 21.9 ± 11.4% for responsive and 16.8 ± 9.7% for unresponsive 

zones (n=53 and n=95 fields). Individual fields from responsive zones could achieve 

values up to 42% of area occupancy by Iba-1 positive cells while unresponsive zones 

could reach values as low as 1.4%. Although it could be contributing to the MRSI-

detected spectral pattern changes, there is variability, and differences between 

regions within the same tumour are not so clear cut in certain individual cases. 
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Figure 3. Boxplot showing (a) CD3+ positive cells/field (n=147) and (b) % of Iba-1 positive immunostained 

cellular areas/field (n=148) in red and green areas of each MRSI grid of TMZ-treated and control cases. 

Significant differences were observed for CD3+ positive cell counting (P = .0009) and for Iba-1 positive 

immunostained cellular areas (P = .0011) with unpaired Student's t test. The limits of the box represent 

quartiles 1 (Q1) and 3 (Q3) of the distribution, the central line corresponds to the median (quartile 2). 

The whiskers symbolize the maximum and minimum values in each distribution. Examples of (c) CD3+ 

and (d) Iba-1 immunostaining in different analyzed fields of case C971 corresponding with green 

(responsive) and red (unresponsive zones). Nosological images obtained from Grid 1 of the case C971 

superimposed to the T2w-MRI. Both green and red zones could be distinguished within the tumour, 

showing a heterogeneous pattern of response. The red and green areas from the nosological image have 

been manually drawn over the tumour (shown in red and green lines). One representative field has been 

selected in each area (red and green circle have the same area). In the circular fields shown, cell count 

was 6 and 3 positive cells for CD3+ and 15.54% and 10.49% of positive immunostained cellular areas for 

Iba-1, for green and red areas, respectively. Arrows point to positive cells. Magnification (40×). 

3.4 | PD-L1 content in GL261 tumours  

PD-L1 content was analyzed in 12 frozen dissected GL261 tumours: 9 from IMS-TMZ 

treated mice and 3 control, with growth curves shown in Figure S7. WB results and 

quantification are shown in Figure 4. After normalization to Tubulin, PD-L1 band 

intensity was 0.23 ± 0.04 in the GL261 control group whereas it was 0.64 ± 0.14 in the 

relapsing GL261 group and 0.19 ± 0.02 in non-responding group. The PD-L1 content 

was found significantly higher (p<0.001) in the relapsing group when comparing with 

control group (2.8-fold) and non-responding group (3.4-fold), whereas no differences 
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were found for PD-L1 content between non-responding and control tumours. 

 

Figure 4. Frozen dissected tumours from IMS-TMZ-treated mice (a) WB for tumour total protein 

homogenate (80 μg) from different mice treated with IMS-TMZ (nonresponding and relapsing tumours), 

n = 9, compared with vehicle-treated mice, n = 3. PD-L1 and Tubulin proteins were analyzed. (b) 

Quantification of WB result including the non-responding, relapsing and control tumour samples, PD-L1 

band intensity (after normalization to Tubulin) are 0.19 ± 0.02 in the non-responding group, 0.64 ± 0.14 

in the relapsing group and 0.23 ± 0.04 in the control group. ***P < .001 for Student's t test for the 

comparison among nonresponding, relapsing and control group. 

3.5 | IMS-TMZ activates Tumour-specific immune memory  

We were also interested in a preliminary evaluation of whether IMS-TMZ treatment 

could induce long-term antitumour immunity in the cured C57BL/6 mice (tumour 

growth curves shown in Figure S8). For that, the re-challenge experiment described in 

section 2.4.2 was performed. Three wt mice were implanted in parallel as controls. 

Control tumours grew normally and no significant differences were found with 

standard GL261 tumour doubling time of 2.4 ± 0.3 days32. Regarding the re-challenged 

mice, only one of re-implanted tumours in the TMZ-cured mice (case C1286) grew after 

10 days while the rest remained tumour-free until present time (range 150-464 days 

post-implantation). With respect to case C1286, TMZ was administered as usual in an 
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IMS protocol and tumour disappeared after only one TMZ dose. After being cured 

again, this mouse has been followed-up (weight + welfare parameters) twice a week 

and MRI acquisitions were acquired once a week, for the rest of its lifetime (until 175 

days post-implantation) and no tumour mass has been detected in its brain. 

This high rate (100 %) of tumour rejection (Table 2) suggests that the cured mice seem 

to be acquiring antitumour immune memory to GL261. 

 

Table 2. Comparison of GL261 tumour take rates between primary tumour implantation, and GL261 re-

challenge in IMS-TMZ-cured mice. 

The tumour volume and TRI graph of a representative case (C1276) displaying immune 

memory is shown in Figure 5. For this specific case, tumour reached a maximum 

volume of 18.2 mm3 at day 17 p.i., decreasing to 1.5 mm3 after 7 TMZ doses. Two TRI 

cycles were observed during tumour-shrinking (Figure S4). The scar/residual abnormal 

mass caused by tumour growth was stable for one month; therefore, the mouse was 

declared as cured (see section 2.4.1). On day 74 p.i. this cured mouse was re-implanted 

on the other side of the brain parenchyma with GL261 cells. No tumour mass was 

detected in the cured mouse brain within 3 months after tumour re-implantation. 
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Figure 5. Graphical representation of the tumour volume evolution, TRI cycles and re-challenge time 

point of cured mouse (C1276). T2w images shows that the tumour reached the maximum volume, 18.2 

mm3 at Day 17 p.i., then tumour was ablated after seven doses of IMS-TMZ therapy, and the scar caused 

by tumour growth was stable for 1 mo. (cured). On Day 74 p.i., cured mouse was re-implanted on the 

other side of the brain parenchyma with GL261 cells, and no tumour mass was detected in the cured 

mouse brain within 3 mo. (90 d post–re-challenge) after tumour cells re-injection. 

4 | DISCUSSION 

4.1 | IMS-TMZ therapy triggering a repeated oscillatory TRI behavior  

During this work, eleven TMZ-treated and six vehicle treated tumour-bearing mice 

were analyzed by MRSI-based nosological images (representative cases shown in 

Figures 1, S3-S6). Results confirmed the oscillatory response level (i.e., TRI values) of 

TMZ-treated mice due to changes in the metabolomic spectral pattern. This was 

already shown in a previous study with the standard 5-2-2 TMZ administration 

protocol in a smaller cohort of animals 14 but its reproducibility with the IMS-TMZ 

protocol had not yet been tested. Multi-slice MRSI acquisitions allowed us not only to 

monitor TRI oscillations along the period of transient response to therapy, but also to 

sample intratumoural heterogeneity. The TMZ administration seems to be the 

responsible of “setting” cycles, since the period between therapy administration and 

appearance of a TRI peak is consistent along different cases, ranging 4-8 days during 

regular transient response periods. Also, it has been shown that, prior or during 

tumour relapse, these oscillations disappeared, with a different TRI behavior: it either 

assumed an increasing, non-oscillating trend or only showed small, incipient increases. 

This confirms that consistent TRI oscillations are related to metabolomic changes due 

to tumour response, but mostly absent during tumour relapse. The average value for 

time lapse recorded between TMZ administration and TRI peak appearance (being TRI 

peak average 66.8 ± 22.3 % in all studied cases, n = 11) was 6.2 ± 1.5 days.  

In control cases (Figures S5-S6), no TRI oscillations were observed, with the possible 

exception of case C1258, although no coherent tumour decrease was seen at possible 

TRI peak in C1258. This suggests that the lack of response to therapy leads to absence 

of clear TRI oscillation. In such cases, an increase in TRI could suggest local 

metabolomics changes resembling the ones observed during therapy (e.g., 

spontaneous host immune response), although these are clearly not enough to arrest 

tumour growth.  

Results from TMZ-treated mice suggest that TMZ administration “resets” the immune 

system cycle clock, since TRI maximum peaks appear in average 6.2 ± 1.5 days after 

therapy administration (Figures 1, S3 and S4). This value is in agreement with work 
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previously published by us with a non-metronomic TMZ administration schedule 

(distance between TRI maxima, 6.3 ±1 .3 days, n=4 14) and also with calculations 

approached in single-slice acquired cases (distance between TRI maxima, 6.2 ± 2.0 

days, calculated for n=3 cases from 29). This value is also in line with the length of 

immune cycle in mice brain, described to be of ca. 6 days 33. Moreover, taking into 

account that TMZ has already been described to behave as an immunogenic drug, 

which triggers the exposure and release of immunogenic signals 34,35, we hypothesize 

that each TMZ cycle is triggering a new ‘turn’ of the immune cycle leading to an arrival 

of new sub-clones of immune system cells within tumours ca. 6 days later. This would 

contribute to metabolomic pattern changes sampled by MRSI acquisitions, leading to 

changes in nosological images (see figure 6 for a schematic explanation).  

Still, it is worth noting that TRI peak maxima are also accompanied, in some instances, 

by a reduction of the tumour volume characterizing either a partial response case (see 

Figure 2, case C1263 and C1270) or stable disease (case C1264). This reproducible 

behavior may underlie that a high TRI is indicating an active anti-tumoural response 

triggered by the immunogenic potential of TMZ. 

The monitoring of TRI evolution could enable the design of personalized therapeutic 

schemes, adapting the TMZ therapy schedule in order to obtain an optimal anti-

tumour effect. Once fully validated that the ‘green pattern’ is associated with a 

productive action of the host immune system against the tumour, its presence would 

indicate that no further TMZ doses are needed until TRI starts decreasing, which would 

mean that a new, resistant clone of tumour cells is replacing cells killed by immune 

system action. The new TMZ administration would trigger a new turn in the immune 

system cycle, with priming and amplification of lymphocytes enabling them to kill this 

new tumour cells sub-clone. 
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Figure 6. Hypothetic schema of the cycle for immune response against a preclinical GB tumour after two 

therapy cycles and resulting nosological images, using as example images from case C1270. The whole 

cycle is thought to last 6 to 7 d in mouse brain. When treated with TMZ at Day 0 (A), tumour cells release 

and expose immunogenic signals which attract dendritic cells (DCs) and macrophages to the tumour site. 

Initially (Days 1 and 2), the immune system is not especially active against these particular tumour cell 

clones and the nosological images correspond mostly to actively proliferating tumour, and thus TRI is 

low (B). At Days 3 and 4, DCs migrate to the lymph nodes and prime naïve CD8+ effector T cells, which 

start to proliferate. It is important that TMZ (or any antiproliferative agent) not to be administered in 

this period because it would impair lymphocytes proliferation and hamper proper immune response. TRI 

may start increasing between Day 3 and Day 4 (allowing for inter-subject variability) partially due to 

innate immune system action against tumour or to primed lymphocytes from a previous therapy cycle 

attacking the tumour again (C). At Days 5 and 6 of the cycle, a new wave of effector T cells arrive at the 

tumour site and jointly with macrophages efficiently attack the tumour. In this period, we may observe 

a TRI peak maximum and, in some instances, even reduction in tumour volume (D). 

One of the handicaps of the MRSI-based nosological image calculation technique is 

that small sized tumours do not produce confident segmentation (e.g. case C1263 in 

which the tumour zone was mislabeled as normal brain parenchyma, Figure S2B). We 

named this period “below threshold detection period” (BTDP) since the semi-

supervised source analysis software was not able to properly segment the tumour. 

However, since small tumours have a trend to better survival or either cure, the 

metabolomics signature would not be as relevant as in tumours with larger volumes, 

in which this information is relevant to assess the efficacy of a therapeutic strategy. 
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These results demonstrate how non-invasive methods based on PR analysis of MRSI 

acquisition can be applied in order to improve therapeutic success, making it possible 

to develop enhanced and personalized therapies based on metabolomic information, 

which takes place before or in the absence of MRI volume-related changes. 

Finally, if the relationship between TRI cycles and efficient host immune system 

attraction for tumour fighting is fully confirmed, we should be also able to evaluate 

and quantify the response level in combined treatments (e.g. synergistic TMZ+ anti-

PD-1 or TMZ + CX-4945, an ATP-competitive CK2 protein kinase inhibitor described for 

preclinical GB treatment30), as well as to refine administration timing. Our surrogate 

biomarker for therapy response, coded in nosological images, was developed with 

TMZ-treated cases 29 and one of the fundamental questions then was whether it would 

be useful with other therapeutic agents. Indeed, it was also proven robust to detect 

tumour response in cyclophosphamide (CPA) treated mice31, suggesting that the 

changes sampled are not restricted to TMZ, but rather being related to local changes 

during different treatments. Those would be probably related to immune system 

action against tumours, which could be an extremely valuable biomarker in tuning 

therapy administration to obtain maximal effectiveness and improve outcome. 

4.2 | Histopathology results  

Our working hypothesis is that the recorded TRI oscillations could be at least partially 

due to local metabolic changes resulting from immune system action within the 

tumour tissue. This hypothesis is supported by histopathological findings (section 3.3 

of this manuscript), obtained from samples reported in 14: TMZ-treated samples 

presented a higher number of lymphocyte-like cells in comparison with untreated 

samples. This was further confirmed with immunostaining for CD3+ (T lymphocytes 

marker) and Iba-1 (microglia/macrophages marker). Values were significantly higher 

in tumour zones classified as “responding”, in comparison with control cases or 

“unresponsive” areas. Moreover, the TRI imaging biomarker was proven to be 

correlated with the proliferation index Ki67 14,29, also reflecting that metabolomics 

changes could be related to the proliferation status of tumour cells.  

Results obtained in the present work reinforce the concept of IMS-TMZ as a good 

alternative for GB treatment. This hypothesis needs to be further validated in future 

work by assessing the recruitment of the host immune system elements through 

histopathological validation during TRI maximum and minimum values: in addition to 

CD3 and Iba-1, other markers such as FoxP3 (regulatory T lymphocytes) or specific 

markers for different polarization extremes of macrophages (M1 and M2 subtypes) will 

be useful. Importantly, this may be of relevance due to the fact that 

macrophages/microglia intimately interact with tumour cells and may contribute, 
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depending on the cellular subtype, to tumour growth, migration and invasion of 

tumour cell, destruction of the extracellular matrix, neoangiogenesis and an 

immunosuppressive microenvironment. 36 Also, their quantification at different time 

points along therapy protocols would be of help to understand better their potential 

contribution to the metabolomics pattern of responding and non- responding tumours.   

4.3 | A possible explanation for resistance to TMZ therapy in GL261 tumours: PD-L1 

content increase  

Immune evasion is one of the features of cancer37, and overexpression of PD-L1 on the 

surface of the cancer cells is one way of escaping the immune system attack.38 Several 

studies reveal that up-regulated expression of PD-L1 on tumour cells could be a 

potential link between chemotherapy and tumour immunoresistance 22–24. In some 

cases studied in this work, we observed a transient therapy response to IMS-TMZ 

followed by fast tumour regrowth. WB results shows that increased PD-L1 content was 

found in late relapsing tumours when comparing to vehicle-treated tumours, which 

could provide a possible explanation for relapse in these mice.  

In this respect, other authors have already described that treatment with alkylating 

agents (e.g., TMZ) trigger host immune system recruitment.15 Our hypothesis is that 

one of the reasons contributing to GL261 tumour regrowth during IMS-TMZ would be 

the appearance of tumour cell sub-clones which up-regulate PD-L1. These PD-L1 over 

expressing tumour cells would be protected from productive T-lymphocyte attack and, 

consequently, would replace the tumour cell population not overexpressing PD-L1. 

This would finally lead to tumour escape due to the immunosuppressive effect of 

increased PD-L1 content. With respect to control tumours, they should barely trigger 

the production of immunogenic signals due to the lack of damage caused by TMZ, thus 

resulting in less T cell infiltration into tumour tissue. Accordingly, no selection of 

tumour cells with increased PD-L1 expression for clonal expansion would happen.  

In the case of “non-responding” GL261 tumours, results show that the expression level 

of PD-L1 is equivalent to vehicle-treated tumours, and lower than in late relapsing ones. 

Our hypothesis to explain this difference is that “non-responding” tumours would 

escape therapy by a different mechanism, not yet clarified, rather than “late relapsing” 

tumours, which could use high PD-L1 content for this. Initial tumour mass duplication 

time and, eventually, overall tumour mass could probably hamper on its own immune 

system capability of the host39, then, no positive selection for PD-L1 high expression 

clones would be required in this instance for tumours to grow unencumbered. This 

result brings us significant insight for future research in preclinical GL261 GB, indicating 

that anti- PD-1 immunotherapy should be more effective as second line treatment in 

late relapsing GL261 tumours, while combined TMZ and kinase inhibitors such as CX-
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4945 may be best for fast growth, “non-responding” GL261 tumours. In addition, 

kinase inhibitors could contribute an added value through another pathway, impairing 

hypoxia-inducible factor (HIF) stabilization which in turn could lead to decrease of PD-

L1 content.40 These hypotheses are amenable to test in future work and can lead to 

further improvement of the outcome of tumour-bearing mice.  

4.4 | IMS-TMZ therapy may establish long-term specific anti-tumour immunity. 

Alkylating agents such as CPA and TMZ have been described to induce the 

immunogenic cell death of tumour cells by activating the immune system through the 

exposure and emission of damage-associated molecular patterns (DAMPs), triggering 

the recruitment of the host immune system 15,34,41,42 . However, as relevant as eliciting 

the immune system is avoiding impairing its amplification, and here the IMS gains 

importance. In the GL261 mouse model, TMZ produces a significantly better survival 

rate when administered in a 6-day cycle 30 instead of in daily schedule of 5 consecutive 

days 43. Alkylating agents, including TMZ, are known to induce side effects related to 

the immune system such as leukopenia and neutropenia, when administered daily 44. 

If TMZ is administered in a continuous schedule, the anti-tumour immune cycle may 

be hampered due to the inhibition of the proliferation of immune cells, such as primed 

CD8+ T lymphocytes. On the other hand, in a metronomic administration schedule, 

TMZ would not interfere with the proliferation of immune cells (time period in Figure 

6C), since the next TMZ dose is administered after completion of the amplification step. 

This would be of benefit to establishing long-term specific anti-tumour immunity. 

Whereas all control, vehicle-treated mice developed rapidly growing GL261 tumours, 

IMS-TMZ-cured mice resisted secondary re-challenge tumour development. Our 

preliminary findings in this suggest that antitumour immunological memory is 

established by the host immune system of cured mice. The efficiency to trigger 

antitumour immunity may be supported by the induction of immunogenic cell death 

by the TMZ effect on GL261 tumour cells18. In this respect, we cannot ignore that 

GL261 is a moderately immunogenic cell line45. Thus, a basal part of the response to 

therapies may be helped by this basal immunogenicity, like in “hot” tumours46. 

Nonetheless, it seems clear that this basal immunogenicity alone is not able to make 

C57BL/6 mice resistant to GL261 GB growth, in the absence of IMS-TMZ therapy 

(Figure S1B). Accordingly, this IMS-TMZ may promote long-term therapeutic responses 

through generation of immunological memory with concomitant prevention of 

tumour relapse. Wu and Waxman17 found an increased number of CD8+ T cells and 

decreased number of circulating macrophages and myeloid-derived suppressive cells 

(MDSCs) populations in cured mice treated with “metronomic” IMS-like CPA treatment, 

which rejected the GL261 tumour on re-challenge17. In this sense, further work will be 

needed to explore the actual mechanism of antitumour immune memory in our 
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system; thus, assessment of different immune populations could be performed in mice 

that rejected the re-implanted GL261 tumours compared to control tumours. Animal 

models of cancer are used to produce results of relevance for translation to human 

patients, eventually. In this respect, one relevant corollary of the described work from 

the imaging part should be that MRS/MRSI studies of glioblastoma patients during 

treatment should consider whether oscillatory variations comparable to the ones 

described in this work for GL261 GB under therapy may be happening, and exercise 

due caution interpreting single datapoint results to predict response to therapeutic 

strategies being evaluated. 

In addition to the beneficial effects related to immune system, the IMS administration 

schedule also allows us to reduce the cumulative amount of administered TMZ and 

avoid consequent development of other tumours due to the mutagenic effects of TMZ, 

such as lymphomas31. Moreover, if a translational protocol reaches the clinical pipeline, 

the reduction of TMZ dosage should also decrease undesired side effects in patients. 

The curative effect of the IMS-TMZ protocol alone in 38% of the overall investigated 

mice, indicates that similar protocols, avoiding damage to the amplification phase of 

the immune cycle, could be of relevance to patients. 
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5 | CONCLUSIONS  

Results in this work confirmed that the IMS-TMZ protocol produced the expected 

oscillatory changes in the metabolomic pattern sampled by MRSI-based nosological 

images. This oscillatory pattern could act as a biomarker of the effective attack of the 

host immune system onto the GL261 tumour during therapy monitoring, especially 

during transient response. TMZ administered using the Immune-Enhancing 

Metronomic Schedule produces significantly better survival rate than non-IMS 

protocols and may even establish long-term specific anti-tumour immunity in cured 

mice. With regard to GL261 GB tumours showing transient response to therapy 

followed by tumour regrowth, PD-L1 content increase in the tumour tissue could be a 

possible explanation for the recurrence. Further studies will be needed to assess the 

presence, type, and amount of recruited host immune system elements at the point 

of maximum and minimum TRI values. This will help us to understand better their 

potential contributions to the metabolomic pattern changes detected. Finally, 

whenever the relationship between TRI oscillations and productive host immune 

system attraction for tumour fighting is fully demonstrated, we should be also able to 

use this to evaluate and quantify the extent of response in combination therapies, 

thereby further improving therapy scheduling and allowing for its personalization. 
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SUPPLEMENTARY MATERIALS 

MRI studies 

The acquisition parameters were as follows: repetition time (TR)/effective echo time 

(TEeff) = 4200/36 ms; echo train length (ETL) = 8; field of view (FOV) = 19.2 × 19.2 mm; 

matrix size (MTX) = 256 × 256 (75 × 75 µm/pixel); number of slices (NS) = 10; slice 

thickness (ST) = 0.5 mm; inter-ST = 0.1 mm; number of averages (NA) = 4; total 

acquisition time (TAT) = 6 min and 43 s. 

MRSI studies 

Consecutive 14 ms echo time (TE) MRSI with point-resolved spectroscopy (PRESS) 

localization grids were acquired individually across the tumour, using as a reference 

T2w high resolution images, as described in previous work.1 First upper (dorsal) grid 

(Grid 1) had a matrix size of 10 × 10. Then, Grid 2 was acquired 1 mm below Grid 1 

with a matrix size of 12 × 12. Grid 3 was acquired 1 mm below Grid 2, also with a matrix 

size of 12 × 12. Finally, if tumour volume was not completely covered with 3 grids, a 

final Grid 4 was acquired 1 mm below Grid 3 with a matrix size of 10 × 10. 

Acquisition parameters for all grids were: FOV, 17.6 mm × 17.6 mm; VOI in Grids 1 and 

4 was 5.5 mm × 5.5 mm × 1.0 mm. VOI in Grids 2 and 3 was 6.6 mm × 6.6 mm × 1.0 

mm. ST, 1 mm; TR, 2500 ms; Sweep Width (SW), 4006.41 Hz; NA, 512; TAT, 21 min 30 

s each grid. Water suppression was performed with Variable Power and Optimized 

Relaxation Delay (VAPOR), using a 300 Hz bandwidth. Linear and second order shims 

were automatically adjusted with Fast Automatic Shimming Technique by Mapping 

Along Projections (FASTMAP) in a 5.8 mm × 5.8 mm × 5.8 mm volume which contained 

the VOI region. Six saturation slices (ST, 10 mm; sech-shaped pulses: 1.0 ms/20250 Hz) 

were positioned around the VOI to minimize outer volume contamination in the 

signals obtained. 
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MRSI postprocessing: outline of NMF methods 

In general, 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 a given data matrix “X” into two 

non-negative matrices: the sources (“S”) and the mixing matrix (“A”). The differences 

between NMF methods are given by the different cost functions used for measuring 

the divergence between X and S*A. A more recent variant of NMF that is also able to 

handle negative data, namely convex-NMF, was used in this work2. Convex-NMF has 

proven to be able to identify a reduced number of sources that can be confidently 

recognized as representing brain tumor/tissue types in a way that other source 

extraction methods, including other NMF variants, cannot detect with the same 

degree of specificity3,4. 

Adapted RECIST criteria 

Classification of adapted RECIST criteria was applied as follows: Progressive disease 

(PD): 20% increase with respect to the smallest tumour volume so far. Partial response 

(PRe): tumour decrease by 30%, taking into account the biggest volume so far. Stable 

disease (SDi): less than 20% increase and no more than 30% decrease in tumour 

volume. 

Protein extraction for WB studies 

Whole GL261 tumours obtained after euthanization at endpoint were weighted and 

200 µL of cold lysis buffer for each 50 mg of tissue was added (cold lysis buffer: 50 mM 

Tris-HCl pH 7.7, 150 mM NaCl, 15 mM MgCl2, 0.4 mM ethylenediaminetetraacetic acid, 

0.5 mM dithiothreitol, 100 µg/ml of leupeptin, aprotinin and benzamidin and 2 mM of 

phenylmethanesulfonyl fluoride or phenylmethylsulfonyl fluorid). Samples were 

homogenized with a 20 G needle 10 times and with a 26 G needle 10 more times. Then, 

sonication (Fisher Sonic Dismembrator Model 300, Thermo Fisher Scientific, Waltham, 

MA, USA) was performed five times for 5-s intervals at 30% amplification. After 

remaining 30 min on ice, the lysate was centrifuged at 13,000× g for 20 min at 4 °C. 

Finally, supernatant was collected and used for WB analysis. 
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SUPPLEMENTARY FIGURES: 

 
Figure S1. (A) Therapeutic schemes for TMZ treatment used in the studies described in 

this work. First, Immune-Enhancing Metronomic Schedule (IMS) used for GL261 GB 

therapy in mice- TMZ is administered every six days. Second, TMZ administration 

schema with 3 therapy cycles with a 3-day interleave, as described previously by us 1. 

In both protocols TMZ therapy started at day 11 p.i., except for cases C1100 and C1108, 

for which the starting day was adapted to tumor volume (see details in supplementary  

reference 1) (B) Tumour volume evolution for control, vehicle treated (n=6, C1258, 

C1260, C1261, C1359, C1360 and C1361) and TMZ-treated GL261 tumour-bearing mice 

with the IMS protocol. For TM-treated mice two groups are shown: responding mice 

(n=5, cases C1263, C1264, C1270, C1380 and C1383) and cured mice, in which tumour 

disappeared due to TMZ treatment (n=8, C1276, C1281, C1284, C1285, C1286, C1345, 

C1351 and C1382). Mean ± SD values are shown. (C) Body weight evolution of GL261 

tumour-bearing mice during TMZ treatment with the IMS protocol. Weight is expressed 

in %, assuming 100% for the weight at day 0; dashed horizontal blue line indicates the 

20% weight reduction point, below which animals must be euthanized due to welfare 

parameters. (D) Kaplan Meier survival comparing GL261 tumour-bearing mice treated 

with vehicle (n=6) and TMZ (n=13) in an IMS protocol.  



 

68 

 

 

Figure S2. (A) Examples of mean spectra calculated from chosen zones of nosological 
images classified as normal brain parenchyma, actively proliferating tumour and 
responding tumour in case C1263. Normal brain is shown in blue (n=301 pixels), 
actively proliferating tumour in red (n=35) and responding tumour in green (n=9). Cho= 
choline, Cr= creatine, NAc= N-acetyl containing compounds, Lac= lactate, ML= mobile 
lipids. As expected, tumour zones present higher Cho/Cr and Cho/NAc ratio in 
comparison with normal brain parenchyma and higher Lac/ML signals.   Still, 
responding zones present more noticeable 2.8 ppm signal, compatible with 
Polyunsaturated fatty acids (PUFA) chemical shift. (B) Example from case 1263 in 
which the tumour was not recognized by the semisupervised system analysis due to its 
small size (C1263, day 29 p.i., grid 1) showing one of the handicaps of the technique. 
In the left side, the MRI image with the tumour mass surrounded in black continuous 
line. On the right, the nosological imaging mislabeled ‘normal ’ blue over the tumour 
zone superimposed to the tumour silhouette. 
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Figure S3. Nosological images and graphical representation of the tumour volume 
evolution for the tumour region in cases (A) C1276, (B) C1281, (C) C1285 and (D) 
C1286 of “cured” animals. Tumour volume in mm3 (black line, left axis) and the 
percentage of green, responding pixels (TRI) obtained taking into account total 
pixels counting (green line, right axis). In the upper part of every image chosen time 
points show the evolution of the nosological images in two rows of color-coded grids 
superimposed to the T2w-MRI for each slice. Below, green shaded columns indicate 
TMZ administration days. Case C1284 is not shown because TRI was always below 
the detection point due to small tumour volume. 
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Figure S4. Nosological images and graphical representation of the tumour volume 
evolution for the tumour region in cases (A) C1380, (B) C1382 and (C) C1383. 
Tumour volume in mm3 (black line, left axis) and the percentage of green, 
responding pixels (TRI) obtained taking into account total pixels counting (green 
line, right axis). In the upper part of every image chosen time points show the 
evolution of the nosological images in one to four rows of color-coded grids 
superimposed to the T2w-MRI for each slice. Below, green shaded columns 
indicate TMZ administration days.  
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Figure S5. Nosological images and graphical representation of the tumour volume 
evolution for the tumour region in the vehicle treated cases (A) C1258, (B) C1260 
and (C) C1261. Tumour volume in mm3 (black line, left axis) and the percentage of 
green, responding pixels (TRI) obtained taking into account total pixels counting 
(green line, right axis). In the upper part of every image chosen time points show 
the evolution of the nosological images in two rows of color -coded grids 
superimposed to the T2w-MRI for each slice. Below, green shaded columns indicate 
TMZ administration days.  
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Figure S6. Nosological images and graphical representation of the tumour volume 
evolution for the tumour region in the vehicle treated cases (A) C1359, (B) C1360 
and (C) C1361. Tumour volume in mm3 (black line, left axis) and the percentage of 
green, responding pixels (TRI) obtained taking into account total pixels counting 
(green line, right axis). In the upper part of every image chosen time points show 
the evolution of the nosological images in two rows of color-coded grids 
superimposed to the T2w-MRI for each slice. Below, green shaded columns indicate 
TMZ administration days. 
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Figure S7. Tumour volume evolution for control, vehicle treated (n=3, C1300, C1317 
and C1266) and TMZ-treated GL261 tumour-bearing mice with the IMS protocol. For 
TMZ treated mice two groups are shown: non responding mice (n=3, C1288, C1319 and 
C1356) and mice showing transient response, in which tumour had transient shrinkage 
but re-grew after several doses of IMS-TMZ treatment (n=6, C1290, C1292, C1341, 
C1342, C1343 and C1349). Data for C1290 and C1292 is incomplete (gap from day 
16p.i. to day 37p.i.) because of technical issues related to MR scanner time availability 
in this time period. 
 

Figure S8. Tumour volume evolution of mice cured from TMZ treated group: (n=8, 
C1276, C1281, C1284, C1285, C1286, C1345, C1351 and C1382).  
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SUPPLEMENTARY TABLES: 

Table S1. Evolution of the TMZ treated GL261 cases considering TRI and tumour volume 
changes over time. Classification of adapted RECIST criteria were applied as follows: 
Progressive disease: 20% increase with respect to the smallest tumour volume so far. 
Partial response: tumour decrease of 30% taking into account the biggest volume so far. 
Stable disease: less than 20% of increase and no more of 30% decrease.  

Case Day p.i. Classification of 

RECIST criteria 

TRI behavior 

C1263 17-19 Stable disease TRI cycles 

21-31 Partial Response 

33-47 Progressive disease BDTP and no cycles 

C1264 17 Progressive disease  

TRI cycles 19-31 Stable disease 

33-35 Progressive disease 

37 Stable disease No cycles 

39-41 Progressive disease 

C1270 15-19 Progressive disease  

 

TRI cycles 

21-23 Stable disease 

25-31 Partial Response 

33 Stable disease 

35-37 Progressive disease No cycles 

C1276 15-17 Progressive disease  

TRI cycles 19 Stable disease 

21-27 Partial Response 

C1281 15-17 Stable disease No cycles 

19-27 Partial Response 
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C1284 15-17 Stable disease No cycles 

19-27 Partial Response 

C1285 15-17 Progressive disease TRI cycles 

19-23 Stable disease TRI cycles, then no 

cycles 

25-31 Partial Response No cycles 

C1286 15-17 Progressive disease TRI cycles 

19-21 Stable disease 

23-31 Partial Response No cycles 

C1380 11-17 Progressive disease  

TRI cycles 

 

19-25 Stable disease 

27-35 Partial Response 

37-41 Progressive disease No cycles 

C1382 17 Progressive disease TRI cycles 

19-21 Stable disease 

23-29 Partial Response No cycles 

C1383 17 Progressive disease  

TRI cycles 19-25 Stable disease 

27-35 Partial Response 

37-49 Progressive disease TRI cycles / No cycles 

Table S2. Evolution of the vehicle-treated cases considering TRI and tumour volume 
changes over time.  

Classification of adapted RECIST criteria were applied as follows: Progressive disease: 
20% increase with respect to the smallest tumour volume so far. Partial  response: tumour 
decrease of 30% taking into account the biggest volume. Stable disease: less than 20% 
of increase and no more of 30% decrease. 
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Case Day p.i. Classification of 

RECIST criteria 

TRI behavior 

C1258 18-24 Progressive 

disease 

One TRI cycle 

C1260 8-18 Progressive 

disease 

No cycles 

C1261 16-26 Progressive 

disease 

No cycles 

C1359 14-16 Progressive 

disease 

No cycles 

C1360 14-22 Progressive 

disease 

No cycles 

C1361 14-20 Progressive 

disease 

No cycles 
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4.2. CHAPTER II: IMMUNE SYSTEM-RELATED CHANGES IN PRECLINICAL GL261 
GLIOBLASTOMA UNDER TMZ TREATMENT: EXPLAINING MRSI-BASED NOSOLOGICAL 
IMAGING FINDINGS WITH RT-PCR ANALYSES. 
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Simple Summary: Glioblastoma (GB) is an aggressive brain tumour with poor survival. Tumour
microenvironment is a key element in GB evolution and response to therapy. We assessed pres-
ence and phenotypes of microglia/macrophages in preclinical GL261-GB microenvironment under
Temozolomide (TMZ) treatment to unveil its possible relationship with MRSI-detected metabolomics
changes. Microglia/macrophage polarisation towards an anti-tumour phenotype prevailed in TMZ-
treated tumours. Since microglia/macrophages can represent 30–40% of the GB tumour volume, they
must contribute the metabolomic pattern change. PD-L1 expression also correlated with the anti-
tumour microglia/macrophage phenotype. These results highlight the potential of MRSI-detected
metabolomics as non-invasive biomarker for immune system action.

Abstract: Glioblastomas (GB) are brain tumours with poor prognosis even after aggressive therapy.
Previous work suggests that magnetic resonance spectroscopic imaging (MRSI) could act as a
biomarker of efficient immune system attack onto GB, presenting oscillatory changes. Glioma-
associated microglia/macrophages (GAMs) constitute the most abundant non-tumour cell type
within the GB and can be polarised into anti-tumour (M1) or pro-tumour (M2) phenotypes. One
of the mechanisms to mediate immunosuppression in brain tumours is the interaction between
programmed cell death-1 ligand 1 (PD-L1) and programmed cell death-1 receptor (PD-1). We
evaluated the subpopulations of GAMs in responding and control GB tumours to correlate PD-L1
expression to GAM polarisation in order to explain/validate MRSI-detected findings. Mice were
evaluated by MRI/MRSI to assess the extent of response to treatment and with qPCR for GAMs M1
and M2 polarisation analyses. M1/M2 ratios and PD-L1 expression were higher in treated compared
to control tumours. Furthermore, PD-L1 expression was positively correlated with the M1/M2 ratio.
The oscillatory change in the GAMs prevailing population could be one of the key causes for the
differential MRSI-detected pattern, allowing this to act as immune system activity biomarker in
future work.

Keywords: glioblastoma; orthotopic immunocompetent tumours; immune-enhancing metronomic
schedule; TMZ; magnetic resonance spectroscopic imaging; immune system activity imaging biomarker;
cancer immune cycle; glioma-associated microglia/macrophages; PD-L1

1. Introduction

Glioblastoma (GB) is the most frequent primary central nervous system malignancy
in adults. These tumours have poor prognosis, which has not significantly improved
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despite new diagnostic strategies and innovative therapies have been developed [1]. The
combination of chemotherapy (Temozolomide, TMZ) plus radiotherapy is still used as
the standard therapeutic choice after surgery, resulting in an average survival rate of
only 14.6 mo [2], which highlights the urgent need for investigating novel therapeutic
approaches/follow-up strategies in order to improve patient outcome. Nowadays, the
implication of the immune system in cancer surveillance and therapy response is widely
accepted [3]. This is especially relevant in GB, since GB cells have the capacity for creating
an immunosuppressive microenvironment and employ various methods to escape immune
surveillance through several pathways [4]. Therefore, understanding these strategies
and the biology of such tumour microenvironment will be helpful for developing novel
therapeutic approaches and follow-up methods, which should lead to improved prognosis
for GB patients.

Glioma-associated microglia/macrophages (GAMs), i.e., microglia, together with
peripheral macrophages recruited by tumour tissue from circulating blood [5], constitute
the most common non-tumour cell type in the GB microenvironment [6] and are charac-
terised by considerable diversity and plasticity. Over the last decade, it has become clear
that this cellular population interacts with numerous other cell types to actively influence
brain tumour biology [7]. These cells can be activated by various stimuli and polarised
into classically activated (M1) or alternatively activated (M2) phenotype, which repre-
sent extreme situations of a continuum of activation states. M1 microglia/macrophages
are usually involved in proinflammatory and anti-tumour mechanisms. In contrast, M2
microglia/macrophages are involved in activities for promoting tumour survival and
growth [8]. Accordingly, their gradual polarisation state determines the pathophysiological
character of this cell population, while subpopulations differ with respect to receptor
expression, effector function, and cytokine and chemokine production. The antitumor
effect of M1 microglia/macrophages was described to involve several mechanisms, such
proinflammatory cytokines release and activation of cytotoxic T lymphocytes. Indeed,
complex interactions between innate and adaptive immune responses such as antitumour
microglia/macrophages and T-cells have been described [9] and are key elements in sus-
tained therapy response. On the other hand, M2 microglia/macrophages can increase
the proportion of T-regulatory lymphocytes and lead to the inhibition of the cytotoxic
T-cell responses [10]. The fact that microglia/macrophages had been described to be more
abundant in GB than in low-grade gliomas [6] hints at their possible active role in glioma
progression. GAMs undergoing phenotype polarisation display changes in their molecular
and metabolic profiles, also triggering the expression of different markers such as Nos2 and
CD206 characterising M1 and M2 microglia/macrophages, respectively [11,12]. However,
more than a bilateral all or none option, the M1/M2 signature rather implies a continuum
between two extremes with specific abilities (e.g., epigenetic marks, metabolic reprogram-
ming) and local signalling (e.g., cytokines, chemokines, and immune checkpoints) [13].

Furthermore, one of the main mechanisms known to mediate immunosuppression in
the brain tumour microenvironment is the interaction between programmed cell death-1
ligand 1 (PD-L1) and its receptor (PD-1) [14]. PD-1 is an inhibitory receptor mainly ex-
pressed on activated T cells, B cells, macrophages, and dendritic cells, while PD-L1 is
highly expressed by malignant tumour cells [15], as well as by tumour-infiltrating myeloid
cells, including macrophages [16,17]. It is a notable immune checkpoint initially described
to cause T cell anergy [18], although its role in other cellular populations is still a matter
of discussion.

The preclinical GB model GL261 growing into C57BL/6 mice is widely accepted as
an immunocompetent model suitable for assessing therapeutic approaches and immune
system participation in therapy response [9,19–21]. Our group has studied the evolution
and behaviour of this tumour model under TMZ and other therapeutic approaches [22–25].
We have described the non-invasive assessment of response to therapy in preclinical GL261
GB (control and under TMZ therapy) with magnetic resonance spectroscopic imaging
(MRSI) approaches. MRSI combines anatomical information from magnetic resonance
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imaging (MRI) [26], and magnetic resonance spectroscopy (MRS), which provides infor-
mation regarding the metabolomic profile of the investigated tissue [27–29]. When using
MRSI is coupled to advanced machine learning analysis (source extraction as described
in [30]), spectral pattern differences between actively proliferating GB and GB respond-
ing to therapy can be shown colour-coded (the nosological images) in single-slice [23] or
multislice volumetric approaches [24]. Using volumetric MRSI-based nosological images,
we have defined the tumour responding index (TRI) as an evaluation parameter to esti-
mate/measure the extent of response to treatment. The level of detected response, TRI,
showed consistent oscillations with 6–7 day frequency during transient response to TMZ
therapy [24,31]. These oscillations were not detected regarding tumour volume changes.
We hypothesised that this could be a surrogate biomarker for immune system-contributed
local changes triggered by response to therapy, since this periodicity coincides with the
cancer immune cycle length described in [32], also supported by immunohistochemistry
data related to lymphocytes (CD3+) and microglia/macrophage (Iba1+) content [31].

The purpose of this work was to assess the origin of the oscillating pattern changes
spotted by MRSI in TMZ-treated/responding GL261 GB bearing mice under Immune-
Enhancing Metronomic Schedule (IMS) [31]. Since it was described that macrophages
can represent up to 30–40% of tumour masses [5], consistent with our results in [31], it is
reasonable to investigate whether the spectral pattern changes could be related to different
macrophage phenotypes present in such samples. Accordingly, we wanted to characterise
the different subpopulations of GAMs in MRSI-evaluated responding and control GL261
GB tumours by quantitative real-time polymerase chain reaction (qPCR). Furthermore,
PD-L1 gene expression was investigated by qPCR to correlate GAMs polarisation with
immunosuppression within the tumour microenvironment.

2. Materials and Methods
2.1. GL261 GB Preclinical Model Generation and Treatment

GL261 mouse glioma cells have been obtained from the Tumour Bank Repository at the
National Cancer Institute (Frederick, Maryland) and were grown as previously described
by us [33]. Cells were checked for mouse short tandem repeat (STR) profile as well as
interspecies contamination. In addition, PCR studies were performed in order to discard
mycoplasma and virus presence. All studies involving animals were approved by the
local ethics committee (Comissió d’Ètica en Experimentació Animal i Humana, CEEAH, www.
uab.cat/web/experimentacio-amb-animals/presentacio-1345713724929.html, accessed on
26 May 2021), according to regional and state legislations (protocol references CEA-OH-
9685/CEEAH-3665). Mice were purchased from Charles River Laboratories (l’Abresle,
France) and housed at the animal facility of the Universitat Autònoma de Barcelona. An
enriched environment was used, similar to the one described in [34], and mouse spent at
least three weeks in this environment prior to tumour implantation. In order to obtain
reproducible and well-categorised groups regarding tumour volume and evolution prior to
therapy and ensuring proper TRI and tumour volume for qPCR studies (see Sections 2.2.4
and 2.4), tumours were induced in a total of 110 C57BL/6 female wild-type (wt) mice by
intracranial stereotactic injection of 105 GL261 cells as already described by us [33]. Only 20
C57BL/6 mice (weighing 21.1 ± 1.5 g, aged 15.9 ± 3.3 weeks) fulfilling inclusion conditions
(e.g., TRI value, equal or higher than 60% for TMZ-treated mice and TRI = 0%, or as close
as possible, for control mice, see SM for further details) were eventually used for the
evaluation of the origin of the recorded MRSI patterns. Mice were weighed twice a week
and tumour volumes were followed up using T2 weighted image (T2w) MRI acquisitions.
Multi-slice MRSI studies (Section 2.2) were performed to assess the extent of the response
to treatment using the obtained nosological images. Tumour volumes were chosen aiming
to ensure enough volume to allow for proper MRSI acquisition and segmentation at the
desired time points, with no significant differences between groups.

GL261 GB treatment. For in vivo experiments, TMZ (Sigma-Aldrich, Madrid, Spain)
was dissolved in 10% dimethyl sulfoxide (DMSO) in saline solution (0.9% NaCl) and was
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administered using an oral gavage. Treated tumour-bearing mice (n = 10) received IMS-
TMZ 60 mg/kg, every 6 d (two or three times depending on the euthanasia day), from day
11 post-implantation (p.i.), as described in [31], while tumour-bearing control mice (n = 10)
received 10% DMSO vehicle following the same administration schedule.

2.2. In Vivo MRI and MRSI Studies

In vivo MRI/MRSI studies were conducted at the joint nuclear magnetic resonance
facility of the Universitat Autònoma de Barcelona and Centro de Investigación Biomédica en Red-
Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN) (Cerdanyola del Vallès, Spain), Unit
25 of NANBIOSIS (www.nanbiosis.es, accessed on 18 March 2021). Mice were positioned
in a dedicated bed, which allowed suitable anaesthesia delivery (isoflurane, 1.5–2.0% in
O2 at 1 L/min), with an integrated circuit of heating water for maintaining proper body
temperature. Respiratory frequency was monitored with the help of a pressure probe
and kept between 60–80 breaths/min. The 7T Bruker BioSpec 70/30 USR spectrometer
(Bruker BioSpin GmbH, Ettlingen, Germany) equipped with a mini-imaging gradient set
(400 mT/m) was used for acquisitions. A 72-mm inner-diameter linear volume coil was
used as transmitter, and a dedicated mouse brain quadrature surface coil was used as
receiver for MRI studies.

2.2.1. MRI Studies

GL261 GB-bearing mice were screened with high-resolution coronal T2w images using
a Rapid Acquisition with Relaxation Enhancement (RARE) sequence to evaluate brain
tumour presence and to monitor its evolution stage, using repetition time (TR)/effective
echo time (TEeff) = 4200/36 ms. The detailed set of parameters used in MRI acquisitions can
be found in Supplementary Material file. MRI data of tumour-bearing mice were acquired
and processed on a Red Hat Linux computer using ParaVision 5.1 software (Bruker BioSpin
GmbH, Ettlingen, Germany).

2.2.2. MRSI Studies

Consecutive point-resolved spectroscopy (PRESS), 14 ms echo time (TE) MRSI were
acquired individually across the tumour, using T2w high-resolution images as reference, as
described in [24]. Shimming was individually performed for each MRSI grid. MRSI grids
were spatially placed in order that the volume of interest (VOI) would include most of the
tumoral mass as well as part of the normal/peritumoral brain parenchyma. The whole set
of MRSI acquisition parameters can be found in the Supplementary Material file.

2.2.3. MRI and MRSI Processing and Post-Processing

• Tumour volume calculation

Abnormal brain masses observed in T2w images were manually segmented and each
tumour volume was calculated from T2w high-resolution horizontal images using the
following equation:

TV mm3 = [(AS1 × ST) + [(AS2 + ( . . . ) + AS10) × (ST + IT)]] × 0.0752 (1)

where TV is the tumour volume, AS is the number of pixels in the region of interest in
each MRI slice, ST is slice thickness, IT the inter-slice thickness, and 0.0752 accounts for the
individual pixel surface area in mm2. The tumour area was calculated from pixels in each
slice with ParaVision 5.1 software. The inter-slice volume was estimated through addition
of the inter-slice thickness to the corresponding slice thickness in Equation (1).

• Brain MRSI post-processing and machine learning strategies

MRSI data were post-processed as described by us in [35]. Briefly, data were ini-
tially pre-processed with ParaVision 5.1. Further post-processing was performed with
3D Interactive Chemical Shift Imaging (3DiCSI) software package version 1.9.17 (Cour-
tesy of Truman Brown, PhD, Columbia University, New York, NY, USA) for the fol-
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lowing: line broadening adjustment (Lorentzian filter, 4 Hz), zero-order phase correc-
tion, and ASCII format exportation. Then, dynamic MRSI processing module (DMPM,
http://gabrmn.uab.es/?q=dmpm, accessed on 26 May 2021), running over MatLab 2013a
(The MathWorks Inc., Natick, MA, USA), was used for spectral alignment within each
MRSI matrix, using the 3.21 ppm choline signal as reference). The 0–4.5 ppm region of each
MRSI spectrum was unit length normalised and exported in ASCII format used for pattern
recognition (PR) analysis. No baseline correction was performed in these spectra.

After that, spectral vectors were analysed following the methodology based in non-
negative matrix factorization (NMF) semi-supervised protocol described in [23] for clas-
sifying pixels into normal brain parenchyma, actively proliferating tumour and tumour
responding to treatment, and calculating nosologic maps representing the spatial response
to treatment. Green colour is used when the GB responding to treatment source contributes
the most, red for actively proliferating GB, blue for normal brain parenchyma, and black for
undetermined tissue. See Section 4.3 for further details about metabolites originating the
differences in the control or responding GB pattern metabolome (also SM and Figure S1).

2.2.4. Tumour Responding index (TRI) Calculations

In order to measure the extent of response to treatment using the obtained nosological
images, a numerical parameter named TRI was calculated (Equation (2)) [24],

TRI =
Tumour responding pixels

Total tumour pixels
× 100 (2)

TRI is stated as the percentage of green (colour-coded), responding tumour pixels of
all grids over the total tumour pixels of all recorded grids.

Then, extreme values for TRI were selected, as homogeneously green/red as possible.
For TMZ-treated mice, tumours with TRI values >60% were selected while TRI = 0% (or
as close as possible) was selected for vehicle-treated mice. Regarding cases responding to
TMZ treatment, tumour volume meeting criteria for “stable disease” according to Response
Evaluation Criteria in Solid Tumors (RECIST) [36] adapted as described in [23] were chosen.

2.3. Animal Euthanasia

Whenever a mouse met criteria to be included in the study regarding MRI and MRSI
parameters, euthanasia was performed by cervical dislocation, and samples were dissected
and stored in liquid nitrogen.

2.4. RNA Isolation, cDNA Synthesis and qPCR

RNA isolation was performed following the protocol for purification of total RNA from
animal tissues (RNeasy Mini Kit, QIAGEN, GmbH, Hilden, Germany). RNA concentration
was quantified at 260 nm (Qubit, Thermo Fisher Scientific, Massachusetts, EEUU), and
RNA integrity and quality were determined with 260/280 and 260/230 ratios (NanoDrop,
München, Germany). One hundred ng of RNA from each sample was transcribed into
cDNA with the iScript cDNA synthesis kit (Bio-Rad, California, EEUU) according to
manufacturer’s instructions.

The qPCR amplification was carried out to investigate five genes: EGF-like module
containing mucin-like hormone receptor-like 1 (F4/80), inducible NO synthase (Nos2),
mannose receptor C type 1 (CD206) programmed cell death-1 ligand 1 PD-L1 (CD274
antigen), purchased from BioRad (California, EEUU, Ref 13,733; 18,126; 17,533; and 60,533,
respectively). F4/80 has been established as a global microglia/macrophage population
marker, Nos2 has been described as a marker of M1 phenotype, and CD206 has been
defined as a marker of M2 phenotype [37–40].

An amount of 2 ng of cDNA was used for qPCR, all reactions were performed twice,
and results were averaged. qPCR analysis was carried out using the Bio-Rad CFX qPCR
System. Primers and the Power SYBR Green Master Mix were purchased from Bio-Rad. The
PCR amplification reactions were performed in 10 µL reaction volumes, and PCR protocol

http://gabrmn.uab.es/?q=dmpm
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consisted of 40 cycles of denaturation at 95 ◦C for 10 s and annealing/extension at 60 ◦C
for 30 s. Relative mRNA expression levels were normalised to two housekeeping genes
(tata binding protein (TBP) and hypoxanthine guanine phosphoribosyl transferase (HPRT),
purchased from BioRad (California, EEUU, Ref 21,374 and 15,452, respectively). Primers
sequences are described in the Supplementary Material file. The cycles threshold-values
(ct-values) average of the two reference genes for normalization purposes was used. For
each gene, the 2−∆∆Ct method [41] (a method to calculate relative gene expression levels
between different samples that directly uses the ct-values generated by the qPCR system)
for calculation was performed to analyse relative quantities.

2.5. Statistical Analysis

Sample distribution was assessed with Kolmogorov-Smirnov test. Levene’s test was used
for assessing variance homogeneity. A two-tailed Student’s t-test for independent measure-
ments was used for comparisons. Relationships between different markers were assessed with
the Pearson correlation coefficient. The significance level for all tests was p < 0.05.

3. Results
3.1. Follow up of GL261 Tumour-Bearing Mice and Endpoint Criteria

In this study, 20 mice were used (n = 10 IMS-TMZ-treated and n = 10 vehicle-treated).
The average tumour volume at therapy start (day 11 p.i.) was 7.5 ± 3.2 mm3 for TMZ-
treated mice and 9.1 ± 8.4 mm3 for control mice, with no significant differences between
both groups.

Tumour volume was followed up by MRI, and MRSI acquisitions were carried out
in order to measure the extent of response to treatment using the obtained nosological
images. Extreme values for TRI were searched for, as well as homogeneous response levels,
avoiding heterogeneous samples as much as possible. For TMZ-treated mice, MRSI studies
were performed when tumour volume showed decrease in comparison with previous
explorations, meeting criteria for “stable disease” according to adapted RECIST [23] (see
Supplementary Material file). The time point chosen for TMZ-treated mice was when
TRI values were equal or higher than 60%, and average TRI obtained was 76.97 ± 11.22%,
corresponding to intermediate/high response categories (see [24] for category definition).
The average tumour volume was 58.64 ± 26.43 mm3, at day 23.6 ± 1.6 p.i. For vehicle-
treated mice, the time point chosen for study was at the moment tumours showed TRI = 0%
(or as close as possible, average 4.59 ± 6.31%) and tumour had enough size to provide
samples for qPCR experiments (71.61 ± 29.18 mm3 at day 18.3 ± 3.8 p.i.). At chosen time
points, mice were euthanised by cervical dislocation, brain was removed, and tumour was
resected. All collected samples are described in Table S1, and tumour volume evolution is
shown in Figure 1.

3.2. Microglia/Macrophage Global Population, As Well As M1 and M2 Subtypes, Are Increased in
IMS-TMZ-Treated Tumours

In order to characterise the microglia/macrophage population in the GL261 GB mi-
croenvironment during TMZ treatment, gene expression level analyses were performed in
TMZ-treated and control mice: the F4/80 gene as general GAMs marker, Nos2 gene as M1
subtype marker, and CD206 gene as M2 subtype marker.

F4/80 gene showed significantly higher expression levels in TMZ-treated group than
in control group (p < 0.0001), with 0.71 ± 0.32 relative expression for treated tumours vs.
0.18 ± 0.08 for control tumours. The same trend was observed for Nos2 gene (0.05 ± 0.03
relative expression for treated tumours vs. 0.01 ± 0.01 for control tumours) and CD206
gene (0.23 ± 0.09 relative expression for treated tumours vs. 0.13 ± 0.06 for control
tumours), with significant differences (p = 0.0002 and p = 0.0073, respectively). Table 1
shows detailed description of gene expression levels and Figure 2 shows gene comparisons.
These results suggest that both M1 and M2 subtype populations may increase in TMZ-
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treated tumours when compared to vehicle-treated tumours, also supported by the larger
global microglia/macrophage population detected with the F4/80 gene expression level.
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all control cases, tumour volume increased fast. Yellow shaded columns indicate TMZ administra-
tion days. The last point in the tumour volume evolution line designates the euthanasia day. The 
tumour volume at therapy start (day 11 p.i.) was 7.50 ± 3.22 mm3 for TMZ-treated mice and 9.07 ± 
8.44 mm3 for control mice. At the endpoint, the tumour volume was 58.64 ± 26.43 mm3 and the TRI 
was 76.97 ± 11.22% for TMZ-treated mice, while the tumour volume was 71.61 ± 29.18 mm3 and TRI 
was 4.59 ± 6.31% for control mice. C1458 (unique GABRMN mice identifier) is shown as an example 
of a responding TMZ-treated mouse, and C1474 is shown as an example of a control mouse. Noso-
logical images obtained from Grids 1–4 of case C1458 and Grids 1–3 of case C1474 were superim-
posed to the T2w-MRI. The tumour areas from the nosological images have been manually drawn 
over the tumour (shown in white line), and TRI was calculated from it. Rectangles over arrows at 
left indicate the cases and time points at which the MRSI-derived nosological images shown at right 
were acquired. 
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Figure 1. Tumour volume evolution (in mm3) of (A) responding TMZ-treated (n = 10) and (B) vehicle-
treated (n = 10) cases. In all responding cases, tumour volumes were in growth arrest, while in all
control cases, tumour volume increased fast. Yellow shaded columns indicate TMZ administration
days. The last point in the tumour volume evolution line designates the euthanasia day. The tumour
volume at therapy start (day 11 p.i.) was 7.50 ± 3.22 mm3 for TMZ-treated mice and 9.07 ± 8.44 mm3

for control mice. At the endpoint, the tumour volume was 58.64 ± 26.43 mm3 and the TRI was
76.97 ± 11.22% for TMZ-treated mice, while the tumour volume was 71.61 ± 29.18 mm3 and TRI was
4.59 ± 6.31% for control mice. C1458 (unique GABRMN mice identifier) is shown as an example of a
responding TMZ-treated mouse, and C1474 is shown as an example of a control mouse. Nosological
images obtained from Grids 1–4 of case C1458 and Grids 1–3 of case C1474 were superimposed
to the T2w-MRI. The tumour areas from the nosological images have been manually drawn over
the tumour (shown in white line), and TRI was calculated from it. Rectangles over arrows at left
indicate the cases and time points at which the MRSI-derived nosological images shown at right
were acquired.
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Table 1. Relative normalised expressions obtained in qPCR studies with IMS-TMZ and IMS-vehicle-treated samples:
average ± SD of F4/80, Nos2, CD206, and PD-L1 genes, and ratios of M1/GAMs, M2/GAMs, and M1/M2. Significant
differences between groups are indicated by asterisks (*** p ≤ 0.001, ** p < 0.005, and * p < 0.05)).

Relative Expression
F4/80 *** Nos2 *** CD206 ** PD-L1 *** M1/GAMs M2/GAMs ** M1/M2 *

IMS-TMZ-treated 0.71 ± 0.32 0.05 ± 0.03 0.23 ± 0.09 1.07 ± 0.34 0.07 ± 0.02 0.35 ± 0.16 0.26 ± 0.16
IMS-vehicle treated 0.18 ± 0.08 0.01 ± 0.01 0.13 ± 0.06 0.46 ± 0.16 0.08 ± 0.05 0.84 ± 0.34 0.11 ± 0.09
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Figure 2. Violin plot for estimation of different cell populations in IMS-TMZ-treated GL261 GB
and control mice, for comparisons of (A) global GAMs population through F4/80 expression level
analysis (p = 0.0004), (B) M1 macrophage subtype population through Nos2 expression level analysis
(p = 0.001), and (C) M2 macrophage subtype population through CD206 expression level analysis
(p = 0.009). Data are the mean ± S.D. and significant differences between groups are indicated by
asterisks (*** p ≤ 0.001, ** p < 0.005), n = 10 for each group. Solid horizontal line in violin plots
indicates median and the dashed lines indicate 1st and 3rd quartiles. Note that graphs are shown
with different “y” scaling for better appreciation of data distribution.

Moreover, we were also interested in assessing whether the increased levels of global
GAMs population would reflect predominant M1 or M2 subtypes. In order to gain more
insight into this question, correlation studies were performed with the aforementioned
markers F4/80, Nos2 and CD206. Pearson correlation showed significant values for
F4/80 vs. Nos2 expression levels in IMS-TMZ-treated samples (p = 0.0096), suggesting
a positive association (see Figure S2A). This association was not seen in vehicle-treated
samples, while CD206 expression was not significantly correlated with F4/80 in any of
the instances evaluated (see Figure S2B). These results suggest that the global GAMs
population biomarker increase observed in IMS-TMZ-treated tumours (ca. 4-fold) would
be mainly related to the increase in the M1 phenotype population and, to a lesser extent, to
the increase in the M2 phenotype population.

3.3. Assessing Different Macrophage Population Subtypes Regarding Global GAMs Values

Since the purpose of this work was to provide insight about the relationship between
microglia/macrophage subpopulations and the MRSI-sampled pattern in control and IMS-
TMZ-treated GL261 GB, M1/GAMs and M2/GAMs ratios were analysed (Figure 3A,B)
using the corresponding individual markers (F4/80, Nos2, CD206). Thus, in order to check
whether the predominant microglia/macrophage subtype population was different in
responding IMS-TMZ-treated and vehicle-treated samples, M1/M2 ratio was calculated
taking into account the relation of Nos2 gene to CD206 gene expression (Figure 3C). See
Table 1 for M1/GAMs, M2/GAMs, and M1/M2 ratio values. Results essentially show
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that there is indeed a change in the M1/M2 subtype proportions in GL261 tumours upon
response to treatment. A significantly higher ratio of M1/M2 microglia/macrophages
(p = 0.0249) was found in responding IMS-TMZ-treated tumours compared to vehicle-
treated tumours, while the ratio M1/GAMs showed no differences (p = 0.7944). This
apparent discrepancy can be explained when we take into account that both M1 sub
type and total GAM increase in responding tumours (Figure 2A,B). Furthermore, lower
M2/GAMs ratio (p = 0.0006) is also found in responding tumours. Even though M2s are
seen to increase in responding tumours (Figure 2C), this increase does not compensate for
the higher increase of total GAM, thus their ratio decreases (Figure 3B).
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Figure 3. Ratios of (A) M1/GAMs, (B) M2/GAMs, and (C) M1/M2 were calculated in IMS-
TMZ-treated (n = 10) and control (n = 10) tumours using, respectively, the specific markers
Nos2 to F4/80, CD206 to F4/80 and Nos2 to CD206. No significant differences were observed
(p = 0.858) for the ratio of M1/GAMs between TMZ-treated (0.07 ± 0.02 M1/GAMs ratio) and
control (0.08 ± 0.05 M1/GAMs ratio) groups. On the other hand, significant differences were
found for M2/GAMs ratio (p = 0.001) and for M1/M2 ratio (p = 0.03) between TMZ-treated
(0.35 ± 0.16 M2/GAMs ratio and 0.26 ± 0.16 M1/M2 ratio) and control (0.84 ± 0.34 M2/GAMs ratio
and 0.11 ± 0.09 M1/M2 ratio) groups. Data are mean ± SD and significant differences between
groups are indicated by asterisks (** p < 0.005, * p < 0.05). Explanations for violin plots as in Figure 2.
Note that graphs are shown in different “y” scaling for better appreciation of data distribution.

3.4. PD-L1 Gene Is Highly Expressed in IMS-TMZ-Treated Tumours, and These Increases May Be
Correlated with the Polarisation State of Microglia/Macrophage Population

The PD-L1 gene level expression was assessed, and values were compared between
IMS-TMZ-treated and vehicle-treated groups. Results suggest a significantly higher PD-L1
gene expression in responding TMZ-treated tumours in comparison with control tumours
(p < 0.0001), with a 1.07 ± 0.34 relative expression found for TMZ-treated tumours and a
0.46 ± 0.16 relative expression for control tumours (see Figure 4A for visual comparison).
Furthermore, to investigate whether PD-L1 gene expression levels were correlated with
the polarisation state of GAMs, Pearson correlation analyses were performed, and PD-L1
expression level was shown to be positively correlated to the M1/M2 ratio (p = 0.0127)
(Figure 4B and Figure S2C), suggesting that for higher M1/M2 ratios, a higher PD-L1
expression level was found.
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Figure 4. (A) Violin plot for comparisons of PD-L1 level analysis expression in tumour samples from
IMS-TMZ-treated GL261 GB and control mice (p < 0.0001). Data are the mean ± SD and significant
differences between groups are indicated by asterisks (*** p < 0.001). Explanations for violin plots as
in Figure 2. (B) Visual coloured map for normalised expression representing PD-L1 expression level
(from Figure 4A) and M1/M2 ratio (from Figure 3C) in each individual case. Pearson correlation
analysis in the whole group showed overall significance (p = 0.013), although when pairs of values
were analysed separately for control and IMS-TMZ-treated groups, only the control set of values
showed significance (p = 0.048), which was lost for values from treated cases.

4. Discussion
4.1. Immune System Populations Change during Response to Therapy

During this work, samples from GL261 GB-bearing mice treated with IMS-TMZ
(n = 10) or vehicle (n = 10) were analysed by qPCR in order to characterise the mi-
croglia/macrophage population into the tumour site. Tumours were excised at chosen
time points, guided by the response level spotted by MRSI-based nosological images,
reflecting specific changes in their spectral pattern. Our results reinforce the idea of the mi-
croglia/macrophages role in tumour evolution: both control and treated tumours presented
relevant microglia/macrophage content. Still, an overall increase (ca. 4-fold change in
average) in such content was observed in IMS-TMZ-treated tumours responding to therapy,
through F4/80 gene level expression (Figure 2A). This trend is in line with previous Iba-1
immunohistochemistry data [31], which reported a 2.4-fold increase in the percentage of
Iba-1 stained area for TMZ-treated tumours (when narrowing groups to control vs. high
response cases, see [24,31] for further details). Since different methodological approaches
were used in [24,31] and in this work, direct comparison of results is not straightforward,
as already described by others [42], although the trend is clear.

Increased infiltration of immune cells into tumour sites after therapy and its relation-
ship with effective response has been described for cancer types such as colorectal [43],
breast [44], ovarian [45], and brain [46], in agreement with results described in this work.
Immune infiltration has been described as a good prognostic factor, and certain chemother-
apeutic agents were described to actually enhance the host immune response through
presentation of tumour antigen peptides to T-cells, or upregulation of tumour antigens,
rendering these tumour cells more susceptible to immune system attack [47]. This is also
related to the corollary that effective therapeutic strategies should convert a ‘cold’ tumour
(noninflamed) with low immune cell infiltration into a ‘hot’ tumour (inflamed) with high
immune cell infiltration [48].

In our study, response to IMS-TMZ treatment increased the infiltrating microglia/macrophage
population. The beneficial effect of TMZ in preclinical/clinical settings was mainly at-
tributed to its effect as DNA alkylating agent and activation of the apoptotic cascade [49,50].
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However, it is worth noting that TMZ alone has a cytostatic rather than cytotoxic mech-
anism, when added to GL261 cultured cells at concentrations similar to the ones used in
preclinical studies, as described in [9,51–53]. Thus, the main beneficial effects observed
with TMZ therapy may have a different explanation. In this respect, the potential immuno-
genic effects of TMZ are gaining prominence [9,54–58]. Through the release/exposure
of immunogenic signals, TMZ administration may launch the cancer immune cycle as
described by Chen and Mellman [59], eventually leading to tumour cell killing. On the
other hand, it was also described that DNA damage repair (DDR) mechanisms triggered
after TMZ exposure could lead to reprogramming of macrophages to a tumor-supportive
state (M2) and TMZ-resistant cells would display upregulated DDR cytokines (preclini-
cal and database human samples) [60], in line with overall results described in [61] with
GL261 cells. Hence, TMZ can have an indirect role in microglia/macrophage polarisation
changes, with an M2 polarization being supported by different authors [62,63], although
none of them used an IMS schedule. Still, we should also have in mind a possible indirect
effect of TMZ over the lymphocytes anergy status after striking the tumour, which may
superimpose in time with the periodic TMZ administration. One of the goals of our work
was to investigate whether local changes in IMS-TMZ-treated tumours, especially with
respect to immune system, would be related to MRSI-detected spectral pattern changes,
as previously proposed [24,25,31]. The cancer immune cycle involves several cellular
populations and local factors. However, in order to be detected by MRSI-based approaches
(i.e., to significantly contribute to the spectral pattern), these cellular populations must
represent a significant proportion of the tumour volume. Hence, the GAM population is a
suitable candidate to be at least partially responsible for the observed changes, since they
are the most common non-tumoural cell within GB masses, reaching values up to 30–40%
of the overall volume [5]. Other cellular populations such as lymphocytes would represent
only a small fraction of the GB mass volume (ca 1% in GL261 GB, unpublished GABRMN
data) and may not have a direct impact in spectral pattern changes.

4.2. Not All GAMs Are Equal (I): Polarisation of Microglia/Macrophages and Its Role in Therapy
Response in GB

In the majority of solid tumours, progression is associated with a phenotype preva-
lence changing from M1 to M2 [64], which can trigger the suppression of effector T cell
immunity, improved tumour cell survival, promotion of angiogenesis, and chemoresis-
tance [65]. In this sense, we assessed the GAM polarisation profile when GL261 tumours
showed a clear MRSI-detected responding pattern and compared them with untreated
control tumours. Our goal was to better understand the oscillatory behaviour of the
MRSI-detected pattern in terms of a transient/permanent response to therapy in GL261
GB [24,31].

Our studies with Nos2 and CD206 gene markers suggest, first, that both control and
IMS-TMZ-treated tumours contain M1 and M2 microglia/macrophages (Figure 3A,B),
in line with data for control GL261 tumours described in [66]. More interestingly, our
results point to a significantly higher ratio of M1/M2 microglia/macrophage content in
IMS-TMZ-treated responding tumours (Figure 3C), being ca. 2.3-fold times higher than
in control tumours. This result indicates a phenotype switch of GAM from M2 to M1 in
responding tumours compared to control tumours. In other words, more cells infiltrating
the tumour with the ability to start and sustain inflammatory responses and to exhibit
antitumour activity and leading to tumour tissue disruption. This specific M1/M2 ratio
was also evaluated by other authors in various cancer tumour types and in relation to
outcome prognosis. For example, high content of M1 macrophages was associated with
best prognosis in treated ovarian cancer patients, suggesting a correlation between efficacy
of antineoplastic regimens and M1 polarisation [67]. On the other hand, authors in [68]
studied the prevalence of M2-polarised macrophages in different lung neoplastic lesions,
with high M2 infiltration predicting poor prognosis. In lung adenocarcinomas, 79.71%
of tumour-associated macrophages were M2 polarised and the remaining 20.35% were
M1 polarised [68]. Regarding brain tumour-related studies, investigation with clinical
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glioma samples have found an association between high CD163+ cells (M2 marker) and
glioma progression [69]. In the same line, authors in [37] have found that predominant M1
polarisation was associated with better overall prognosis of GB patients, using CXCL10 and
CCL13 as markers for M1 and M2 macrophages, respectively. Moreover, the M1/M2 ratio
was described to be correlated with survival rate in GB patients after TMZ treatment [70].
Further work reported in [71] revealed mixed profiles of M1 and M2 macrophages in
human GB while the ratio M1/M2 correlated with survival in IDH1 wild type GB. It is
then clear that achieving suitable M1/M2 ratios is desirable and will be determinant for
outcome in preclinical and clinical GB.

4.3. Not All GAMs Are Equal (II): The Polarisation Status of Microglia/Macrophages Affects Their
Metabolomic Pattern

It has been described that microglia/macrophage polarisation implies metabolic
changes, involving pathways such as glycolysis, the Krebs cycle, and fatty acid metabolism,
enabling the specialised activities of these cells [72,73]. Furthermore, changes in key
metabolic regulatory events in microglia/macrophages can be initiated in response to
changes in the tumour microenvironment [74]. In relation to this, M1 macrophages
rely on glycolysis for energy production, while M2 macrophages mostly use mitochon-
drial oxidative metabolism (Krebs cycle) for ATP biogenesis. This entails that M1 mi-
croglia/macrophages increase lactate release and fatty acid synthesis, while the synthe-
sis of N-acetyl group-containing compounds, glutamine, glycine, and alanine, among
others, is upregulated in the M2 microglia/macrophage population [11,72,75,76]. Be-
sides, the differential induction of fatty acid synthesis and fatty acid oxidation elicits
microglia/macrophage polarisation towards M1 or M2 profiles, respectively [11].

The different metabolic pathways should contribute, at least partially, to the differen-
tial metabolomic pattern detected in vivo by MRSI-based analyses in GL261 GB transiently
responding to therapy compared with control, untreated tumours. In this respect, the
prototypical source of TMZ-responding tumours [23] shows large amounts of mobile
lipids/lactate (1.33 ppm signal) and increased lactate at 4.1 ppm, combined with higher
polyunsaturated fatty acids (PUFA, 2.8 ppm signal) and other changes in the glutamine,
glutamate, and alanine regions, which would be consistent with the metabolic profiles
expected for the M1 subtype compared to the M2 subtype (e.g., higher lactate in M1s),
related to the limitation of pyruvate entrance into the Krebs cycle triggering formation of
high amounts of lactate from pyruvate [77]).

However, more detailed studies will be needed to further assess the actual impact
of metabolic changes related to microglia/macrophage polarization on the in vivo MRSI
differential metabolomic pattern. In this respect, it is worth remembering that the tumour
spectroscopic pattern also contains contributions from tumour cells and extracellular
metabolites/macromolecules/lipids present in the tumour microenvironment in suitable
concentration to be detected by MRSI. In any case, the MRSI-based nosological images
and the changes in spectral pattern (sources) behind those images seem to be coherent
with changes in M1/M2 ratios. This reinforces the potential of those images for early
in vivo detection of whether a certain therapeutic approach is properly eliciting efficient
host immune response against GB tumours.

Finally, we may also consider that literature describes M2 macrophages being able
to re-polarise to M1, but not the reverse; M1 macrophages are mostly consumed during
the inflammatory response [78]. Then, after a first “wave” of macrophage M1 polarisation
and tumour cell killing, probably driven by interaction with T-cells [9], M1 sub-population
decrease would bring down M1/M2 ratios, close to levels found in untreated actively pro-
liferating tumours. Figure S3 combines a hypothetic scheme of events taking place during
IMS-TMZ therapy in GL261 GB demonstrated in this work (GAM changes, M1/M2 polari-
sation) with the corresponding changes in the MRSI-based nosological images described in
previous work [23–25,31] and used here to select adequate time points for sampling. Its
potential relevance for translational studies is also highlighted there.
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4.4. PD-L1 Gene Expression in GL261 GB

PD-L1 expression level is considered a major positive prognostic biomarker for im-
mune therapy in many cancers, but not yet in glioma [79]. The expression and subcellular
distribution of PD-L1 in the tumour tissue exhibits great variability reflecting the specifici-
ties of cellular and structural microenvironment in the brain, preventing the confident use
of PD-L1 as a prognostic biomarker in glioma [80].

Results obtained in the present work have assessed the PD-L1 gene level expression
in IMS-TMZ-treated and vehicle-treated GL261 GB groups. A significantly higher PD-L1
gene expression (2.3-fold) was found in responding TMZ-treated tumours compared to un-
treated ones. Chemotherapy has been described to modify the tumour microenvironment,
increasing PD-L1 expression [81,82], and our previous work with Western-blot analysis for
control, treated-relapsing, and unresponsive data from GL261 GB samples [31] seems to
partially agree with those results. This is in line with results described by authors in [83],
who also suggested that PD-L1 increase was related to STAT3 signalling. Furthermore, a
significant positive correlation was found between PD-L1 gene expression level and the
M1/M2 ratio (see Figure 4B and Figure S2C), indicating that increased PD-L1 content could
be associated with increased M1-polarised macrophages.

PD-L1 is known to be expressed in a variety of cell types, including macrophages.
For example, a study of patient GB samples showed that monocytes cultured in glioma-
conditioned medium expressed high levels of PD-L1 [84]. The role of PD-L1 in tumour
cells and macrophages seems to be different, though. An interesting study with murine
melanoma and breast cancer cells by Singhal et al. [85] showed that only PD-L1 on tar-
get tumour cells clearly inhibited the effector functions of T cells. PD-L1 expressed by
macrophages exerted a regulatory role only during the interaction of macrophages present-
ing tumour antigen to effector T cells. Thus, in this case PD-L1 could be simply limiting
excessive activation of T cells and protecting PD-L1 harbouring macrophages from being
killed by approaching T cells [85]. In short, available evidence indicates that PD-L1 from
both tumour cells and microglia/macrophages is relevant for assessing prognosis [86]. In
our case, the origin of the reported PD-L1 expression level changes is still unclear, since
samples analysed contain both tumour cells and GAMs and further studies will be needed
for better clarification of this extreme.

4.5. Wrap-up: Incoporating the Measured Gene Expression Results into the Explanation of the
Oscillatory Behaviour of the MRSI-Based Biomarker of Response

In longitudinal studies of IMS-treated response assessment, we have reported periodic
oscillations of the MRSI-based biomarker showing increases in the detected response level
(TRI) every 6 days. In this sense, we also assume that there are tissue events/changes that
originate this oscillation, alternating a high response nosological image profile with periods
showing tissue characteristics that resemble more an actively proliferating tumour.

Figure S3 summarises how we correlate cellular/molecular events taking place with
results obtained in this work. At the therapy starting point, GL261 GB tumours display an
essentially protumoural microglia/macrophage phenotype, supported by qPCR results
and encoded in the red colour over the tumour mass of the nosological images. TMZ
therapy may lead to release/exposure of immunogenic signals [53], which set the cancer
immunity cycle [59]. In the meanwhile, both M1 and M2 populations increase (see also
Figure 2A): M1 microglia/macrophages will participate in tumour cell killing [9], and M2
microglia/macrophages are waiting for M1 polarisation. The M1/M2 ratio changes towards
higher values in tumours showing transient response to IMS-TMZ (Figure 3C). Maximum
response is spotted by our noninvasive biomarker (green colour in nosological images) after
ca. 6 days of therapy administration, in line with the length of the immune cycle described
in [32]. At this point, an increase in PD-L1 gene expression is observed (Figure 4A),
although its origin could be either in tumour cell population, microglia/macrophages
or both together. Since M1 microglia/macrophages are mostly consumed during the
antitumour response events, after such interval, the ratio M1/M2 may shift towards the
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control values, T lymphocytes may be approaching exhaustion, and surviving tumour
cells may start proliferating again leading to tumour regrowth (day +9, red colour over the
tumour image) until the previous therapeutic administration point (at day +6) resets the
immune cycle and produces the next response oscillation (day +12).

Having this hypothesis in mind, how can we obtain an advantage regarding this
biomarker? It is worth noting that therapy can modulate/change macrophage profiles
towards an inflammatory M1 profile with satisfactory results, as already described in
preclinical GB models using amphotericin B [87], CSF-1R inhibition [88], immunovirother-
apy [89], or recombinant adeno-associated virus [90], although the latter presented only
modest result in phase II clinical phases [91]. On the other hand, work described in [92]
focused into blocking relevant pathways in protumoural macrophages with minocycline in
preclinical murine GB models. Our results suggest that our imaging biomarker findings
are at least partially explained by changes in microglia/macrophage profiles within brain
tumours (hence, in the expected antitumour/protumour actions). Thus, we may be able,
in a near future, to follow-up different therapies and foresee results in an early fashion
gathering hints about the prevailing macrophage population at a given moment. A word
of caution may be issued here, since the mutational load of GL261 [93] is much higher
than untreated human GB [94] and this could be a determinant for host immune system
eliciting. In this respect, relapsing human GB contain a similar mutational load [95] to
GL261 tumours. Further confirmation of the potential of such imaging biomarker in human
GB therapy response follow-up may be worthwhile to investigate.

5. Conclusions

Our results confirm that TMZ administered in an immune-enhancing metronomic
schedule increases the GB-associated microglia/macrophage population infiltrating the
tumour. The M2/GAMs ratio was shown to be remarkably lower in responding IMS-
TMZ-treated mice, while the M1/M2 ratio was significantly higher when compared to
vehicle-treated mice. These results indicate that TMZ treatment applied in IMS protocols
contributes to immune system activation, suggesting M2-to-M1 polarisation, improving the
anti-tumoural response mediated by microglia/macrophages. Since it is well known that
GAMs can represent 30–40% of cells in GB and M1 and M2 microglia/macrophages have
different metabolic profiles, this relative population change could be one of the reasons for
the differential MRSI-sampled pattern during response to therapy reinforcing its proposed
role as immune system activity biomarker for future work.

It remains unclear whether the increase of the PD-L1 gene level expression in the
responding IMS-TMZ-treated tumours originates from changes in tumour cells, the M1/M2
microglia/macrophages polarisation, or both. Further studies will be needed to assess the
relative roles of the two cell types in the detected increase of the PD-L1 expression upon
response to therapy in the GL261 GB.
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level and (A) Nos2 and (B) CD206 gene expression levels; and between (C) PD-L1 gene expression
level and M1/M2 ratio (see section 3.4. of the main manuscript for definition) in IMS-TMZ-treated
GL261 GB (green line) and control (red line) mice samples. (C) Also shows the correlation between
PD-L1 gene expression level and M1/M2 ratio when treated and control cases are combined (black
line). P values for each group are indicated in the graphs; Figure S3: Hypothetical scheme for the
rationale behind changes in the nosological images coding for response in MRSI of IMS-TMZ treated
GB GL261 bearing mice (see main text for further details).
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Supplementary Introduction 
MRSI analysis: outline of NMF methods 

Non-negative matrix factorization (NMF) methods are multivariate data analyses de-
signed for meaningful components (also known as sources) estimation, originating from 
non-negative data. Standard NMF methods decompose data “X” into 2 non-negative ma-
trices: sources (“S”) and mixing matrices (“A”). The divergence between X and S*A is 
measured by cost functions, which may differ for different NMF methods. There are NMF 
variants which can also handle negative data, such as convex-NMF, which was the basis 
of the analysis used in this study [1]. Convex-NMF was capable to spot a reduced number 
of sources confidently recognized as representative from brain tumour/tissue types much 
better than other NMF variants [2,3]. Original sources were extracted from TMZ-treated 
and control mice individuals, as described in [4], defining prototypic metabolomic pat-
terns related to normal or unaffected brain, GL261 tumours actively proliferating and 
TMZ-treated, responding tumours. The source-based analysis used in this work and other 
studies mentioned [5–7] made use of previously extracted sources in order to study new 
cases and assign one of the three predefined classes to each investigated voxel, thus gen-
erating the so-called nosological images.  

Supplementary Materials and Methods 
MRI studies 

The acquisition parameters for MRI studies were as follows: repetition time (TR)/ef-
fective echo time (TEeff) = 4200/36 ms; echo train length (ETL) = 8; field of view (FOV) = 
19.2 × 19.2 mm; matrix size (MTX) = 256 × 256 (75 × 75 µm/pixel); slice thickness (ST) = 0.5 
mm; inter-ST = 0.1 mm; number of slices (NS) = 10; number of averages (NA) = 4; total 
acquisition time (TAT) = 6 min and 43 s. 

MRSI studies 
Grid 1 was the first upper (dorsal) grid and was acquired with 10 × 10 matrix size. 

Then, Grid 2 was acquired 1 mm below using 12 × 12 matrix size, and grid 3 was acquired 
1 mm below Grid 2, with the same matrix size. Finally, in case that tumour volume was 
not completely covered, a final Grid 4 was acquired 1 mm below Grid 3 with 10 × 10 matrix 
size. 

Variable Power and Optimized Relaxation Delay (VAPOR) was used for water sup-
pression, using a 300-Hz bandwidth. Fast Automatic Shimming Technique by Mapping 
Along Projections (FASTMAP) was used for linear and second order shims automatic ad-
justment. Finally, 6 saturation slices (ST, 10 mm; sech-shaped pulses: 1.0 ms/20250 Hz) 
were positioned around the VOI for minimizing outer volume contamination in the sig-
nals obtained. 

Acquisition parameters for all grids were as follows: FOV, 17.6 mm × 17.6 mm; VOI 
in Grids 1 and 4 was 5.5 mm × 5.5 mm × 1.0 mm, while Grids 2 and 3 had 6.6 mm × 6.6 
mm × 1.0 mm. TR, 2500 ms; ST, 1 mm; Sweep Width (SW), 4006.41 Hz; NA, 512; TAT, 21 
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min 30 s each grid. Water suppression was performed with Variable Power and Opti-
mized Relaxation Delay (VAPOR), using a 300 Hz bandwidth. Linear and second order 
shims were automatically adjusted with Fast Automatic Shimming Technique by Map-
ping Along Projections (FASTMAP) in a 5.8 mm × 5.8 mm × 5.8 mm volume which con-
tained the original VOI region. Six saturation slices (ST, 10 mm; sech-shaped pulses: 1.0 
ms/20250 Hz) were positioned around the VOI to minimize outer volume contamination 
in the signals obtained. 

Nosological images 
The nosological images are generated combining MRSI techniques with robust ma-

chine learning analyses, which take the whole spectral pattern changes into account (con-
siders the 0 to 4.5 ppm spectral vector, see figure S1B). This makes it possible to use quan-
titative changes of different metabolites and to detect even subtle variations in metabo-
lomic profile, enabling to classify the tissue into mostly (majority source vote) normal 
brain tissue, responding or unresponsive tumour. 

The labelling of the MRSI data acquired is based on the source extraction technique, 
which assumes that a mixture of the heterogeneous tissue patterns is present in each voxel 
and that the contribution of individual source to the final pattern can be calculated. In this 
sense, the nosological imaging is generated by estimating the contribution of each source 
(“paradigmatic spectra”) to the individual voxels in the MRSI grid in order to assign each 
acquired voxel to one of the predetermined classes. The quantitative most relevant para-
digmatic spectrum of the voxel is selected as the “winning source” and the voxel is corre-
spondingly coloured, finally represented as nosological maps for each matrix. Green col-
our is used when the GB responding to treatment source contributes the most, red for 
actively proliferating GB, blue for normal brain parenchyma, and black for undetermined 
tissue. These nosological images can provide a visual representation of MRSI results and 
be used as an imaging biomarker to determine therapy-caused response. 

The most remarkable changes between responding and unresponsive tumours can 
be summarised. Main metabolites contributing to different patterns of responding and 
non-responding spectra are mobile lipids 0.9 + macromolecules (ML, MM, 0.9 ppm), mo-
bile lipids 1.3 + lactate (ML/Lac, 1.3 ppm), N-acetyl-aspartate and N-acetyl group-contain-
ing compounds (NAA and NAc, 2.02 ppm), glutamate + glutamine (Glx, 2.1–2.4 ppm), 
polyunsaturated fatty acids in mobile lipids (PUFA, 2.8 ppm), total creatine (Cre, 3.03 
ppm), choline-containing compounds (Cho, 3.21 ppm), myo-inositol + glycine (Ins + Gly, 
3.55 ppm), glutamine + glutamate (Glx, 3.8 ppm, which is also partially contributed by 
alanine), and lactate (Lac, 1.3 and 4.1 ppm). 

Figure S1 provides a summary of the steps performed in this type of analysis. 

Inclusion criteria for mice fully evaluated in this study 
Not all studied mice accomplished criteria to be included in this particular study, 

which searched for homogeneous and clear control and therapy-responding examples to 
explain the associated MRSI patterns. Inclusion criteria were as follows: 
1. Homogeneous tumour appearance at MRI exploration, avoiding tumour volumes at 

inclusion decision time outside the usual tumour volume range values (average 9.3 ± 
6.1 mm3) considered in current GABRMN group cohort studies [5–9]. Tumours grow-
ing towards the skull or lower part of the brain, in which MRSI signals can be spurious 
and have poor spectral quality, were also discarded. Total number discarded due to 
criteria 1 = 44. 

2. Extreme values for Tumour Responding Index (See [5]) were searched for (i.e., TRI 
values >60% for treated tumours and close to 0% for control tumours). In addition, 
not only the TRI value itself but its homogeneous distribution within the tumour mass 
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was preferred, since it was not feasible to ‘dissect’ samples in different tumour re-
gions. Thus, tumours showing heterogeneous response pattern distributions in noso-
logical images were avoided. Total number discarded due to criteria 2 = 30. 

3. Maintenance or reduction in the tumour size was searched for in the treated group, 
pointing towards clear growth arrest. The reduction was mostly in agreement with 
‘stable disease’ according to RECIST values (4.43 ± 6.32% tumour volume reduction 
in comparison with previous explorations). The lack of further follow-up prevents us 
to define whether it would meet partial or complete response criteria. Total number 
discarded due to criteria 3 = 3. 

4. Tumour tissue available volume had to be large enough (more than 20 mm3) to obtain 
the amount of RNA suitable to carry out qPCR experiments (i.e. > 70 ng/µL). Total 
number discarded due to criteria 4 = 13. 
It is worth noting that mice discarded from this study because of inclusion criteria, 

were allocated to other studies performed by our group in order to minimize animal waste 
and maximize knowledge obtained from this particular animal model.  

Adapted RECIST criteria 
Classification based on adapted RECIST criteria was applied as follows, considering 

the GL261 GB tumour volumes registered in the previous exploration:  
• Progressive disease (PD): 20% increase in tumour volume, or higher. 

• Partial response (PRe): tumour volume decreases by 30%, or higher. 

• Stable disease (SDi): less than 20% increase and no more than 30% decrease in tumour 

volume.  

Amplicon Context Sequence  

• F4/80: 
TATGCCATCCACTTCCAAGATGGGTTAACATCCTTTCTTGCTTTTAAATATATTATGGAACAATGTCTGAAGATTGTAAGTG

CTTTAAGGATCATACTTTTAATAAC 

• Nos2: 
ACCACACCAAACTGTGTGCCTGGAGGTTCTGGATGAGAGCGGCAGCTACTGGGTCAAAGACAAGAGGCTGCCCCCCTGCT

CACTCAGCCAAGCCCTCACCTACTTCCTGGACATTACGACCCCTCCCACCC 

• CD206: 
TGGAATAATATCCACTGTTCTTCGTACAAAGGATTTATTTGTAAAATGCCAAAAATTATTGATCCTGTAACTACACACTCAT

CCATTACAACCAAAGCTGACCAAAGGAAGATGGATC 

• PD-L1: 
GCTAGATGTGGAGAAATGTGGCGTTGAAGATACAAGCTCAAAAAACCGAAATGATACACAATTCGAGGAGACGTAAGCA

GTGTTGAACCCTC 

• TBP: 

TCTGAGTACTGAAGAAAGGGAGAATCATGGACCAGAACAACAGCCTTCCACCTTATGCTCAGGGCTTGGCCTCCCCACAG

GGCGCCATGACTCCTGGAATTCCCATCTTTAGTCCAATGATGCCTTACGGCA 

• HPRT: 
TTTTATCAGACTGAAGAGCTACTGTAATGATCAGTCAACGGGGGACATAAAAGTTATTGGTGGAGATGATCTCTCAACTTT

AACTGGAAAGAATGTCTTGA 
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Supplementary Figures: 

 
Figure S1. Summary of steps performed for nosological images calculation mentioned in this work. A) MRSI spectra are 
acquired. Both coronal and axial imaging orientation are shown for better understanding of different anatomical levels 
studied. Each individual spectrum of the MRSI grid (blue square in A) is analysed as a unique spectral vector. B) Spectra 
are compared with fixed sources (paradigmatic spectra), obtained from a defined group of TMZ-treated and control mice 
[4]. In fact, 3 sources were acquired but only sources corresponding to control – actively proliferating- and TMZ-treated 
mice, transiently responding to therapy, are shown, respectively in red and green. Those are the sources relevant to this 
particular study. Main contributing metabolites are shown in expansion regions. C) Spectra, and volume elements, are 
then coloured according to whether they show more correlation with the control, TMZ-treated or normal brain paren-
chyma source. If the correlation between the spectrum of a voxel and the sum of the percentages contributed by the sum 
of the three tissue sources was below a threshold of 50%, this voxel was labelled as ‘undecided’ and coloured in black [4]. 
The Tumour Responding Index (TRI) is then calculated as shown in the formula at the bottom, considering spectra (pixels) 
identified as responding regarding to the total tumour pixels, taking into account manual drawing over the abnormal 
section in T2w MRI. 
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Figure S2. Pearson correlation analysis between F4/80 gene expression level and A) Nos2 and B) CD206 gene expression 
levels; and between C) PD-L1 gene expression level and M1/M2 ratio (see section 3.4. of the main manuscript for definition) 
in IMS-TMZ-treated GL261 GB (green line) and control (red line) mice samples. C) Also shows the correlation between 
PD-L1 gene expression level and M1/M2 ratio when treated and control cases are combined (black line). P values for each 
group are indicated in the graphs. 

 
Figure S3. Hypothetical scheme for the rationale behind changes in the nosological images coding for response in MRSI 
of IMS-TMZ treated GB GL261 bearing mice (see main text for further details). The oscillation in cellular populations such 
as Ki67 positive tumour cells or microglia/macrophages, changes in their polarisation status, in surface receptor such as 
PD-L1 and their subsequent effects, as well as changes in tissue microstructure (giant cells, acellular spaces [5,10]) should 
all contribute to the MRSI-detected imaging biomarker differences. Those show periodic oscillations that agree with the 
length of the immune cycle (ca. 6 days) and should be related to events triggered by TMZ therapy.  

This may be extended [7] to any therapeutic approach eliciting the host immune sys-
tem. It is also worth noting that these events take place early in the timeline, far before 
any changes are seen in tumour volumes (red and green lines). Hence detection of such 
oscillatory changes could provide early indication about immune system-driven response 
to therapy, while tumour volume changes may be ‘blind’ to these early local metabolomics 
changes. At the therapy starting point, GL261 GB tumours display an M2/GAMs ratio 
which is more than 10-fold higher the M1/GAMs ratio, thus an essentially protumoural 
microglia/macrophage phenotype (encoded in the red colour over the tumour mass of the 



Cancers 2021, 13 S6 of S7 
 

 

nosological images). Launching TMZ therapy may trigger immunogenic cell damage and 
release/exposure of immunogenic signals [11] which will turn on the cancer immunity 
cycle and elicit the host immune system [12]. In the meanwhile, both M1 and M2 popula-
tions infiltrating the tumour increase (see also Figure 2A): while M1 microglia/macro-
phages will participate in tumour cell killing, probably after interaction with T-cells [13], 
and M2 microglia/macrophages are waiting for M1 polarisation. In this respect, M1/M2 
ratio changes towards higher values in tumours showing transient response to IMS-TMZ 
(Figure 3C of the main manuscript). The point of maximum response spotted by our non-
invasive biomarker (i.e., green colour over the GB tumour mass in nosological images) is 
ca. 6 days after therapy administration, in line with the length of the immune cycle de-
scribed in [14]. At this point, an increase in PD-L1 gene expression is observed (Figure 4A 
of the main manuscript), although it could be either due to expression by the tumour cell 
population to evade lymphocyte attack, to expression in microglia/macrophages or both 
together. Since M1 microglia/macrophages are mostly consumed during the antitumour 
response events, after such interval, the ratio M1/M2 may shift towards the control values, 
T lymphocytes may be approaching exhaustion and surviving tumour cells may start pro-
liferating again leading to tumour regrowth (day +9, red colour over the tumour image) 
until the previous therapeutic administration point (at day +6) resets the immune cycle 
and produces the next response oscillation (day +12). 

Supplementary Tables: 

Table S1. Description of IMS-TMZ and IMS-vehicle treated mice, including tumour volume at therapy start point and at 
endpoint, euthanasia day and percentage of TRI shown at that time. 
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4.3. CHAPTER III: ONE STEP BEYOND FOR MOLECULAR PROFILING OF THE TUMOUR 
MICROENVIRONMENT IN GL261 GB BEARING MICE: GAM POPULATION, 
METALLOPROTEASES AND PD-L1 EXPRESSION ANALYSES DURING TMZ THERAPY 
RESPONSE, RELAPSE OR UNRESPONSIVE SITUATIONS 

4.3.1. Context and specific objectives 

Results described in the previous chapter were relevant, in the sense that significant 

changes in TME were found during response to IMZ-TMZ treatment, with regard to one of the 

relevant populations, i.e., the GAM population, as well as aspects related to PD-L1 expression. 

Accordingly, one of the arising questions was to check whether these profiles would also change 

in mice relapsing or unresponsive to IMS-TMZ therapy. 

Moreover, in addition to the significant role described for GAM polarisation through M1 or 

M2 phenotype and the PD-1/PD-L1 axis in the response to therapy, it has been described that 

zinc-dependent proteases of the metzincin superfamily, such as ADAMs and MMPs, are 

important modulators of the TME [143,159]. As previously mentioned in the Introduction 

(section 1.3.4.1, The role of different metalloproteases), these protease families have been 

described to be related to several biological processes such as inflammatory responses, immune 

regulation, angiogenesis, cell migration and proliferation, apoptosis, tissue repair, among 

others.  

Thus, since ADAMs and MMPs proteases may act as important modulators of the TME, the 

distinct populations of GAMs might be also correlated with specific protease profiles in GB 

[183,184]. Some of these proteases (ADAM8, 10 and 17 and MMP9 and 14) were shown to be 

associated with microglia/macrophage functions, thus profiling these protease genes in 

conjunction with M1/M2 polarization markers in GB could provide novel insights into the 

molecular signature of these cells and might prove beneficial as a diagnostic tool and predictor 

of patient survival. Within the TME, ADAM10 and ADAM17 are expressed not only in cancer cells 

but also in tumour-infiltrating immune cells. ADAM10 or ADAM17 might cleave membrane PD-

L1 in immune cells and the ubiquitous expression of these two ADAMs and regulation of their 

activities by a number of physiological signals clearly positions them as new modulators of the 

PD-1/PD-L1 immune checkpoint pathway [185].  

Accordingly, the specific objective of Chapter III was to analyse samples from IMS-TMZ-

treated mice either responding or non-responding to treatment, as well as relapsing and vehicle-

treated tumours using rt-PCR in order to characterise the different subpopulations of GAMs and 

PD-L1 gene expression, as well as the molecular profile of different protease genes, known to 

be associated with GB progression (ADAM8, ADAM10, ADAM17, MMP9 and MMP14). 

Furthermore, we studied the correlation between GAM population, both M1/M2 subtypes, and 

metalloproteases expression. The metalloproteases profiles were also associated with 

expression of PD-L1 in order to provide information on their role in the immunosuppression in 



106 
 

TME. For that, a predoctoral stage was carried out in the laboratory of Prof. Jörg-Walter Bartsch, 

from Philipps University of Marburg (UMR), Department of Neurosurgery, due to his wide 

expertise in the metalloproteases field and TME characterization. 

4.3.2. Specific materials and methods 

A total of 31 C57BL/6 mice (weighing 21.4 ± 1.4 g, aged 15.5 ± 2.8 weeks) were used for the 

work described in this Chapter. The GL261 glioma generation, the IMS-TMZ treatment, and the 

in vivo MRI studies were performed with parameters described in Chapters I and II. MRI was 

used to categorize individuals according to their evolution. It is worth clarifying that n=10 

responding IMS-TMZ-treated mice and n=10 IMS-vehicle-treated (control) mice are the same 

individuals described in chapter II regarding M1/M2/PD-L1 profiling. In this chapter, we have 

enlarged the cohort of mice including individuals belonging to relapsing (after transient 

response) and unresponsive groups, and also enlarged the IMS-TMZ treated responding group 

with n=2 additional cases each.  

4.3.2.1. RNA isolation, cDNA synthesis and rt-PCR 

Analysis of relative mRNA expression levels of F4/80, Nos2, CD206, CD274 (PD-L1), ADAM8, 

ADAM10, ADAM17, MMP9 and MMP14 were carried out in all the samples collected. RNA 

isolation and cDNA synthesis were performed following the same experimental approach 

described in Chapter II. 

For F4/80, Nos2, CD206, and PD-L1 rt-PCR analyses, experimental steps were already 

described in Chapter II. For ADAM8, ADAM10, ADAM17, MMP9 and MMP14 rt-PCR analyses, 2 

ng of cDNA were used, all reactions were performed twice, and results were averaged. The rt-

PCR was performed using a StepOne-Plus Real-Time PCR instrument (Applied Biosystems, 

Thermo Fisher Scientific, Dreieich) and SYBR Green in form of the Precision FASTMasterMix with 

ROX (Primer Design, Southhampton, U.K.). PCR amplification reactions were carried out in 20 μl 

reaction volumes and the protocol consisted of an initial denaturation at 95°C for 10 min, 

followed by 40 amplification cycles at 95°C for 15 s and 60°C for 1 min. The mRNA for acidic 

ribosomal protein RPLP0 (XS13) served as an internal reference gene for all rt-PCR reactions. 

Cycle time (Ct) was calculated by StepOne Software v2.0 (Applied Biosystems). For each gene, 

the 2-ΔΔCt method [186] was performed to analyse relative quantities. 

4.3.3. Results 

4.3.3.1. Follow up of GL261 tumour-bearing mice and criteria established to choose euthanasia 

time point: 

In vivo MRI studies were performed in all mice (n=31) to monitor tumour growth evolution 

and determine the different therapy response situations. Furthermore, the metabolomic 

information acquired by in vivo MRSI studies of the 20 cases described in chapter II was known. 

The four groups evaluated in this chapter are the following: 
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• In all responding IMS-TMZ-treated mice (n=12), the tumour volume met criteria for 

“stable disease” according to RECIST [187] adapted as described in [50]. 

• In all relapsing IMS-TMZ-treated mice (n=7), tumours transiently responded to 

treatment and subsequently, escaped from therapy showing clear regrowth. 

• In all non-responding IMS-TMZ-treated mice (n=2), tumour volumes increased fast as 

vehicle treated tumours and no signs of transient growth arrest were observed. 

• In all vehicle-treated (control) mice (n=10), tumour volumes increased fast, as expected. 

The average tumour volume at therapy starting point (day 11 p.i.) was 7.4 ± 2.9 mm3 for 

responding IMS-TMZ-treated mice; 8.1 ± 4.1 mm3 for relapsing IMS-TMZ-treated mice; 11.0 ± 

1.2 mm3 for non-responding IMS-TMZ-treated mice; and 9.1 ± 8.4 mm3 for control mice, with no 

significant differences between groups and no significant differences from volumes used by 

GABRMN in past studies. The average tumour volume at euthanasia time point was 58.6 ± 26.4 

mm3 for responding IMS-TMZ-treated mice (at day 23.5 ± 1.4 p.i.); 149.7± 22.6 mm3 for relapsing 

mice (at day 40.3 ± 4.3 p.i.); 185.8 ± 48.6 mm3 for non-responding mice (at day 23.0 ± 0.0 p.i.) 

and 71.61 ± 29.18 mm3 for control mice (at day 18.3 ± 3.8 p.i.). At chosen time points, mice were 

euthanised by cervical dislocation, brain was removed, and tumour was resected. All collected 

samples are described in Table 4.1 and tumour volume evolution is shown in Figure 4.1 
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Table 4.1. Description of responding IMS-TMZ, relapsing IMS-TMZ, non-responding IMS-TMZ and IMS-
vehicle (control) treated mice , including tumour volume at therapy start point and at endpoint, and 
euthanasia day.  

Group Case 

Tumour volume 
at therapy start point 

(mm³) 

Tumour volume 
at endpoint 

(mm³) 
Euthanasia 
(day p.i.)  

Responding 
IMS-TMZ 

C1412 12.1 87.2 23  

C1445 3.7 46.0 23  

C1447 6.2 94.9 28  

C1450 5.5 29.6 24  

C1451 11.6 54.1 23  

C1456 3.6 24.5 23  

C1458 10.0 107.2 23  

C1460 9.3 59.1 23  

C1463 4.4 35.6 23  

C1473 8.7 72.0 23  

C1504 7.3 49.1 23  

C1505 6.4 44.5 23  

Relapsing 
IMS-TMZ 

C1380 10.1 172.7 41  

C1383 4.4 183.9 49  

C1410 15.1 96.6 36  

C1486 6.2 141.1 38  

C1489 5.8 125.5 38  

C1491 4.0 185.7 38  

C1494 10.8 142.4 42  

Non-responding 
IMS-TMZ 

C1493 11.9 151.5 23  

C1496 10.2 220.1 23  

IMS-vehicle C1320 5.8 64.4 18  

C1344 4.3 29.3 17  

C1348 4.4 109.7 21  

C1457 1.1 54.9 23  

C1465 13.0 66.1 15  

C1466 1.2 72.4 23  

C1467 2.6 130.0 22  

C1471 12.6 78.1 17  

C1472 24.9 57.3 13  

C1474 20.9 61.3 14  
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4.3.3.2. Global GAM population, as well as M1 and M2 subtypes, are increased in responding IMS-

TMZ-treated tumours in comparison with other conditions 

The GAM marker F4/80 was used to analyse global GAM population in tumour samples 

from IMS-TMZ-treated mice in three different conditions: responding, relapsing after transient 

response and non-responding to treatment, as well as vehicle-treated, control mice (Figure 4.2 

A). We found that the F4/80 normalized content in the responding group was significantly higher 

(4.5-6.3-fold higher, depending on the groups compared) than the expression profile found in 

relapsing tumours, non-responding to IMS-TMZ treatment, as well as in control tumours, with p 

< 0.05 in all instances (Table 4.2). On the other hand, comparisons between relapsing, non-

responding and control groups did not present significant differences. It is worth remembering 

that along this Chapter, for the non-responding group (n=2) it is not possible to make 

assumptions about values distribution, thus non-parametric tests were performed in these cases 

following the advice of the UAB Statistics Facility. Accordingly, any statistical inference with this 

group should be carefully interpreted due to the low number of individuals available yet to reach 

conclusions.  

Figure 4.1. Tumour volume evolution (in mm3) of A) responding (n=12), B) relapsing after transient 

response (n=7), C) non-responding IMS-TMZ-treated mice (n=2) and D) vehicle-treated, control mice 

(n=10). In all responding cases, tumour volumes were in growth arrest  at sacrifice time, in all 

relapsing cases, tumours responded to treatment and subsequently, escaped from the therapy, while 

in all non-responding and in all control cases, tumour volumes increased fast with no signs of growth 

arrest. Note that Y scales are adjusted for better data visualisation in each case, thus they are not 

equal in all graphs.  

D 

B A 

C 
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The M1 and M2 phenotypes were studied in the same cohorts through the analyses of the 

corresponding markers Nos2 and CD206. Regarding M1 GAMs (Figure 4.2 B), we found increased 

Nos2 gene expression in responding IMS-TMZ-treated tumours (0.06 ± 0.04 relative expression) 

which reached statistical significance when compared to relapsing and control tumours, with 

0.01 ± 0.01 relative expression for both groups. Furthermore, non-responding tumours had a 

Nos2 relative expression of 0.02 ± 0.02, suggesting a lower M1 subpopulation in comparison to 

responding tumours, but no significant differences were found (p = 0.2371). The low number of 

cases in the non-responding group may hamper the interpretation of all statistical tests.  

Concerning M2 GAMs profile (Figure 4.2 C), results showed a different trend. We only 

observed significant differences between responding IMS-TMZ-treated and control mice 

(relative expressions 0.23 ± 0.09 and 0.13 ± 0.06, respectively). Other groups only reached a 

trend to significance when compared with the responding group: relapsing tumours with 0.14 ± 

0.11 relative expression, and non-responding with 0.11 ± 0.04 (p = 0.0789 and p = 0.0871, 

respectively).  

These results suggest that there is a larger GAM population in responding IMS-TMZ-treated 

mice in comparison with other groups, but M1 and M2 subpopulations did not increase in 

comparable proportions (see next section).  

 

Table 4.2. Relative normalised expressions obtained in rt -PCR studies with responding, relapsing 
and non-responding IMS-TMZ as well as IMS-vehicle-treated (control) samples: average ± SD of 
F4/80, Nos2, CD206, and PD-L1 genes, and ratios of M1/M2, M1/GAMs and M2/GAMs, estimated as 
explained in Figure 4.2 caption. 
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Figure 4.2. Violin plot for estimation of GAMs, M1 and M2 subpopulations in tumour samples 

from IMS-TMZ-treated mice responding, relapsing and non-responding to treatment, as well 

as IMS-vehicle-treated (control) mice. A) Global GAM population was evaluated through F4/80 

expression levels. Significant differences were observed between IMS-TMZ-treated responding 

groups and relapsing, non-responding and IMS-vehicle-treated groups (p < 0.05 in all instances). 

B) M1 GAM subtype population was evaluated through Nos2 gene expression levels. Significant 

differences were observed between responding IMS-TMZ-treated groups vs. relapsing (p = 0.013) 

and vs. control groups (p = 0.002), while comparison with non-responding group did not reach 

significance (p = 0.132). C) M2 GAM subtype population was evaluated through CD206 gene 

expression levels. Significant differences were observed only between responding IMS-TMZ-

treated and control groups (p = 0.005), but a trend to significance was also found in comparisons 

of responding vs. relapsing (p = 0.079) and vs. non-responding groups (p = 0.088). Data are mean 

± SD and significant differences between groups are indicated by asterisks (*** p ≤ 0.001, ** p 

< 0.005, * p < 0.05). Explanations for violin plots as in Figure 2 of Chapter II. Note t hat graphs 

are shown in different “y” scaling for better appreciation of data distribution.  

 

4.3.3.3. Assessing different GAM population subtypes regarding global GAM values 

In order to analyse the predominant GAM population subtype in mice cohorts, M1/M2 

ratio was calculated considering the ratio of Nos2 to CD206 (Figure 4.3 A). The M1/M2 ratio was 

found significantly higher in responding IMS-TMZ-treated tumours when compared to relapsing 

IMS-TMZ-treated tumours after transient response (p = 0.0090), as well as to IMS-vehicle-
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treated tumours (p = 0.0022). Non-responding IMS-TMZ-treated tumours presented lower 

average expression value when compared to responding tumours, although no significant 

differences were observed (p = 0.3485), probably due to low number of cases in the non-

responding group (n=2). 

Furthermore, M1/GAM and M2/GAM ratios were analysed considering the ratios of Nos2 

to F4/80 and CD206 to F4/80 expression levels, respectively. Regarding M1/GAM ratios, no 

significant differences were observed among different groups, although average expression 

level was higher in the non-responding group (Figure 4.3 B). However, when looking at the 

M2/GAM ratio (Figure 4.3 C), the IMS-TMZ-treated responding group presented an average ratio 

ca. 2.5-fold lower than other groups, reaching statistical significance when compared to 

relapsing (p < 0.0131) and non-responding (p = 0.0001) groups, and to IMS-vehicle-treated mice 

(p = 0.0005). On the other hand, the M2/GAM ratio achieved similar values in relapsing, non-

responding and IMS-vehicle-treated tumours, with no significant difference between them. See 

Table 4.2 for M1/M2, M1/GAM and M2/GAM average ratios. 

4.3.3.4. PD-L1 gene expression is increased in IMS-TMZ-treated tumours, and this increase may 

be correlated with GAM polarisation state  

We analysed the PD-L1 gene expression in tumours from IMS-TMZ-treated mice 

responding, relapsing and non-responding to treatment and IMS-vehicle-treated mice (Figure 

4.4 A). A significantly higher PD-L1 gene expression was observed in responding IMS-TMZ-

treated mice (1.23 ± 0.52 relative expression), i.e., 2.6-fold higher when compared to relapsing 

(0.47 ± 0.41 relative expression) and control groups (0.46 ± 0.16 relative expression), with 

p = 0.0002 and p = 0.004, respectively. However, no significant differences (p = 0.440) were 

observed between IMS-TMZ-treated responding and non-responding groups, although a lower 

average PD-L1 expression level (0.69 ± 0.70) was found in non-responding tumours. 

Furthermore, in order to confirm whether PD-L1 gene expression levels were correlated with 

the polarisation state of GAMs as stated in Chapter II, Pearson correlation analyses were 

performed, and PD-L1 expression level was shown to be positively correlated to the M1/M2 

ratio (p = 0.0095), confirming that in this experimental scenario, higher PD-L1 gene expression 

levels correlate with increased M1/M2 ratios (coloured map for expression levels can be found 

in Figure 4.4 B). 
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Figure 4.3. Results of the M1/M2, M1/GAM and M2/GAM ratios analyses in tumour samples from 

IMS-TMZ-treated mice responding, relapsing and non-responding to treatment, as well as from 

IMS-vehicle-treated (control) mice. A) M1/M2 ratio was calculated using the relation of Nos2 to 

CD206 expression levels. Significant differences were observed between IMS -TMZ-treated responding 

vs. relapsing (p = 0.009) and vs. control groups (p = 0.002), while comparison with non-responding 

groups did not reach significance (p = 0.440). B) M1/GAM ratio was calculated using the relation of 

Nos2 to F4/80 expression levels. No significant differences were observed in comparison between 

groups. C) M2/GAM ratio was calculated using the relation of CD206 to F4/80 expression levels. 

Significant differences were observed between IMS-TMZ-treated responding vs. relapsing, vs. non-

responding and vs. control groups (p<0.05 in all instances). Data are mean ± SD and significant 

differences between groups are indicated by asterisks (*** p ≤ 0.001, ** p < 0.005, * p < 0.05). 

Explanations for violin plots as in Figure 2 of Chapter II. Note that graphs are shown in different “y” 

scaling for better appreciation of data distribution.  
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4.3.3.5. ADAM8, ADAM10, ADAM17 and MMP14 genes present higher expression in responding 

IMS-TMZ-treated tumours, while MMP9 gene is higher expressed in non-responding IMS-TMZ-

treated tumours 

The expression levels of ADAM8, ADAM10, ADAM17, MMP9 and MMP14 genes were 

analysed by rt-PCR approaches (see Table 4.3 for relative expression values). We found an 

increase in the expression level of ADAM8, ADAM10, ADAM17 and MMP14 genes in IMS-TMZ-

treated responding group vs. relapsing, non-responding and control tumours (Figure 4.5 A-C, E), 

reaching significance for some comparisons (please check Figure 4.5 caption). By contrast, no 

significant differences were detected between expression levels of relapsing, non-responding 

and control tumours. The expression of the aforementioned genes does not seem to be directly 

related to a local TMZ effect, since relapsing and non-responding were also treated with TMZ 

but did not present comparable expression levels to the responding tumours. 

Regarding MMP9, we found significantly higher expression levels in the non-responding 

group vs. responding and relapsing tumours, as well as vs control tumours (Figure 4.5 D). 

Figure 4.4. PD-L1 expression and its relationship with M1/M2 ratios. A) Violin plot for PD-L1 level 

expression analyses in tumour samples from IMS-TMZ-treated mice responding, relapsing and non-

responding to treatment, and control mice. Significant differences were observed between IMS-TMZ-

treated responding vs relapsing and vs. control groups (p < 0.005 in all instances). Comparison 

between responding and non-responding groups was not significant (p = 0.440). Data are mean ± SD 

and significant differences between groups are indicated by asterisks (*** p ≤ 0.001, ** p < 0.005). 

Explanations for violin plots as in Figure 2 of Chapter II. B) Visual coloured ma p for normalised 

expression representing PD-L1 gene expression level (from Figure 4.4 A) and M1/M2 ratio (from Figure 

4.3 A) in each individual case. Pearson correlation analysis in the whole group achieved statistical  

significance (p = 0.0095).   
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Conversely, this marker showed similar expression level in responding and relapsing IMS-TMZ-

treated and IMS-vehicle-treated tumours. Again, results indicate that changes in the expression 

level of MMP9 are not linked with TMZ treatment or absence of treatment.  

Furthermore, we found that protease genes ADAM8, ADAM10, ADAM17 and MMP14 

presented a similar expression profile (Figure 4.6). As seen from Pearson correlations (see 

section 4.3.3.6 for details), all genes showed to be positively correlated. Interestingly, this 

correlation was not observed for MMP9 gene, which expression profile was distinctly different 

from those observed for ADAM8, ADAM10, ADAM17 and MMP14 genes. 

 

Table 4.3. Relative normalised of ADAM8, 10 and 17, and MMP9 and 14 expression levels obtained in 
rt-PCR studies with responding, relapsing and non-responding IMS-TMZ and IMS-vehicle-treated 
(control) samples:  values are average ± SD.  
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Figure 4.5. Violin plot for ADAMs and MMPs gene level expression in tumour samples from IMS-
TMZ-treated mice responding, relapsing and non-responding to treatment and vehicle-treated 

(control) mice. Results of A) ADAM8 expression levels, B) ADAM10 expression levels, C) ADAM17 

expression levels. Significant differences were observed for responding vs. non -responding and for 
responding vs. control tumours for all ADAMs studied (p<0.05 in all instances). Moreover, the 
comparison responding vs. relapsing groups was also significant in case of ADAM8 and ADAM1 7. 
Comparisons for ADAMs expression levels between relapsing, non -responding, and control groups 
among themselves did not reach significance. Results of D) MMP9 expression levels and E) MMP14 
expression levels. MMP9 levels were significantly higher in the non-responding group, reaching 
significance in comparison with responding and control groups (p < 0.05 in all instances), while 
responding, relapsing and control groups were not significantly different among themselves. For 
MMP14, significantly higher expression levels were found in responding group in comparison with 
relapsing, non-responding, and control groups (p<0.05 in all instances). Data are mean ± SD and 
significant differences between groups are indicated by asterisks (*** p ≤ 0.001, ** p < 0.005, * p < 
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0.05). Explanations for violin plots as in Figure 2 of Chapter II. Note that graphs are shown in different 
“y” scaling for better appreciation of data distribution.  
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4.3.3.6. ADAM8, ADAM10, ADAM17 and MMP14 expression levels showed correlation with 

global GAM population, its polarisation state and PD-L1 gene expression 

In order to investigate whether ADAMs – MMPs gene expressions were correlated with 

overall GAM population, M1/M2 profile and PD-L1 gene expression, Pearson’s correlation 

analyses were performed considering all mice cohorts together. Significant correlation was 

found for the association of GAM, M1/M2 and PD-L1 to ADAM8, ADAM10, ADAM17 and MMP14 

gene expression (all with p < 0.0001). The MMP9 gene presented a different trend, with no 

correlation found. Correlation analyses outputs can be found in Figures from Figure 4.7 to Figure 

4.9.  

Figure 4.6. Visual coloured map for normalised expression representing ADAM8, 10 and 17, and 

MMP9 and 14 (values from Figure 4.5¡Error! No se encuentra el origen de la referencia. ) for each 

individual case.  
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Figure 4.7. Pearson correlation analyses between ADAM8, ADAM10, ADAM17, MMP9 and MMP14 

protease genes vs. global GAM population (F4/80 gene expression levels)  considering all samples 

(IMS-TMZ-treated mice responding, relapsing and non-responding to treatment and control mice). 

Significance was found for the association between GAMs and A)  ADAM8; B) ADAM10; C) and E) MMP14 

expression levels (p < 0.0001 in all instances). No correlation was found for the association between D) 

GAMs/MMP9 (p = 0.8564). Colour code as in Figure 4.5.  
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Figure 4.8. Pearson correlation analyses between ADAM8, ADAM10, ADAM17, MMP9 and MMP14 

protease genes vs. M1/M2 (Nos2 to CD206 expression level ratios) considering all samples (IMS -TMZ-

treated mice responding, relapsing and non-responding to treatment and control mice). Significance 

was found for the association between M1/M2 estimated ratio and A)  ADAM8; B) ADAM10; C) and E) 

MMP14 expression levels (p < 0.0001 in all instances). No correlation was found for the association 

between D) M1/M2 and MMP9 (p = 0.8140). Colour code as in Figure 4.5.  
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Figure 4.9. Pearson correlation analyses between ADAM8, ADAM10, ADAM17, MMP9 and MMP14 

protease genes vs- PD-L1 expression (CD274 gene expression levels) considering all samples (IMS-

TMZ-treated mice responding, relapsing and non-responding to treatment and control mice). 

Significance was found for the association between PD -L1 expression and A) ADAM8; B) ADAM10; C) 

and E) MMP14 gene expression levels (p < 0.0001 in all instances). No correlation was found for the 

association between D) PD-L1 and MMP9 (p = 0.7555). Colour code as in Figure 4.5. 
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4.3.4. Discussion 

4.3.4.1. GAM populations may change during response to therapy and relapse 

In this Chapter, we have analysed through rt-PCR approaches, tumour samples from mice 

belonging to different groups: IMS-TMZ-treated responding (n=12), relapsing (n=7) and non-

responding (n=2) to treatment, as well as IMS-vehicle-treated (control) mice (n=10). One of our 

purposes was to characterise the microglia/macrophage population into the tumour site in 

different situations of response to therapy (i.e., responding, relapsing and non-responding), as 

well as in control tumours, with views to extend the published results reported in Chapter II. The 

number of cases in the non-responding group is low since it is not a usual finding to not present 

either transient or long-lasting responses to TMZ therapy, especially when mice are treated with 

the IMS-TMZ protocol (only ca. 10.2% of all treated mice do not respond to IMS-TMZ). 

Our results, extended in this chapter in order to include subjects from the non-responding 

and relapsing groups, reinforce the idea of the microglia/macrophage role in tumour response. 

Still, an overall increase (ca. 5.1-fold change in average) in the content of microglia/macrophages 

was observed in IMS-TMZ-treated tumours responding to therapy, when compared to relapsing, 

non-responding and controls tumours, through F4/80 gene level expression. Furthermore, F4/80 

does not seem to have differential expression when comparing relapsing or non-responding to 

therapy tumours to controls tumours (Figure 4.2 A). These results suggest that there is an 

increased GAM population in responding IMS-TMZ treated mice but not all TMZ-administered 

mice increased expression in the same way, with non-responding presenting even lower values. 

In other words, GAM content seems to correlate in our GB model with an “efficient” action of 

the IS triggered by an IMS TMZ administration. These results are in agreement with other 

published studies, which describe that certain chemotherapeutic agents can modulate immune 

infiltration into tumour sites being also related to tumour prognosis and/or response to therapy 

in colorectal [188,189], breast [190], ovarian [191,192], and brain [193–195] cancers.  

Regarding different GAM phenotypes, as already discussed in Chapter II, changes in 

phenotype prevalence from M1 to M2 are associated with tumour progression in solid tumours 

[196,197]. Thus, the assessment of GAM polarisation profile with Nos2 and CD206 markers in 

tumours was extended to TMZ-treated relapsing and non-responding groups, in addition to 

responding and control tumours. Results showed that both M1 and M2 microglia/macrophages 

were present in all studied groups (Figure 4.2 B, C) but, as already suggested in Chapter II, the 

proportion of M1 and M2 GAMS was not the same across different groups. Results from this 

chapter confirm a significantly higher M1/M2 GAM ratio in IMS-TMZ-treated responding 

tumours compared with control tumours, and also when compared to relapsing IMS-TMZ-

treated tumours. The ratio was also higher in responding mice when compared to non-

responding, although significance was not achieved, which may be due to the low number of 

cases yet in the non-responding group. No significant differences were observed when 

comparing relapsing, non-responding and control tumours. Results seem to suggest that such 



122 
 

low M1/M2 ratios (i.e., pointing to a prevalence of M2 phenotype when comparing to 

responding tumours) are associated with a “lack of response”, either from the beginning (non-

responding) or arriving after transient response (relapsing), or with an IS unchecked active 

proliferation in control mice. In other words, the TME of responding tumours counts with a 

higher number of infiltrating IS cells with ability to start and sustain inflammatory responses as 

well as to exhibit antitumour activity, leading to tumour tissue disruption. Our results are in 

agreement with other authors which described the relation between the GAM polarisation in 

various cancer types and the outcome prognosis, showing a high content of M1 macrophages to 

be associated with best prognosis in treated ovarian cancer patients [198] or a high M2 

infiltration to be a predicting poor prognosis [199]. Focusing on GB patients, it has been 

described that predominant M1 polarisation was associated with a better overall prognosis 

[200] and that the M1/M2 ratio was correlated with the survival rate after TMZ treatment [201]. 

Accordingly, in preclinical settings, therapeutic strategies able to increase the M1/M2 ratio were 

correlated with improved survival in glioma-bearing mice [202]. It is then clear that achieving 

suitable M1/M2 ratios is desirable and will be determinant for outcome in preclinical and clinical 

GB. It is worth pointing out that for obvious reasons, data are coming from different mice in 

each group, being impossible to collect this type of data along the time (i.e., same animal pre- 

and post-treatment, and during relapse if it is the case). However, we assume that a) control 

mice could be considered the “basal” situation of all mice pre-treatment, b) all mice presenting 

response (which we cannot know in advance if it would be a transient or long-lasting response 

with cure) would present similar changes in GAM ratios and switch in polarization profiles. Then, 

all mice that are relapsing after response have passed through the stage of “responding” with 

the corresponding increase in M1/M2 GAM ratio. In this sense, results suggest that a small 

percentage of mice even when treated with an effective therapeutic protocol such as IMS-TMZ 

described in Chapter I, are not able to mount a suitable antitumour immune system. Other mice 

present transient effective response detected by growth arrest following an adapted RECIST 

criteria (described in [50]), but relapse after this transient response. Some authors have 

described that there are human GB mutations which can be related to a prevailing M2 GAM 

recruitment which finally would lead to chemoresistance [203]. The switch to an M2-like 

phenotype can be also triggered by local factors such as cytokines [204], contributing to 

therapeutic resistance. In general, results described regarding M1 and M2 

microglia/macrophage balance favouring an M2 phenotype is in agreement also with [114]. 

However, a word of caution may be raised regarding control GL261 GB tumours, since it was 

described in [114] that fluctuations can be observed in some immune populations, e.g., in M1 

macrophages, relevant changes might take place between day 14 or 21 p.i. In addition, the 

methodological approaches used in our case and in the aforementioned work [114] are 

different, then a direct comparison is not straightforward. 



123 
 

4.3.4.2. PD-L1 gene expression in GL261 GB 

PD-L1 expression level is considered a major prognostic biomarker for immune therapy in 

many cancers, such as renal carcinoma, colorectal cancer, lymphoma, head and neck carcinoma, 

bladder cancer, hepatocellular carcinoma and metastatic colorectal cancer, but still not in 

glioma [205]. In general, the most accepted predictive marker for therapy targeting PD-1/PD-L1 

axis is the number of cytotoxic T-lymphocytes within the tumour and the expression level of PD-

L1 in cancer cells [206]. This is not the case for GB: no reliable predictive marker has been 

described yet for GB. Unlike other solid tumours, the relationship between PD-L1 and different 

cell types such as lymphocytes remains largely elusive, probably reflecting the specific 

characteristics of the immune environment in the brain [207]. 

Our results suggest that there are significant differences (ca 2.6-fold change) regarding PD-

L1 gene expression in IMS-TMZ-treated tumours responding to therapy compared to relapsing 

and control tumours. This expression was also 1.8-fold change higher in comparison with non-

responding group values, although without significance. On the other hand, there were no 

significant differences between relapsing, non-responding, and control groups. Increased PD-L1 

expression after chemotherapy has been already described [208–210], although there is 

variability about the reported results. In our case, average PD-L1 expression values were lower 

in control mice than in all TMZ-administered groups, but it only reached significance in case of 

IMS-TMZ treated responding mice. The large dispersion of values, and the low “n” yet in the 

non-responding group prevent us to affirm whether these small increments in relapsing and 

non-responding could be consistent. In fact, PD-L1 expression level values observed in relapsing 

and non-responding groups were much closer to control values. 

A possible explanation for these differences between treated groups could be the 

implication of cytokines released by activated immune cells during therapy response. As 

described in the literature [139], upon T cell activation, they can migrate to the tumour site and 

produce cytokines such as IFN-γ, which leads to an increased expression of PD-L1 gene in tumour 

cells and other cells, including other T cells, within the tumour tissue. We have described in 

Chapter I immunohistochemistry analyses for TMZ-treated and control GL261 GB samples. In 

that case, mice were treated with a different TMZ administration protocol [49], not yet 

optimized to IMS-TMZ. Even in this scenario, GL261 tumours showed significant (p < 0.05) 

differences in CD3+ immunohistochemistry staining in chosen fields while comparing TMZ-

treated and control GL261 GB tumour-bearing mice. Regarding IMS-TMZ treated tumours 

responding to therapy, we would expect even higher infiltration of CD3+ T cells into tumour 

tissue. This could finally lead to an increased PD-L1 gene overall expression in the whole tumour 

mass through production of IFN-γ by T lymphocytes, which would no longer be the case in 

relapsing and non-responding groups. 

As mentioned in Chapter II, PD-L1 gene is expressed in a variety of cells, including 

macrophages. On macrophage surfaces, PD-L1 could have an antitumour role instead of 
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immunosuppressive, limiting excessive activation of T regulatory cells and protecting 

macrophages from killing by those T lymphocytes [211,212]. In the current chapter, the PD-L1 

gene level expression was also related to M1/M2 ratio, showing a significant positive correlation 

among them (Figure 4.4 B), which indicates that increased PD-L1 content could be at least 

partially associated with increased M1-polarised macrophages. Responding tumours had a 

higher percentage of M1 macrophages, which could overexpress PD-L1 on their cell surface, 

protecting them from T lymphocyte attack. This M1 phenotype population is lower in relapsing 

and non-responding tumours, which could help to explain our results at least partially.  

Furthermore, responding tumours contain a tumour cell population that has been 

damaged by TMZ and killed by host immune system cells elicited by released damage signals 

(i.e., lymphocytes and macrophages). These tumour cells die, leading to transient tumour mass 

decreases. Remaining tumour cells may react by overexpressing PD-L1 to protect from 

subsequent immune system attack, thus cells with high content of PD-L1 survive and expand, 

which is in line with PD-L1 expression level increasing in responding tumours. Periodic 

administration of TMZ might generate new immune system waves and cycles of cell killing 

repetition until tumours get cured or relapse: at that point tumours are either no longer 

sensitive to TMZ due to resistant dominant clones, or are able to evade immune system attack, 

leading to a relapsing tumour. Detailed mechanisms for GL261 GB relapsing still have to be 

elucidated. Still, the overexpression of metalloproteases (see section 4.3.4.3) may lead to the 

shedding of membrane-bound PD-L1, promoting the increase of soluble form PD-L1 (sPD-L1) 

with controversial consequences described [185], and which could inhibit T lymphocytes 

without need to reach cell-to-cell contact with tumour cells [213]. It remains unclear whether 

sPD-L1 levels in serum fluctuate during tumour progression or remission or whether they could 

serve as therapeutic biomarker in human glioma patients [214]. In the case of non-responding 

tumours, results show that the expression level of PD-L1 protein and gene is equivalent to 

vehicle-treated tumours suggesting that they would evade therapy by a different mechanism 

rather than using PD-L1 overexpression. 

Last but not least, it is worth mentioning that Chapter I provided an estimation of the PD-

L1 protein content through western-blot approaches, where control, relapsing and non-

responding groups were analysed (no IMS-TMZ treated responding mice were included in the 

analysis in that case). Results showed that PD-L1 protein content was significantly higher (ca. 3-

fold) in the relapsing IMS-TMZ-treated group when compared with the non-responding and 

control groups, while no differences were found between non-responding and control tumours. 

This trend was not observed in rt-PCR results. Non-linear relationships between RNA and protein 

level analyses of PD-L1 have been described by other authors [215], but it was not possible to 

further explore in detail in this work, e.g. splitting samples into two different parts for rt-PCR 

and Western-Blot studies. Future experiments using both measurement methods in the same 

samples may be of help to elucidate differences between these two methodological approaches.  
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4.3.4.3. ADAM and MMP gene expression in GL261 GB 

ADAMs have been described to be implicated in many aspects of tumourigenesis. The 

‘shedding’ activities of ADAMs, solubilizing cytokine ectodomains, growth factors, adhesion 

molecules, among others, help to highlight their central role in the extracellular regulation of 

cellular signalling. They can potentially regulate inflammatory responses, angiogenesis, and cell 

migration and proliferation, all of them relevant for tumour evolution. Indeed, data from cell 

and animal models of cancer indicate that ADAM proteolytic activities could drive several 

aspects of tumourigenesis [216]. On the other hand, MMPs can modulate cellular and signalling 

pathways by cleaving cytokines, chemokines and growth factors [217], while alterations in MMP 

expression and activity have been implicated in tumour progression and invasiveness [159]. 

In this Chapter, we evaluated the molecular profiles of ADAM8, ADAM10, ADAM17, MMP9 

and MMP14 genes as well as their association with GB progression (i.e., response to therapy, or 

lack of response), GAMs population, and PD-L1 expression level within the TME. We found 

increased expression levels of ADAM8, ADAM10, ADAM17 and MMP14 genes in the IMS-TMZ 

responding group in comparison with relapsing, non-responding and control tumours (Figure 4.5 

A-C, E). On the other hand, MMP9 gene expression level was found increased in the non-

responding group in comparison with the other three groups (Figure 4.5 D). This differential 

expression can be also visually observed in the coloured map for normalized expressions in 

Figure 4.6. As in previous gene markers discussed in this chapter, changes in ADAMs and MMPs 

expression do not seem a direct local effect triggered by TMZ itself, since relapsing and non-

responding groups did not present the same trend. Furthermore, ADAM8, ADAM10, ADAM17 

and MMP14 gene expression levels were found positively associated with global GAM 

population (Figure 4.7), M1/M2 ratio (Figure 4.8) and PD-L1 gene expression level (Figure 4.9). 

Our results show a positive association between ADAM8 expression level and global GAM 

population and M1/M2 ratio, with its expression level increased in IMS-TMZ treated, responding 

tumours. This is in agreement with work described in [218] who described colocalization of 

ADAM8 and CD68, a marker for macrophages/microglia in the brain, suggesting its functional 

relevance for tumour cells and GAMs in GB, probably contributing to neovascularization and 

angiogenesis. However, the same authors did not find a correlation between ADAM8 with a 

certain macrophage polarization state (M1/M2). Interestingly, ADAM8 is also described to be 

implicated in chemoresistance e.g., mediating resistance to DNA damaging drugs [148]. ADAM8 

also proved to be involved in chemotherapy resistance in other contexts such as non-small cell 

lung cancer lines [219]. 

Regarding ADAM10, our results suggest a positive association between ADAM10 gene and 

global GAM population and M1/M2 ratio. In this sense, the expression of ADAM10 could 

contribute to the Th cell proliferation and differentiation, and in turn, IFN-γ secreted by Th cells 

stimulates M1 phenotype to exert antitumoural effects [118]. On the other hand, ADAM10 

substrates were described to control a wide variety of processes, including persistent 
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Lymphocyte Activating 3 or T cell immunoglobulin and mucin domain-containing protein 3, 

which are markers of T cell exhaustion in tumour-infiltrating lymphocytes [220]. Results 

obtained by authors working with GB and ADAM10 analyses had controversial outputs, with 

ADAM10 correlating with GB progression [220] or with improved survival [200], although in this 

case overall results may be explained by more favourable macrophage polarization status (i.e. 

M1 prevailing, also in line with our results) detected in the human GB samples studied. As 

commented in the PD-L1 section, metalloproteases such as ADAM10 and ADAM17 were 

described to cleave PD-L1 in breast cancer cell lines [185] with release of sPD-L1. Furthermore, 

preclinical work with xenografts bearing colorectal cancer cells were described to benefit from 

targeted inhibition of active ADAM10, decreasing both tumour growth and relapse after 

chemotherapy [221]. Overall, this seems to indicate that although a negative role seems to be 

associated with an increased expression of ADAM10, a wider picture of other microenvironment 

actors may be needed in order to further elaborate about outcomes.  

ADAM17 showed positive correlation with global GAM population and M1/M2 ratio. The 

role played by ADAM17 in the macrophage proliferation was already described in the 

introduction, related to their traffic [154] and proliferation [156] and it is aligned with our 

findings, suggesting a positive association between ADAM17 expression level and the global 

GAM population. Furthermore, its contribution to the differentiation of T lymphocytes towards 

Th cells through ADAM17 leads to the secretion of IFN-γ by Th cells, stimulating the M1 

phenotype to exert antitumoural effects [118], which may help to explain the positive 

correlation between ADAM17 and M1/M2 ratio. Furthermore, ADAM17 expression levels were 

analysed in human GB samples and its expression was described to correlate with M1 

polarization profile and better prognosis [200]. Conversely, other biological roles were described 

for ADAM17 and also ADAM10 which would help to explain their increased levels during an 

active response to therapy. In this context, it is likely that tumours are promoting changes in 

order to decrease host immune system attack. ADAM10 and ADAM17 are described to 

contribute to the immunosuppressive phenotype in glioma initiating cells in culture [222] 

accordingly, the increase in their expression levels could help to protect initiating cells from 

immune system attack.  

Regarding the MMP9 gene level expression, increased values were found in the non-

responding group in comparison with responding and relapsing groups and control group. This 

is in line with several studies reported in the literature. In human glioma samples, increased 

expression levels of MMP9 were associated with unfavourable clinical outcomes also reported 

in other cancer types such as gastric, colon and breast [223], being also used as a biomarker for 

different tumour types [224]. This agrees with overall results for MMP9 described in [200], 

suggestive of a worse prognosis in human GB samples. Furthermore, MMP9 inhibition in 

preclinical mouse models was described to promote anti-tumour immunity by altering physical 

and biochemical properties of tumours relevant to effector T-cell trafficking [225]. Authors [225] 
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hypothesize that MMP9 would limit antitumour response, at least in part, through degradation 

of tumour CXCR3 ligands, resulting in suboptimal trafficking of Th1 cells into tumours. 

Results described in this chapter for MMP14 gene expression levels suggest increased 

expression in IMS-TMZ treated responding tumours in comparison with relapsing, non-

responding and control tumours. Furthermore, a positive association was found between 

MMP14 expression level and global GAM population and M1/M2 ratio, in disagreement with 

authors in [200], who  correlated this expression with a prevailing M2 phenotype and poor 

outcome in GB human samples studied. Previous studies have described that MMP14 is 

upregulated in different human tumours types [162,164–166] and glioma, where it was found 

correlated to glioma grade and to poor patient outcome [167,168]. Some studies have related 

MMP14 with the macrophage population, showing that increased levels of MMP14 are found in 

macrophage-rich regions of human atherosclerotic plaques [226]. Moreover, MMP14 seems to 

be upregulated in human peripheral blood monocytes and monocyte cell lines [227], while 

studies in vitro found that MMP14 promotes monocyte migration across the endothelium 

[228,229]. Besides, Andrew C. Newby hypothesised that macrophages with high MMP14 

expression level could present the M1 phenotype [230], which is in agreement with our findings. 

Thus, MMP14 expression could be related to higher monocytes attraction to tumour tissue and 

macrophage polarisation towards a pro-inflammatory phenotype. 

4.3.5. Conclusions 

Results described in this chapter expand our knowledge about questions raised during the 

publication of Chapter II studies, both including different mice cohorts and analysing different 

microenvironment influencing factors. As main conclusions related to this chapter, we can list 

the following: 

• Increased GAM infiltration, as well as M1/M2 ratios were confirmed in mice 

administered with IMS-TMZ and responding to therapy, suggesting a shift to 

antitumour phenotypes which would support their antitumour actions. Both 

parameters were in most cases significantly higher than in relapsing, non-

responding or control groups. This confirms that GAM infiltration is not exclusively 

related to TMZ administration, but it is linked to an efficient host immune system 

action against tumours, triggered by TMZ. 

• The M2/GAM ratio was shown to be significantly increased in actively proliferation 

situations such as control, relapsing and non-responding tumours, pointing to a 

protumoural phenotype supporting tumour progression.  

• PD-L1 gene expression levels were higher in IMS-TMZ treated responding mice, 

reaching significance in comparison with relapsing and control mice, suggesting 

that tumour cells which were not killed in a therapeutic round may develop 

mechanisms to evade further host immune system attacks.    
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• PD-L1 expression levels measured in control, non-responding and relapsing mice 

did not follow the same trend described for protein measurements with western 

blot in Chapter I, i.e., were not significantly higher in relapsing tumours. The 

increase of experimental groups and further investigation on gene and protein 

expression measurements performed on fractions of the same samples will be 

needed in order to elucidate the cause for those differences 

• Regarding metalloproteases, ADAM8, ADAM10, ADAM17 and MMP14 genes were 

highly expressed in IMS-TMZ-treated responding tumours compared with other 

groups. This expression was positively correlated with increased M2-to-M1 

polarization profile and PD-L1 expression levels. The broad spectrum of biological 

activities associated to metalloproteases makes the interpretation of this data 

complex, and more studies will be needed to clarify whether this increased 

expression originates in tumour cells or host immune system cells and which role 

may be expected, being the same valid for PD-L1 expression.  

• The MMP9 gene expression level was found increased in non-responding tumours 

in comparison with other groups, suggesting that its role related to invasion and 

angiogenesis could be determinant in fast tumour progression, even under 

efficient therapeutic schedules.  
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4.4. CHAPTER IV: ASSESSMENT OF CHANGES IN T-CELL AND NATURAL KILLER 
POPULATIONS IN GL261 GB DURING IMS-TMZ TREATMENT BY FLOW CYTOMETRY 
APPROACHES  

4.4.1. Context and specific objectives 

GB tumour cells secrete numerous chemokines, cytokines and growth factors and 

expose/release DAMPs that promote infiltration of various cells such as Th cells, Tc cells, Treg 

cells and NK cells within the tumour. These non-neoplastic cells are part of the TME, which has 

a crucial role in cancer growth and response to treatment [101]. 

The generation of new lymphocytes takes place in the bone marrow and the thymus, from 

which mature, but naïve, T cells are released to peripheral lymphoid organs, where they are 

primed by engaging with APCs. This priming phase leads to clonal expansion of T cells with 

antigen-specific effector functions, which then infiltrate tissues [207]. Tumour-infiltrating 

lymphocytes are primarily composed of Th, Tc, and Treg cells. Although T cell infiltration in GB 

is vastly outnumbered by GAMs (ca 1% in GL261 GB, unpublished GABRMN data, also [231]), 

multiple studies have proven a link between the type of infiltrating lymphocyte and GB 

progression [232–235]. 

Two major effector T cell populations exist, namely Th cells and Tc cells. Th cells express 

antigen receptors on their surface and can recognize antigen fragments presented by APCs. 

Once stimulated by antigen, Th cells proliferate and differentiate into active and memory, being 

able to orchestrate and modulate an antigen-specific immune response through their high 

plasticity and ability to produce cytokines [236]. Many studies have described Th cells to play an 

important role in the outcome of solid tumour diseases, including GB [237]. On the other hand, 

Tc cells can induce selective cell apoptosis through direct cell-cell interaction and targeted 

release of effector molecules, such as perforin and granzymes [238]. The infiltration and 

activation of Tc cells critically affect the development and progression of the tumour and they 

have been described to correlate positively with the survival rate of GB patients [239]. However, 

the infiltrated Tc cells in most tumours are exhausted or their activation inhibited due to the 

influence of the TME [240].  

Treg are potent immunosuppressive cells that promote GB immune escape. Treg are not 

present in normal brain tissue, but a large number of immunosuppressive Treg are found in the 

GB microenvironment, relating the level of Treg infiltration to tumour pathological grade [241]. 

Treg can inhibit activation of naïve tumour-reactive T-lymphocytes (both Th and Tc) by secreting 

cytokines such as IL-10 and TGF-β and induce recruited Th cells in the TME to transform into 

new Treg. Thus, the presence of Treg cells may further contribute to the lack of effective immune 

activation against malignant GB [242]. One of the most important factors that determine Treg 

differentiation and maturation is FoxP3 (forkhead box P3). FoxP3 is also the main transcription 

factor through which Treg regulate the expression of IL-10 and TGF-β [243]. 
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NK cells are powerful immune effectors that recognise target cells by the lack of MHC 

molecules on their surface and kill them without previous activation. NK cells contain both 

perforin-rich and granzyme-rich granules and are capable of lysing malignant cells by 

perforin/granzyme pathway or death receptor-related pathways [129]. NK cells are linked to 

brain tumour surveillance [244]. 

The specific objective of Chapter IV was to analyse responding samples from GL261 

tumour-bearing mice treated with IMS-TMZ and vehicle, during a TRI peak increase close to the 

expected maximum point, evaluating, by flow cytometry, T cell subpopulations and NK 

infiltrated cells within the tumour site. 

4.4.2. Specific materials and methods 

A total of 7 C57BL/6 mice (weighing 23.9 ± 1.8 g, aged 19.4 ± 0.8 weeks) were used for the 

studies described in this Chapter. The GL261 glioma generation, the IMS-TMZ treatment, and 

the in vivo MRI and MRSI studies were performed as described in Chapter II. Still, criteria 

regarding tumour appearance, Tumour Responding Index values and tumour volume changes 

for choosing suitable representatives were maintained, then the corresponding text will not be 

repeated in this section.  

4.4.2.1. Flow Cytometry 

In order to evaluate T cell subpopulations and NK cells infiltrated in tumours studied, tissue 

disaggregation and staining procedures were carried out following protocols from the facility 

Servei de Cultius Cel·lulars, Producció d'Anticossos i Citometria (Universitat Autònoma de 

Barcelona) under their advice and supervision, as follows: 

A. Tumour disaggregation 

A mechanical disaggregation was performed with scissors or scalpel to make small cuts on 

tumours in a 6 cm Petri dish. Then, further mechanical disaggregation was performed with a 

homogenizer (Labbox, Barcelona, Spain), with 1 ml of RPMI medium (Gibco, ThermoFisher, 

Spain) added. Cells were transferred to a 50 ml tube with a cell strainer to collect the cells and 

remove tumour debris. Petri dish was washed with RPMI to collect the residual cells with the 

needed volume to have a final volume of 10 ml medium in the tube. The tube was centrifuged 

at 400 x g for 5 minutes. After that, 5 ml of 0.17 M ammonium chloride solution were added to 

this tube for erythrocyte lysis and let sit for 5 minutes. After this time, 5 ml of RPMI were added 

and the tube was centrifuged at 400 x g for 5 minutes. The supernatant was discarded, and 

sediment was resuspended with 5 ml of RPMI and cells counted. For cell counting, a 1/100 

dilution was made (10 µl of cells in 490 µl of RPMI, and, from there, making an additional 1:2 

dilution with trypan blue). After counting, the suspension was adjusted to 1 million living cells / 

tube, in a final volume of 50 µl. The list of antibodies used for staining different cell populations 

can be found in Table 4.4. 
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Table 4.4. List of antibodies used for different cell populations staining.  

B. Staining 

B.1. Membrane staining: CD3, CD4, CD8, CD49b 

For membrane staining, cytometer settings were optimized preparing 6 cytometry tubes 

with 50 µl of the cell suspension and the required amount of antibody as detailed in Table 4.5. 

The incubation was performed for 30 minutes in the dark. Then, 500 µl of PBS were added and 

solution centrifuged at 400 x g for 5 minutes. The supernatant was discarded and 

paraformaldehyde (0.4%) added. Suspension was stored at 4°C until acquisition by cytometer. 

 

Table 4.5. Solutions used for membrane staining.  

B.2. Intracellular staining: Foxp3 

For intracellular staining, 5 cytometry tubes were prepared with 50 µl of the cell 

suspension. Tubes were marked and the required amount of antibody was added (all steps are 

summarized in Table 4.6). The suspension was incubated for 30 minutes in the dark. After that, 

1000 µl of PBS were added and the suspension centrifuged at 400 x g for 5 minutes. Supernatant 

was discarded and cells were fixed through addition of 2 ml of Foxp3 Fixation Mouse, previously 

diluted and stirred. The suspension was mixed and left for 30 minutes at 4 °C in the dark. Then, 

suspension was centrifuged at 400 x g for 5 minutes and fixation solution removed. Cells were 

washed, resuspending each pellet in 1 ml of FoxP3 Mouse permeabilization buffer, and stirring. 

The suspension was left for 30 minutes at 37 °C in the dark. After 30 minutes, suspension was 

centrifuged at 400 x g for 5 minutes and the permeabilizer was removed. Then 1 ml of PBS was 

added, and suspension centrifuged again at 400 x g for 5 minutes. FoxP3 antibody was added to 

the corresponding tube and shaken. Suspension was incubated for 20 minutes at room 

temperature and dark. After that, 1 ml of PBS was added, mixed and suspension centrifuged at 

400 x g for 5 minutes and this step was repeated one more time. Finally, 0.5 ml of PBS was used 

Antibody Provider

CD3 APC-Cy7 Hamster anti-mouse CD3e 561042 Becton Dickinson

CD4 PE Rat Anti-mouse CD4 561829 Becton Dickinson

CD8 FITC Rat Anti-mouse CD8a 553030 Becton Dickinson

CD49b APC Rat anti-mouse CD49b 560628 Becton Dickinson

FoxP3 Alexa Fluor488 Rat anti-mouse Foxp3 560407 Becton Dickinson

FoxP3 Buffer Mouse Foxp3 Buffer Set 560409 Becton Dickinson

Reference
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for resuspension and analysis was either performed immediately or suspension stored at 4 °C 

until acquisition at the cytometer. 

 

Table 4.6. Summary of the experimental procedure for intracellular Foxp3 staining . 

C. Data acquisition 

The acquisition was carried out by Servei de Cultius Cel·lulars, Producció d'Anticossos i 

Citometria experts using a BD FACSCanto flow cytometer (BD Biosciences, San Jose, CA) 

equipped with a solid-state blue laser (488 nm) and a He-Ne red laser (633nm).  

The lymphocyte-like cell population was first selected by side scatters area (SSC-A, depends 

on cell structure) and forward scatters area (FSC-A, depends on cell size), and then by FSC-A and 

forward scatters height (FSC-H) to discard aggregates.  

• In membrane marker analysis, T cells and NK cells were selected in a plot of CD3- 

allophycocyanin (APC)-Cy7 versus NK1-APC. From the CD3+ population, we 

selected CD4+ and CD8+ T cells in a plot of CD4-PE versus CD8-FITC (Figure 4.10). 

• In intracellular marker analysis, Fox-P3-FITC positive cells were selected from 

CD3+/CD4+ population (Figure 4.11). 

FITC and PE fluorescence were excited with the blue laser and emissions were measured 

with 530/30BP and 585/42BP filter equipped detectors, respectively. APC and APC-Cy7 
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fluorescence were excited with the red laser and emission measured with 660/20BP and 

780/60BP filter equipped detectors, respectively. 

Positive gates were set with negative controls. In all samples, more than 20,000 living cells 

were acquired. Data were analysed with the BD FACSDiva v5.0 and FlowJo v10.6.2 software. 

D. Cell counting 

In order to analyse the different subpopulations of T cells, the percentage of each cell type 

was determined and reported as a percentage of the parent cell type (for example, a cytotoxic 

T- cell should display both CD3 and CD8 positive staining). Cell size and cell morphology (shape 

and structure) were considered for selecting the group of cells compatible with lymphocytes and 

NK, as shown in Figure 4.10 and Figure 4.11. 

 

Figure 4.10. Map illustrating colour-coded cell populations clustered based on cell marker expression, 

representing data from a tumour sample stained for CD3, CD4, CD8 and CD49b. SSC abbreviation 

represents side scatters (depends on cell structure) and FSC abbreviation represents forward scatters 

(depends on cell size). The tissue illustrated was obtained from the IMS -vehicle-treated (control) case 

C1623. A) Coloured schematic overview of the different events detected by flow cytometry. B) All events 

were detected and plotted according to their SSC and FSC. C) All s ingle cells with lymphocyte-like SSC 

and FSC were selected. D) Total T lymphocytes (CD3+ cells, dark blue, green, and orange) and NK cells 

(CD49b+ cells, red), E) Th lymphocytes (CD4+ cells, orange), Tc lymphocytes (CD8+ cells, green), and 

double-negative (DN) lymphocytes (CD3+/CD4-/CD8- cells, dark blue) were selected according to the 

marker expression.  
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Figure 4.11. Map illustrating colour-coded cell populations that clustered based on cell marker 

expression, representing data from a tumour sample stained with CD3, CD4 and FoxP3 recognition.  

The tissue was obtained from the IMS-TMZ-treated case C1612. A) All events were detected and 

plotted according to their SSC and FSC. B) All single cells with lymphocyte-like SSC and FSC were 

selected. C) Total CD3+ T lymphocytes were taken according to their marker expression. D) Considering 

total T lymphocytes, Th lymphocytes (CD3 +/CD4+) were selected. E) Lastly, Treg lymphocytes 

(CD3+/CD4+/FoxP3+) were selected from the CD3+/CD4+ T lymphocyte population. 

4.4.3. Results 

4.4.3.1. Follow up of GL261 tumour-bearing mice and endpoint criteria 

In vivo MRI and MRSI studies were performed in all mice (n=7). Tumour volume was 

followed up by MRI, and MRSI acquisitions were carried out in order to measure the extent of 

response to treatment using the obtained nosological images, as explained in Chapters I and II. 

Extreme values for TRI were searched for, as well as homogeneous response levels, avoiding 

heterogeneous samples as much as possible. 

• In all responding IMS-TMZ-treated mice (n=5), the tumour volume met criteria for “stable 

disease” according to RECIST [187]  as described in adapted form in [50]. The time point 

chosen for TMZ-treated mice was when TRI values were equal or higher than 60%. Thus, 

average TRI values were 69.30 ± 11.43 %. 

• In all vehicle-treated mice (n=2), tumour volumes increased fast and a TRI=0% (or as close 

as possible) was searched for. Thus, average TRI values were 5.28 ± 7.47 %.  



135 
 

The average tumour volume at therapy starting point (day 11 p.i.) was 17.4 ± 10.7 mm3 for 

responding IMS-TMZ-treated mice and 13.2 ± 7.5 mm3 for IMS-vehicle-treated mice, with no 

significant differences between groups 3 . At chosen time points, mice were euthanised by 

cervical dislocation, brain was removed, and tumour was resected. The average tumour volume 

at euthanasia was 94.7 ± 57.7 mm3, at day 23.2 ± 0.4 p.i., for responding IMS-TMZ-treated mice, 

and 88.3 ± 41.4 mm3, at day 16.0 ± 0.0 p.i., for IMS-vehicle treated (control) mice, with no 

significant differences with respect to the tumour volume between groups. All collected samples 

are described in Table 4.7 and tumour volume evolution is shown in Figure 4.12. 

Group Case 

Tumour volume 
at therapy start point 

(mm3) 

Tumour volume 
at endpoint 

(mm3) 
Euthanasia 
(day p.i.) 

TRI 
(%)  

IMS-TMZ C1606 14.2 83.7 23 64.7  

C1607 7.4 52.2 23 73.6  

C1610 31.8 136.7 23 60.0  

C1612 25.1 169.6 23 87.3  

C1615 8.5 31.5 24 60.9  

IMS-vehicle C1620 18.5 117.6 16 10.6  

C1622 7.9 59.1 16 0.0  

Table 4.7. Description of responding IMS-TMZ (n=5) and IMS-vehicle treated mice (n=2), including 
tumour volume at therapy start point and at endpoint, euthanasia day and percentage of TRI shown 
at that time. 
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3 Since flow cytometry procedures required considerable sample volume for rendering enough cells 

for analyses, the described tumours presented volumes significantly higher than volumes described in 
chapters I, II and III. This does not preclude that criteria for MRI and MRSI features were maintained and 
coherent along chapters.  

Figure 4.12. Tumour volume evolution (in mm3) of A) responding IMS-TMZ-treated mice (n=5) and 

B) IMS-vehicle-treated (control) mice (n=2).  In all responding cases, tumour volumes were in growth 

arrest, while in all control cases, tumour volumes increased fast with no sign of growth arrest .  

A B 
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4.4.3.2. Evaluating the different T cells subpopulations in responding IMS-TMZ-treated and 

vehicle-treated tumours 

Total living cells were calculated through the cell viability estimated with trypan blue 

staining, while different T lymphocytes subpopulations were quantified considering 

CD3+/CD4+/CD8- as Th cells, CD3+/CD8+/CD4- as Tc cells, and CD3+CD4+FoxP3+ as Treg cells. 

Results showed non-significant differences in the number of living cells within the tumours 

between responding IMS-TMZ-treated samples and IMS-vehicle-treated (control) samples (p = 

0.6190), with high dispersion of the values in both groups (Figure 4.13 A), ranging 72.0 - 95.2%. 

Furthermore, based on the combinations of surface markers, our flow cytometry results suggest 

that IMS-TMZ-treated tumours have a higher percentage of Th cells and Tc cells (with respect to 

CD3+ parent cells) in comparison with control tumours (Figure 4.13 B, C). No significant 

differences were found (p = 0.0952 for both comparisons), although there was a trend to 

significance. Concerning to Treg cells, results point to similar infiltration of CD3+/CD4+/FoxP3+ 

cells (with respect to CD3+/CD4+ parent cells) in both IMS-TMZ-treated and control tumours. No 

significant differences were found (p = 0.8571) for this comparison, probably due to 

considerable dispersion in the IMS-TMZ treated group (Figure 4.13 D).  
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4.4.3.3. Evaluating the presence of NK cells in responding IMS-TMZ-treated and vehicle-treated 

tumours 

Total NK were studied by flow cytometry considering the marker CD49b (with respect to 

total lymphocytes). The average values were similar for both IMS-TMZ-treated and vehicle-

treated (control) tumours (Figure 4.14), respectively, 4.9 ± 1.7 % and 5.6 ± 0.4 % of total 

lymphocyte-like cells (p = 0.9524).  
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Figure 4.14. Violin plot for percentages of total NK cells (with regard to the total lymphocyte -like 

cells) by flow cytometry. No significant differences were found (p = 0.9524) bet ween IMS-TMZ-

treated tumours (n=5, 4.9 ± 1.7 % of total lymphocyte-like cells) and vehicle-treated (control) tumours 

(n=2, 5.6 ± 0.4 % of total lymphocyte-like cells). Data are mean ± SD. Explanations for violin plots as 

in Figure 2 of Chapter II.  

 
  

Figure 4.13. Violin plot for percentages of total alive cells, Th cells, Tc cells and Treg cells detected 

in IMS-TMZ-treated tumours (n=5) and IMS-vehicle-treated (control) tumours (n=2) by flow 

cytometry. A) Differences in the percentage of living cells detected by trypan blue test were non-

significant (p = 0.6190) when comparing IMS-TMZ-treated tumours (89.1 ± 9.5 % of total cells) with 

vehicle-treated tumours (78.8 ± 8.8 % of total cells). B) Percentage of Th cells (CD3+/CD4+/CD8 - cells 

with regard to CD3+ parent cells). There was a 2.7-fold increase between IMS-TMZ-treated compared 

to control tumours (18.4 ± 7.6 % vs. 6.9 ± 0.6 %, respectively), p = 0.0952. C) Percentage of Tc cells 

(CD3+/CD8+/CD4- cells with regard to CD3+ parent cells). There was a 5.5 -fold increase between IMS-

TMZ-treated and control tumours (21.2 ± 12.7 % vs. 3.9 ± 4.9 %, respectively). Differences were non -

significant (p = 0.0952). The non-significance of the differences related to Th and Tc lymphocytes 

(close to tendency for significance (0.05 < p < 0.1)) is possibly due to the still low number of control 

mice analysed (n=2). D) Percentages of Treg cells (CD3+/CD4+/FoxP3+ cells with regard to CD3+/CD4+ 

parent cells). No significant differences were found (p = 0.8571) between IMS -TMZ-treated and 

control tumours (19.7 ± 11.8 % vs 15.3 ± 1.7 %, respectively). Data are mean ± SD. Explanations for 

violin plots as in Figure 2 of Chapter II. Note that graphs are shown in different “y” scaling for better 

appreciation of data distribution . 
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C1615 and C1622: analysing two representative cases 

Until enlarging the studied cohort to have higher numbers in both groups, drawing a 

“division line” between groups may be difficult. Moreover, the dispersion of some values can 

further blur this separation. Then, we have chosen two representative cases (one IMS-TMZ 

treated responding and one control) for further discussing the reported results. These cases 

were chosen since they showed the respectively larger measurable decrease or increase in 

tumour volumes compared to the previous day of measurement (-32.6% and +38.8%, 

respectively). Furthermore, from our experience, the volume evolution of C1615 showed a 

behaviour that would probably derive in a resolution/cure of the tumour if mouse was not 

euthanized for flow cytometry studies. The TRI for the selected cases was above 60% in the 

responding case, and 0% in the control case (Table 4.7). See also Figure 4.12 for tumour volume 

evolution of the selected cases. These cases would probably represent the extreme situations, 

especially regarding the responding case. The summary of results is shown in Table 4.8 below: 

Case Group TRI Th Tc Treg NK 

C1615 
IMS-TMZ treated, 

responding 
60.9% 20.2% 42.8% 3.2% 6.7% 

C1622 
IMS-vehicle treated, 

control 
0.0% 7.3% 0.4% 14.1% 5.3% 

Table 4.8. Flow cytometry individual values obtained for two representative cases . 

The C1615 tumour (IMS-TMZ treated) showed a percentage of 20.2% for Th cells, 42.8% for 

Tc cells, and 3.2% for Treg cells, while the control tumour C1622 showed a percentage of 7.3% 

for Th cells, 0.4% for T cells, and 14.1% for Treg cells. This means a 2.8-fold increase for Th cells, 

a 107-fold increase for Tc cells, and a 4.4-fold decrease for Treg cells infiltrated in the tumour 

responding to therapy when compared to the control tumour. Regarding NK cells, we observed 

6.7% for the treated responding case and a 5.3% for the control case, with a 1.3-fold increase. 

4.4.4. Discussion 

In this Chapter, we aimed to go a step beyond in our characterization of the tumour-

associated microenvironment in response to IMS-TMZ therapy, guided by the MRSI-based 

nosological image. Then, samples from mice bearing tumours meeting MRI/MRSI criteria for 

responding (n=5) and control (n=2) groups were chosen for flow cytometry validation. Our 

purpose was to characterise the different subpopulations of T cells and the NK cells infiltrated 

into tumours, since the interplay between the tumour and its microenvironment is a dynamic 

process that strongly influences the progression and the outcome of several cancers, including 

GB [245].  

It is currently widely accepted that successful antitumour immune response requires the 

presence and activation of components of the adaptative and innate immune system. Infiltrating 

immune cells can have different roles, from antitumour to immunosuppression, depending on 
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the cellular component involved. For example, Tc and Th lymphocytes are generally associated 

with favourable anti-tumour immune responses, while immunosuppressive effects are triggered 

by Treg lymphocytes. Thus, yet it is true that we have already described a significant increase in 

CD3+ positively stained cells (a general marker for lymphocytes) in TMZ-treated responding 

samples [246], we wanted to investigate the distribution of different subsets comprised within 

the CD3+ family. Accordingly, changes in the balance of different cell subsets would dramatically 

change outcome of tumours. It is also known that many tumours are associated with tertiary 

lymphoid structures, which have been observed near zones of infection and tumours [247]. 

Those are organized structures where immune system cells interact and activate each other, 

promoting a local sustained immune response. Indeed, the prognostic value associated to the 

presence of tumour-infiltrating lymphocytes has been described for breast cancer [248–250], 

pancreatic cancer [251], ovarian cancer [252], colorectal cancer [253], hepatocellular carcinoma 

[254] and melanoma [249], as well as high-grade glial tumours [255]. Results shown in this 

chapter IV work are in line with has been described in the literature, since responding IMS-TMZ-

treated tumours increased the infiltrating Th and Tc subpopulation when compared to control 

tumours.  

In our case, we were interested in checking whether our therapeutic strategy could 

increase (or modify population subsets) tumour infiltrating lymphocytes and whether the 

resulting effect would also match our MRSI-based biomarker. The results showed that, after 

sample disaggregation and preparation, the percentage of living cells was not significantly 

different between IMS-TMZ-treated tumours and control tumours (Figure 4.13 A) (p = 0.6190). 

Furthermore, values presented considerable dispersion in both groups. The IMS-TMZ treated 

responding tumours were experiencing a decrease in their tumour volume; some tumour cells 

are supposed to be in the process of damage/death due to efficient host immune system action. 

In this sense, cell debris belonging to dead tumour cells would be probably lost in the 

preparation steps (section 4.4.2.1 A). Moreover, in order to clarify the distribution of different T 

cell subsets within tumour tissue, here we have analysed the presence of helper, cytotoxic and 

regulatory T cells. Th and Tc lymphocytes are distinguished by their mutually exclusive 

expression of CD4 or CD8 co-receptors [256] while regulatory lymphocytes are characterized to 

be CD4+, and recognized by the factor FoxP3 [243]. In the studies presented in this chapter, IMS-

TMZ-treated responding tumours presented 2.7-fold increase of Th cells, combined with a 5.5-

fold increase of Tc cells in comparison to control tumours (Figure 4.13 B, C, p = 0.0952 for both 

comparisons), showing a trend to significance. Increasing the number of cases in the control 

group may help to achieve significance in the future, but with the present results, the trend to 

increased lymphocyte infiltration triggered by IMS-TMZ chemotherapy is clear.  

This agrees with changes in lymphocyte subpopulations after different therapeutic 

strategies described by other authors. For example, Dieci et al. [257] observed that lymphocyte 

infiltration after neoadjuvant chemotherapy in breast cancer correlated with better prognosis. 

This was also true for colorectal cancer, in which Matsutani et al. showed that the density of 
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CD8+ cells attracted after neoadjuvant therapy (chemotherapy or chemo-radiotherapy) 

correlated positively with treatment efficacy [188]. In preclinical settings, an increase in tumour-

infiltrating lymphocytes was also seen in GL261 GB combined treatment with TMZ and anti-PD-

1 [258].  

Still regarding lymphocytes, we cannot ignore that Figure 4.10  shows a relevant number 

of CD3+ cells which do not seem to express neither CD8+ not CD4+ in their surface (double-

negative, DN). The typology of such cells is unclear in this context and further studies may be 

needed to clarify their roles or origins. The existence of DN cells is described in the literature 

[259], and they can bear dual identity i.e. proinflammatory or immunosuppressive phenotype.  

The DN cells were described to inhibit cell proliferation and invasion when co-cultured with 

human pancreatic cancer cells. However, only a small fraction of cells matching this profile 

would be expected, and the relevant fraction found in this thesis will warrant further 

investigation. 

Regarding NK cells, they are described to be crucial for the early phases of tumourigenesis. 

Since they represent a small proportion of the immune infiltrate, its prognostic value is limited 

compared to Tc and Th cells [260]. Our results show a slight decrease in the average amount of 

NK cells in IMS-TMZ treated mice in comparison with control mice, although a large value 

dispersion in the responding group prevented us to reach a conclusion about a clear trend during 

treatment/response. Still, as mentioned for lymphocytes, relative variation can be found 

depending on the euthanasia day in GL261 control mice [114]. 

High dose and/or dose intense chemo/radiotherapy resulting in toxic effects for the host 

immune system may lead to a failed resolution of the cancer treatment. In this sense, it has been 

demonstrated that TMZ and other alkylating agents in clinically relevant dosages promote a 

decrease in lymphocytes and qualitative dysfunction of T cells in melanoma and GB murine 

models [170]. Moreover, TMZ used at 50mg/Kg 5 days in a row in preclinical glioma models 

induced upregulation of markers of T-cell exhaustion such Lymphocyte Activating 3 or T cell 

immunoglobulin and mucin domain-containing protein 3, which was not seen with 

temozolomide in metronomic dose [261]. Overall, the actual landscape and data published 

suggest that some point has been missing in clinical settings, and the protocols currently used 

are counteracting in host immune system action, probably preventing to get better outcomes in 

GB patients.     

Our immune-respectful IMS-TMZ every-6-day administration protocol showed, in this 

sense, the ability to bring together the beneficial effects of TMZ while avoiding the undesired 

consequences of continuous administration. This protocol was even able to cure GL261 GB 

bearing mice (Section 4, Chapter I), which was not possible in our hands with the original “5-2-

2” protocol [49,50,60]. The 6–day-repeating chemotherapeutic schedule had been previously 

described to be effective against subcutaneous GL261 GB [173], using cyclophosphamide. In this 
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work from Wu & Waxman, metronomic schedule proved capable to provide balance between 

tumour cell toxicity while minimizing immune cell ablation without rebound of Tregs or loss of 

antitumour CD8+ T-cell responses. Ignoring this balance might prevent tumour curation and 

long-term immune memory mounting and should probably be a take-home message for future 

clinical improvement.  

A word of caution in this sense may be raised regarding the preclinical use of modified cells 

expressing exogenous genes such as luciferase, which may elicit anti-tumour responses (e.g., 

increasing CD8+ cells) even in absence of treatment [262], providing overrated responses that 

will not be translated in the case of immunocompetent preclinical models or human patients.  

4.4.5. Conclusions 

In this Chapter, we have demonstrated that IMS-TMZ administration was able to trigger 

changes in local immune system elements within tumours (especially lymphocyte subsets) in 

samples chosen guided by our MRSI-based biomarker. The main conclusions related to this 

chapter were as follows: 

• Both Tc and Th percentage populations increase in IMS-TMZ treated responding 

mice, in line with the satisfactory response detected both by volumetric 

measurements in MRI and Tumour Responding Index calculated with our MRSI-

based nosological approaches. We could only achieve a trend to significance, 

probably due to the still low number of cases analysed. 

• Average percentage of Treg cells was also higher in IMS-TMZ treated responding 

mice, but with considerable data dispersion. This increase was non-significant and 

warrants further investigation since metronomic therapeutic schedules were 

described to rather decrease the number of functional Tregs. 

• Natural Killer cells, in the same line of Tregs, showed an opposed trend, with 

slightly higher average values in control samples when compared with IMS-TMZ 

treated samples. Variations due to euthanasia day cannot be discarded and this 

should be further investigated for all immune cell types.  

• The existence of a double-negative population (CD3+/CD8-/CD4-) is worth of further 

investigation since their percentage over the CD3+ population might not be 

neglected, and the described role for DNs in literature is ambiguous.  
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5. GENERAL DISCUSSION 

Glioblastomas are the most common and fatal malignant primary brain tumours in adults. 

Despite aggressive therapy based on maximal safe resection, followed by radio and 

chemotherapy and adjuvant chemotherapy with temozolomide, the outcome of GB patients 

remains poor, with a median survival of fewer than 15 months. Second-line or alternative 

treatments being tested (e.g., immunotherapy, antiangiogenic treatment, targeted therapy and 

combination regimens) are not significantly improving therapeutic outcome, having only 

discrete effects, thus clinical guidelines have not changed too much since the TMZ advent [263]. 

Moreover, due to the disease severity and treatment needs (hospitalization, chemo-

radiotherapy, and introduction of tailored or new adjuvant therapies), GB patient costs are a 

burden to the health system [264]. Thus, it seems that two key aspects may be improved in the 

management of GB patients, which would involve a relief to the health system: the development 

of therapeutic personalized approaches and the refinement of follow-up protocols. 

The standard first-line therapeutic approaches in clinical, with few exceptions, seems to be 

rooted in the established Stupp guidelines [14,23,265]. Some alternative trials have been done 

(or are in progress) approaching TMZ metronomic schedules but they are often based in 

recurrent GB patients, which make things more complex since recurrent patients may have 

higher mutational loads and developed resistance (e.g. of clinical trials: NCT00501891, 

NCT02770378 and NCT01308632). 

Regarding follow-up approaches, the clinical guidelines for tumour response or progression 

are mostly focused on anatomical parameters (i.e., imaging), that might lack precision at some 

early points, precisely in moments in which fast and informed decisions may condition the final 

GB patient outcome [266]. Monitoring therapy response in GB is generally carried out through 

non-invasive approaches such as magnetic resonance since it avoids repeated biopsy 

procedures, which are not exempt of risk. Considering that the participation of the host immune 

system in response to therapy is currently a well-accepted concept, some approaches have been 

developed towards imaging local immune system action such as the combination of [18F]FET 

(detects amino acid metabolism) with [18F]DPA-714 PET (reveals ligands targeting the 18kDa 

translocator protein in GAMs, tumour cells, astrocytes and endothelial cells) and MRI, together 

with immune-phenotyping to monitor TMZ treatment response in vivo and to analyse possible 

therapy-induced reactive changes in the TME [195]. This suggests that a combination of PET/MRI 

would be ideal, but it is unclear whether the best therapeutic approach was launched and/or if 

this type of approach can be translated as is to the health system. Still, having in mind that the 

interplay between the tumour and its immune microenvironment is a dynamic process, a non-

ionizing imaging method would be preferred in case several sequential explorations would be 

needed. This would be the ideal case for MRI/MRSI, but not for PET. Other immune-PET 

approaches have been reported (e.g., PET using Zr-labelled PEGylated single-domain antibody 

fragments to explore the dynamics and distribution of intratumoural  Tc cells and CD11b+ 

https://clinicaltrials.gov/ct2/show/NCT00501891
https://clinicaltrials.gov/ct2/show/NCT02770378
https://clinicaltrials.gov/ct2/show/NCT01308632
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myeloid cells in a colorectal mouse adenocarcinoma model [267]), but none has reached clinics 

yet. The real challenge associated with the present clinical pipeline follow-up is that a precious 

time is wasted due to the uncertainty related to the MRI criteria applied for follow-up, and this 

is relevant for patients’ outcome. 

It is well known that the MRS(I) local changes can precede MRI anatomical changes in both 

preclinical and clinical studies. In preclinical settings, our group benefited from MRSI to produce 

nosological images that monitored the GB response to TMZ [50]. Regarding clinical studies, 

Jalbert et al. [268] have used anatomic, diffusion, perfusion, and metabolomic MR data to 

improve clinical assessment for patients with recurrent low-grade glioma. Still, we are also 

aware that a combination of MRI and MRSI parameters can be combined -or jointly analysed - 

for even more precise information in brain-related studies (see for example Li et al. [269], where 

authors combined the biochemical tissue discrimination of MRSI with the high resolution of MRI 

for brain tumour diagnosis). It is expected that MRSI can help to guide or explain MRI findings 

and our group has also started to explore this possibility with satisfactory results [270]. 

Some authors have tried to address this timely need of information during 

chemoradiotherapy with functional MRI studies in patients [271] obtaining promising results 

since the technique can differentiate between early treatment responders and non-responders 

through detection of the tumour biology and vascular state of the tumour microenvironment 

during therapy. Despite the clear methodological strengths, some limitations may take place 

since these approaches are based on a voxel-by-voxel analysis to assess per cent of regional 

changes over time, which requires highly precise image registration and typically exclude voxels 

that are not present in both the baseline and intra-treatment tumour volumes. In this respect, 

MRSI can offer an approach capable to be promptly translational and inform about 

metabolomics changes related to therapy without the need for an initial baseline. These pattern 

changes have been characterized by our group in preclinical settings although they should be 

further validated in clinical settings. 

In this sense, previous result from our group showed an oscillatory behaviour of the MRSI-

based pattern when using the standard three-cycle TMZ administration protocol in GL261 GB 

tumour-bearing mice [49]. The frequency of these oscillations, reflecting changes in the 

metabolomic spectral patterns, matches the length of the immune cycle in the mouse brain, 

described to be of ca 6 days [107]. The presence of host immune system elements is a good 

prognostic factor for GB outcome, since more cells with ability to start and sustain inflammatory 

responses infiltrating the tumour means more tumour tissue disruption. In this sense, even 

RANO criteria for evaluating therapy response has adapted and evolved to an iRANO set of 

criteria that are based on immune-related response criteria [272]. 

 Immune system activity is not only achieved with novel immunotherapeutic approaches, 

but this is also a well described effect even under the standard chemo-radiotherapy. In this 

respect, many authors have described that TMZ presents a potential immunogenic effect [35–
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40] since it promotes the release/exposure of immunogenic signals by tumour cells, launching 

the cancer-immune cycle and leading to tumour cell killing. Although TMZ is the standard 

chemotherapeutic treatment for GB patients, the overall molecular mechanism underlying its 

antitumoral effects should be still investigated. The beneficial effect of TMZ in preclinical/clinical 

settings was traditionally attributed to its cytotoxic effect as a DNA alkylating agent and 

methylating agent of macromolecules, triggering different modalities of cell death, such as 

autophagy or apoptosis [31,273]. However, TMZ was described to display a predominantly 

cytostatic effect, rather than cytotoxic [26,33,40,274] suggesting that other effects beyond the 

DNA alkylation potential are occurring,  thus any transient response may rely on mechanisms 

different from tumour cell killing. Those effects could be related to TMZ ability to produce 

immunogenic cell death/damage that leads to a positive outcome in anticancer therapy [35–40]. 

This means that TMZ does not need to directly kill all tumour cells: eliciting host immune 

response against neoplastic cells by producing a certain amount of damage in order to trigger 

release/exposure of DAMPs and attract immune cells within the tumour site would be enough 

[275–277]. Accordingly, the activation of both innate and adaptative immunity antitumour 

effects in the host would eventually lead to an efficient response. 

Having in mind a) previous studies from our group with cultured GL261 GB cells 

demonstrating that TMZ acts mostly as a cytostatic drug [33], b) the role of the TME in the 

response to therapy (Introduction, section 1.3), especially the host immune system, c) the 

oscillatory behaviour of MRSI-based changes during therapy response in longitudinal studies 

with TMZ-treated GL261 GB bearing mice [49], matching the length of the immune cycle in mice 

[107], we defined our main focus in this work. We aimed to confirm the oscillating pattern in 

GL261 GB treated with immune respectful TMZ cycles. In addition, we devoted efforts to the 

biological validation of the MRSI-based nosological images during transient/permanent 

response to TMZ, in order to enhance its potential translation as a surrogate biomarker enabling 

personalised therapeutic decisions, based on metabolomic information. Considering that 

spectroscopic information is not straightforward to process and interpret, one of the main 

challenges for incorporating metabolomics in clinical pipelines as a biomarker is to produce an 

imaging-like output easy to be understood by radiologists, such as our nosological images of 

response. However, in addition to producing suitable outputs, metabolomic pattern changes 

behind those outputs should be characterized and explained in terms of cellular/molecular 

features.  

It is important to bear in mind, while investigating the possible origin of the MRSI-based 

changes, that MRSI is a volumetric technique. This means that cellular populations significantly 

contributing to the tumour mass (e.g., tumour cells, macrophages) will be the most determinant 

in this detected pattern (see Figure 5.1). However, we cannot forget the cell subsets that 

represent a smaller percentage of the tumour volume, such as lymphocytes, and other 

influencing factors, such as immunosuppressor proteins or metalloproteases, that have also a 
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relevant impact on the MRSI observed metabolomic patterns indirectly, since they can affect 

the whole tumour microenvironment and produce structural changes in tissues.  

 

 Host immunity involves several cellular populations and local factors, and the interplay 

between the tumour and its microenvironment is a dynamic process. One of the main tumour 

tissue populations is glioma-associated microglia/macrophages, whose M1 GAMs phenotype 

was linked with a better overall prognosis [199,200,278] while the M2 GAMs phenotype was 

associated with glioma progression [198] in studies with clinical glioma samples. Another cell 

component involved in the GB patient prognosis is the lymphocyte population. Tc lymphocytes 

and Th lymphocytes are generally associated with proinflammatory action, and their presence 

has been described as a good prognostic factor for high-grade glial tumours [255]. By opposite, 

Treg lymphocytes play an immunosuppressive role within the tumour site [115]. Regarding NK 

cells, these lymphocytes are described to be essential for the anti-tumour innate immune 

response [129]. In addition to cell populations, there are molecules that might regulate the 

immune system activity, such as the inhibitory immune checkpoint composed by the PD-L1/PD-

1 axis, which protects tumour cells and macrophages from being killed by immune system cells 

[135–137]. It is also important to consider the role of different metalloproteases, responsible 

for a large number of biological activities associated with the immune system. For example, 

ADAMs have been described to modulate the activities of membrane cytokines and growth 

factors, their receptors, and cell adhesion molecules [143], playing a pivotal role in the 

regulation of tumour proliferation and inflammation [141]. On the other hand, MMPs can 

modulate various signalling pathways by cleaving cytokines, chemokines and growth factors, 

acting on cell proliferation, migration, differentiation, apoptosis, angiogenesis, tissue repair, and 

immune response [157]. 

Regarding that, first, in Chapter I, we have addressed some basic histopathological studies 

in GL261 GB bearing-tumour mice treated with TMZ. We found that TMZ-treated tumours 

showed an increase in the global T lymphocyte population (CD3+ stained cells) as well as the area 

Figure 5.1. Calculated volumetric distribution of different tissular components and acellular spaces in 

A) Control and B) TMZ-treated, responding, GL261 tumours. The percentage attributed to “other cells” 

was estimated by difference with other elements. Cases chosen for the “responding” cohort were cases 

characterized as “high response”  from [49]. Data from  [49]and unpublished GABRMN calculations.  
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occupied by microglia/macrophage population (Iba+ stained cells) in comparison to untreated 

samples. Moreover, the MRSI-detected responsive zones could achieve values up to 42% of area 

occupancy by microglia/macrophages while unresponsive zones could reach values as low as 

1.4%. Thereby, we have confirmed that the contribution of microglia/macrophages populations 

is not negligible at all in tumour environments responding to therapy. Moreover, in Chapter I, 

we applied in a longitudinal protocol for the noninvasive assessment of therapy response under 

IMS therapy administration (i.e., the immune system respectful schedule, every 6 days), in order 

to assess reproducibility of the oscillatory response pattern observed previously. The oscillatory 

behaviour along the period of the transient response to therapy was fully confirmed. On the 

opposite, these oscillations decreased or disappear prior to -or during- tumour relapse in IMS-

treated cases and were definitely absent in vehicle-treated cases. These results suggest that TMZ 

administration "resets" the host immune system cycle and the recorded TRI oscillations could 

be at least partially due to local metabolic changes resulting from the immune system activity 

within the tumour tissue. 

Then, we wanted to gain more insight into this validation. Considering that the GAM 

population could contribute to the differential metabolomic patterns detected in vivo by MRSI-

based analysis in GL261 GB and knowing that this population may present different phenotypic 

profiles, in Chapter II we have studied samples from GL261 GB-bearing mice treated with IMS-

TMZ or IMS-vehicle to characterise the microglia/macrophage population into the tumour site. 

Despite both treated and control tumours presented relevant GAM content, IMS-TMZ-treated 

tumours responding to therapy showed a significantly higher global GAM population. Moreover, 

a significantly higher ratio of M1/M2 GAM content was found in IMS-TMZ-treated samples. 

These findings, added to the fact that the different microglia/macrophage phenotypes use 

different metabolic pathways [201,279], suggest that the GAM population is a suitable candidate 

to be at least partially responsible for the MRSI-detected spectral pattern changes. 

Having in mind other different host immune system elements and to better characterize 

contribution to responding and control samples, in Chapter IV we have analysed the different 

subpopulations of T lymphocytes within tumours responding to IMS-TMZ therapy and IMS-

vehicle treated. We found that responding IMS-TMZ-treated tumour samples increased the 

infiltrating Th and Tc subpopulation when compared to control tumours. Although lymphocytes 

would represent only a small fraction of the GB mass volume (ca 1% in GL261 GB, unpublished 

GABRMN data) and may not have a direct impact on spectral pattern changes observed by MRSI, 

they can indeed affect other populations that certainly represent a high volume of the tumour, 

such as tumour cells or GAMs. Then, we need to achieve a global view about immune system-

related changes during response to therapy that overall, can help to explain the MRSI-based 

pattern changes recorded.  

Since the PD-L1/PD-1 axis can also modulate the TME, contributing indirectly to the 

detected metabolomic changes, in Chapter II we have analysed the PD-L1 gene expression in 
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IMS-TMZ-treated and vehicle-treated GL261 GB groups. We found a significantly higher PD-L1 

gene expression in responding IMS-TMZ-treated tumours compared to tumours treated with 

vehicle. Moreover, a significant positive correlation was found between PD-L1 gene expression 

level and the M1/M2 ratio, which points that increased PD-L1 content could be associated with 

an increased M1-polarised GAM population. It has been described that PD-L1 can be expressed 

by macrophages [280], exerting a protective effect during the interaction between the 

macrophage presenting tumour antigen and the effector T cell [212]. In this way, PD-L1 would 

prevent macrophages from being killed by T cells, thereby contributing to the increased GAM 

population, especially to the M1 subpopulation. This would be mirrored in the MRSI-observed 

spectral pattern. 

Regarding different metalloproteases, in Chapter III we have evaluated the molecular 

profiles of ADAM8, ADAM10, ADAM17, MMP9 and MMP14 genes, and their association with 

GAM population and PD-L1 gene. Our findings revealed an increased expression level of ADAM8, 

ADAM10, ADAM17 and MMP14 genes in the IMS-TMZ responding group in comparison with 

control tumours. Moreover, these gene expression levels were found positively correlated to 

the global GAM population and PD-L1 gene expression. ADAM8, ADAM10, ADAM17 and MMP14 

could have a relevant impact on the MRSI observed metabolomic patterns since they influence 

other immune system cells. Namely, it has been described that  

a) ADAM8 is expressed in monocytes [145],  

b) ADAM10 may contribute to the Th cell proliferation/differentiation with consequent 

M1 GAMs stimulation [118],  

c) ADAM17 plays a role in macrophage proliferation [154,156] and differentiation of T 

lymphocyte toward Th cells [118], stimulating indirectly the polarisation of GAMs 

towards the M1 phenotype to exert an antitumour effect,  

d) MMP14 promotes monocyte migration to the tumour site [228,229] and could be 

related to the macrophage polarization toward a proinflammatory phenotype [230]. 

Furthermore, in Chapter III we have also approached the global GAM population, its 

different subtypes, and the PD-L1, ADAM8, ADAM10, ADAM17, MMP9 and MMP14 gene 

expression level in tumours that relapsed or were unresponsive to the IMS-TMZ treatment. 

These groups showed the same trend as control tumours for all parameters evaluated, except 

for MMP9 (described to limit antitumor response [225]), which was found to increase in non-

responding IMS-TMZ-treated tumours. These results discard that the TMZ treatment was the 

direct cause for the gene expression levels found in responding IMS-TMZ-treated tumours, and 

the determinant for changes in expression levels seem to be efficient host immune response 

against tumour cells. 

Examining altogether, our data (main findings summarised in Figure 5.2) supports that the 

MRSI-observed spectral patterns in tumours that efficiently responded to therapy (i.e., the 

green pattern in nosological images) can be correlated with an effective activation of different 
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host immune system elements against the tumour, while MRSI-observed spectral patterns in 

control tumours (i.e., the red nosological images) can be associated to a lower extent of local 

immune action, observed in a basal way and which could take place in tumours with 

considerable immunogenic capacity such as GL261 [281]. 

 

 However, in order to advance towards a possible proposal of the surrogate biomarker for 

a clinical use, a larger validation will be required. It is worth investigating a) the origin of the 

reported PD-L1 gene expression level, b) the unclear role of double-negative CD3+ cells, c) the 

activation/exhaustion state of the host immune system cells and their different subtypes, and, 

finally, d) how those changes overall impact the MRSI-based biomarker. Furthermore, mice 

cohorts need to be enlarged to confirm some of our findings which are based in a still low 

number of subjects. It will be also relevant to elucidate the immune system local changes taking 

place in IMS-TMZ-treated tumours when they enter an oscillation “valley”, i.e., low TRI values 

after a peak response, meaning that the MRSI-based spectral pattern was found to correlate to 

the equivalent, metabolomically, to non-responding tissue. These aspects and the study of other 

preclinical models, such as the CT-2A or SB28 GB models, will be the subject of future PhD thesis 

Figure 5.2. Summary of the results obtained in this thesis . We found an increase of M1/M2 GAMs ratio, 

an overall increase in the number of Th and Tc lymphocytes, as well as a high expression level of PD -L1, 

ADAM8, ADAM10, ADAM17 and MMP14 genes in tumours responding to IMS -TMZ treatment, at the peak 

response positions (green ovals, oscillating with a circaseptan period [282]). The M1/M2 ratio, as well 

as the expression level of PD-L1, ADAM8, ADAM10, ADAM17, MMP9 and MMP14 genes, were found to 

be decreased in “valley” timepoints during response, in those tumours that had transiently responded 

to therapy and subsequently, escaped from therapy  (red ovals). The same expression profile was 

observed for non-responding IMS-TMZ-treated tumours, except for the metalloprotease gene MMP9, 

which was found highly expressed in this group. On the other hand, IMS-vehicle-treated tumours showed 

lower M1/M2 GAMs ratio, an overall decrease in the number of Th and Tc cells and a lower expression 

level of PD-L1, ADAM8, ADAM10, ADAM17, MMP9 and MMP14 genes. These results point to a suitable 

immune system action in tumours showing a transient response to therapy while this act ion is no longer 

able to control tumour cell growth in relapsing tumours. In non -responding and control tumours, the 

immune system is not sufficiently active against tumour cells.  
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in our group. Another subject of possible study would be the differences and similarities 

between preclinical GB and human GB (e.g., the mutational load of GL261 [61] is much higher 

than an untreated human GB [62], which could trigger by itself a differential stimulation of the 

host immune system. Finally, we are aware that a translational proposal of our biomarker 

including long and repeated MRSI explorations in patients, followed by validation, would not be 

easy/feasible. Currently, this is only feasible in preclinical models. In order to propose a 

translational protocol, more information will be needed regarding the minimum number of 

explorations and whether this could be translated into an imaging protocol in methodological 

strategies such as radiomics, provided they were suitably guided and trained from metabolomics 

approaches. We are confident that our method would be able to provide early and confident 

information about sustained host antitumour immune system, which cannot be spotted by any 

current non-invasive imaging technique, and then, readily translatable into clinics. 

6. GENERAL CONCLUSION 

We have observed in the immunocompetent GL261 GB preclinical model that an immune 

respectful administration schedule may not only improve survival, but even produce cure in 

GL261 GB-afflicted mice. Furthermore, the IMS protocol was able to raise strong immune 

memory effects against new tumour-rechallenges in these cured mice. Moreover, we have 

explored the tumour immune microenvironment guided by MRSI-based biomarker appearance. 

Results support the idea that the host immune system activation is closely related to the 

beneficial outcome reached from IMS-TMZ therapeutic schedules and could at least partially 

explain spectral pattern changes observed by the MRSI-based biomarker. Further studies will be 

needed in order to clarify additional molecular/cellular elements explaining the MRSI-based 

findings, extending the investigation to other preclinical models and therapeutic approaches, in 

the search for a robust clinical translational proposal.   
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FINAL REPORT OF LABORATORY EXAMINATION 

Mörikestr. 28/3, D 71636 Ludwigsburg, Germany 

+49 (0)7141 64 83585 

idexxbioanalytics-europe@idexx.com www.idexxbioanalytics.eu/ 
 
 
 

IDEXX BioAnalytics Case # 62187-2019  Received: 5/3/2019 

Completed: 5/8/2019 

Submitted By 

Ana Paula Candiota 

Universitat Autonoma de Barcelona 

Edifici cs campus UAB 

Cerdanyola del Vallès 

Barcelona 08193 Spain 

 

 

Specimen 

Description 

Species: mouse 

Description: cells 

Number of Specimens/Animals: 1 

 
Phone: 00935814126 

Email: AnaPaula.Candiota@uab.cat; idexx-radil- 

results@idexx.com 

ID Client ID Add
l ID 

1 GL261-1 GL261 

 

Services/Tests Performed: IMPACT II PCR Profile (1); CellCheck - mouse (mouse STR profile and 

interspecies contamination test) (1) 

PCR evaluation for: Ectromelia, EDIM, LCMV, LDEV, MAV1, MAV2, mCMV, MHV, MNV, MPV, MVM, 

Mycoplasma pulmonis, Mycoplasma sp., Polyoma, PVM, REO3, Sendai, TMEV 

Genetic evaluation for: Interspecies Contamination Test, Mouse STR Profile 

Summary: Cell Check results are provided in the data results section for each 

sample. All other test results were negative. Please see the report for details. 

 
If you have questions, please call +49 (0)7141 64 83585 

mailto:idexxbioanalytics-europe@idexx.com
http://www.idexxbioanalytics.eu/
mailto:results@idexx.com
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PCR EVALUATION 
 

cells 1 

Ectromelia - 

EDIM - 

LCMV - 

LDEV - 

MAV1 - 

MAV2 - 

mCMV - 

MHV - 

MNV - 

Mycoplasma pulmonis - 

Mycoplasma sp. - 

MVM - 

MPV - 

Polyoma - 

PVM - 

REO3 - 

Sendai - 

TMEV - 

Legend: + = positive - = negative id:id = pooled sample range id+id+id = non-range pooled sample NT or 

blank = no test performed wps = weak positive XX = Testing in progress 

 
CELL CHECK 

 
Species-specific PCR Evaluation 

Species 1 

mouse + 

rat - 

human - 

Chinese hamster - 

African green monkey - 
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Marker Analysis 

 
 

Marker 
Name 

1 

Sample Results GL261 (IBA 

profile) 

MCA-4-2 20.3, 21.3 20.3, 21.3 

MCA-5-5 17 17 

MCA-6-4 18 18 

MCA-6-7 14 14 

MCA-9-2 18, 19 18, 19 

   

 
 
 
 

Marker 
Name 

1 

Sample Results GL261 (IBA profile) 

MCA-12-
1 

17 17 

MCA-15-
3 

22.3, 24.3 22.3, 24.3 

MCA-18-
3 

16 16 

MCA-X-1 29 29 

 
 

Sample ID Remarks 

 

 
1 

The sample was confirmed to be of mouse origin and no mammalian interspecies 

contamination was detected. A genetic profile was generated for the sample by using a 

panel of STR markers for genotyping. 

 
The sample profile matches identically to the genetic profile established for this cell line. 
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ANNEX II 
SUPERVISION OF LABORATORY ANIMALS 

Procedure: CEEAH-3665 

MONITORING PARAMETERS (scale: 0-3 points): 

Wight loss 
 

0) Normal weight 
1) Less than 10% loss 
2) Between 10 and 15% loss 
3) Consistent or rapid, exceeding 20% loss maintained for 72 h. 

Physical appearance 

0) Normal 
1) More than 10% dehydration, body condition 2 (BC; see further for details), 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 form 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 behavior 

 

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 surgical site 
3) Ulcerating, festering wounds. Ulcerating necrotic tumours 

The animal condition according to the parameters and overall score: 

a) 0 points: Healthy animal 
b) 1-2 points: Minor signs, follow stablished protocol 
c) 3-11 points: Daily supervision of the animal. Analgesics* or euthanization of the 

animal** 
d) 12-30 points: euthanasia** 

 

*Analgesic: Meloxicam (subcutaneously: 1 mg/kg) 

**The Servei d’Estabulari veterinary staff will inform a group member as soon as possible to 
consider halting of the protocol/ experiment. 

 

NOTE: As the tumour grows, it affects in 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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Body Condition (BC): 
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