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SOMMARIO  

Introduzione:  L’imaging molecolare è una disciplina emergente nell’ambito della ricerca biomedica che 

consente di ottenere la rappresentazione visiva, la caratterizzazione precoce e la quantificazione di processi 

biologici a livello cellulare e subcellulare direttamente in vivo. Le diverse tecniche di imaging sono di grande 

importanza poiché consentono la traslazione dei dati ottenuti in preclinica direttamente alla clinica. Nel 

presente progetto di ricerca, l’imaging molecolare è stato applicato allo studio di un modello preclinico di 

glioma, ed in particolare alla valutazione dell’ipossia intratumorale, come fattore prognostico negativo in 

quanto principalmente correlata alla resistenza alle terapie, all’aumento dell’invasività e ad una conclusiva 

prognosi infausta. Per tali ragioni, l’ipossia rappresenta un promettente target terapeutico, sia nel 

glioblastoma che in altri tipi di tumore, e un interessante marcatore in grado di stimare la prognosi e di 

predire l’outcome terapeutico. In tale prospettiva, lo studio molecolare dell’ipossia, presentato nel presente 

progetto di ricerca, è focalizzato principalmente sulla valutazione dell’attività trascrizionale di HIF-1α, che 

rappresenta il fattore chiave nel processo ipossico. 

Scopo:  Lo scopo principale del progetto di ricerca è lo studio non invasivo dell’attività trascrizionale di HIF-

1α in seguito allo sviluppo e alla progressione della malattia neoplastica e dopo trattamenti con inibitori 

selettivi e farmaci già utilizzati in ambito clinico. In un primo momento gli obiettivi dello studio sono stati volti 

alla dimostrazione della validità del modello cellulare e animale proposto, successivamente l’attenzione è 

stata focalizzata sulla comprensione del ruolo rivestito dall’attività trascrizionale mediata da HIF-1α in seguito 

a trattamenti di diverso genere, al fine di comprendere se tale fattore potesse rivestire il ruolo di 

biomarcatore prognostico nel modello proposto. I risultati ottenuti potranno essere utilizzati nell’ottica di 

pianificare trattamenti personalizzati in seguito a stratificazione degli individui sulla base dell’attività di HIF-

1α.  

Materiali e metodi:  La linea umana di glioma U251 utilizzata nel corso degli esperimenti è stata 

opportunamente ingegnerizzata al fine di ottenere tre modelli: nel primo, U251-HRE, il gene reporter della 

luciferasi è sotto il controllo delle sequenze HRE; nel secondo, U251-pGL3, la luciferasi risulta invece 

costitutivamente espressa; nel terzo, il modello U251-HRE-mCherry, il gene reporter mCherry viene 

costitutivamente espresso mentre il gene reporter della luciferasi è di nuovo sotto il controllo delle sequenze 

HRE. Tali linee sono state dapprima utilizzate in vitro per lo studio di diversi agenti modulanti l’attività 

trascrizionale di HIF-1α, la cui azione è stata valutata principalmente mediante saggio biochimico per la 

luciferasi. Successivamente, le stesse cellule sono stata inoculate ortotopicamente in topi nudi e la loro 

crescita, eventi correlati all’attività trascrizionale di HIF-1α, come l’istaurarsi di uno stato ipossico 

intratumorale, e la risposta terapeutica, sono stati analizzati mediante diverse tecniche di imaging (BLI, FLI, 

PET e RM). I dati ottenuti in vitro ed in vivo sono stati inoltre validati ex vivo mediante colorazioni istologiche 

ed immunoistochimiche.  

Risultati: Gli studi condotti in vitro hanno mostrato come nel modello U251-HRE l’attività luciferasica possa 

essere modulata mediante l’utilizzo di farmaci ipossia-mimetici, in relazione all’accumulo nucleare di HIF-1α. 

Inoltre, esperimenti condotti in vitro hanno consentito di valutare anche il contributo di diversi pathway 

molecolari sull’attività di HIF-1α: in primis le vie di trasduzione di PI3K/AKT e Ras/MEK/ERK. Come atteso, 

invece, nella linea U251-pGL3 l’attività luciferasica non è risultata soggetta ad alcuna modulazione e, dopo 
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iniezione nel modello animale, il segnale derivante da tali cellule ha mostrato una progressione lineare in 

relazione alla crescita tumorale. Al contrario, l’andamento del segnale di bioluminescenza relativo all’attività 

luciferasica in tumori prodotti con cellule U251-HRE ha mostrato un aumento bi-modale con un brusco 

cambiamento di pendenza all’instaurarsi di aree ipossiche intratumorali, dimostrando come tale modello 

possa essere utilizzato sia in vitro che in vivo per lo studio della modulazione dell’attività di HIF-1α. 

Nonostante l’imaging ottico non possa essere, ad oggi, utilizzato nell’uomo, la cross-validazione dei risultati 

ottenuti con tecniche utilizzate di routine in clinica, come la PET e la RM (che hanno fornito risultati 

comparabili e complementari a quelli forniti dall’imaging ottico), ha permesso di potenziare il valore dei 

risultati ottenuti in bioluminescenza e in fluorescenza grazie alla loro trasferibilità clinica. Lo studio 

preliminare condotto con la TMZ ha mostrato, sia in vitro che in vivo, che precedentemente al manifestarsi 

dell’effetto citotossico del trattamento è riscontrabile una riduzione precoce dell’attività di HIF-1α. Il 

meccanismo di azione e il significato di tale riscontro sono comunque da approfondire mediante ulteriori 

studi. 

Conclusione:  Il modello U251, riproponendo le caratteristiche peculiari del GBM umano, risulta essere 

anche un modello verosimile per lo studio dell’attività trascrizionale di HIF-1α (U251-HRE). In questo 

contesto, l’imaging ottico risulta essere una tecnica sensibile e versatile nello studio dei processi relativi alla 

progressione tumorale e all’attività di HIF-1α, ma risulta limitata in quanto non traslabile direttamente 

all’uomo. Per queste ragioni, risulta estremamente importante la cross-validazione con tecniche di imaging 

utilizzate nella pratica clinica, tra cui la PET e la RM. Il significato della possibilità di utilizzare l’attività di HIF-

1α come marcatore precoce di efficacia dopo trattamento con TMZ dovrà essere valutato in modo più 

approfondito mediante studi specifici. 
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ABSTRACT 

Introduction:  Molecular imaging is an emerging discipline in biomedical research that allows the visual 

representation, the early characterization and quantification of biological processes at the cellular and 

subcellular level directly in vivo. Imaging techniques are of great importance since they allow the translation 

of the data obtained in preclinical models directly to the clinic. In this research, molecular imaging has been 

applied to the study of a preclinical glioma model, to assess intratumoural hypoxia, as a negative prognostic 

factor, since it has been correlated to chemo and radio-resistance, tumour progression, increase of 

invasiveness and to a poor prognosis. For these reasons, hypoxia represents a promising therapeutic target, 

both in GBM but also in other types of cancer, and an interesting marker able to estimate the prognosis and 

to predict the therapeutic outcome. In this perspective, the molecular study of hypoxia presented herein was 

focused mainly on the evaluation of the transcriptional activity of HIF-1α , which is a key factor of the hypoxia 

process. 

Objectives : The main purpose of this project was to study, in a non invasive manner, HIF-1α transcriptional 

activity as a result of the development and progression of neoplastic disease and after treatment with 

selective inhibitors and drugs already used in the clinical setting. The first objectives were the 

characterization and validation of the proposed cell and animal models and the evaluation of HIF-1α activity 

after treatments of various inhibitors and drugs, to understand its potential role as a prognostic biomarker. 

The results obtained could be used in the evaluation of the possibility of performing personalized treatments 

as a result of stratification of individuals depending on HIF-1α activity.  

Materials and Methods : The human U251 glioma cell line was used after its appropriatey engineering in 

order to obtain three models: in the first, U251-HRE, the luciferase reporter gene is under the control of the 

HRE sequences; in the second, U251-pGL3, the luciferase gene is expressed constitutively, whereas in the 

third, U251-HRE-mCherry, the mCherry reporter gene is constitutively expressed while the luciferase 

reporter gene is again under the control of HRE sequences. These lines were first used in vitro  for the study 

of different agents modulating the transcriptional activity of HIF- 1α, whose action has been evaluated 

primarily by biochemical luciferase assay. Subsequently, the same cells were inoculated orthotopically in 

nude mice and tumor growth-related events, transcriptional activity of HIF-α, intratumoural hypoxia and 

therapeutic response, were analyzed using different imaging techniques (BLI, FLI, PET and MRI). The data 

obtained in vitro  and in vivo were also validated ex vivo by histological and immunohistochemical staining. 

Results:  The in vitro studies have shown that in U251-HRE model,the luciferase activity can be modulated 

through hypoxia mimetic drugs, such DFX,  and it was related to HIF-1α nuclear accumulation In addition, in 

vitro experiments have allowed to evaluate the contribution of different molecular pathways (involving 

PI3K/Akt and Ras/MEK/ERK) on HIF-1α activity. As expected, in U251-pGL3 model, the luciferase activity 

was not modulated. In vivo studies, performed after cell injection in murine models receiving U251-pGL3 

cells, showed a linear increase of luciferase activity, proportionally to tumour growth. In contrast, in U251-

HRE models a bimodal trend was observed, since it was dependent on hypoxia establishment HIF-1α 

mediated. These results suggested that this model can be used both in vitro and in vivo for the study of the 

modulation of HIF-1α activity. Although optical imaging cannot be used in humans, cross- validation of the 

results obtained with techniques routinely used in the clinic, such as PET and MRI (which gave results 
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comparable and complementary to those provided by optical imaging), allowed to enhance the value of the 

results obtained in bioluminescence and fluorescence studies due to the possibility to translate these 

procedures to the clinical setting. The preliminary study conducted with the TMZ has shown, both in vitro and 

in vivo, that previously to the onset of the cytotoxic effect of the treatment, an early reduction of HIF-1α 

activity was detectable. The mechanism of action and the significance of this finding, however, have to be 

explored by further studies. 

Conclusions:  The U251-HRE model, recapitulating GMB features, could be a reliable model for the study of 

HIF-1α role in tumour progression. In this context, the optical imaging could be considered a sensitive and 

versatile technique for the study of the processes related to tumour progression especially those mediated 

by HIF-1α, but it is limited since it is impossible to translate these data into the clinics. For these reasons, it is 

extremely important the cross-validation with imaging techniques routinely used in the clinical practice, such 

as PET and MRI. Moreover, HIF-1α activity could be considered as an early efficacy biomarker after 

treatment with TMZ, although this crucial process has to be studied in depth.   
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1. GLIOMA 

Human cancer is characterized by several steps accumulating genetic alterations and 

modifications leading to tumour progression. Stepwise progression of human cancer has been 

clinically well recognized. The pre-malignant lesions are caused either by genetic alterations which 

induce monoclonal expansion of the cells, or by environmental factors, which induce polyclonal 

expansion of the cells. Subsequently, the accumulation of genetic alterations occurs in one (or a 

few) of the pre-malignant cells, and the cells convert into malignant ones of clonal origin, and 

produce a primary tumour. However, at the early stage of primary tumour expansion, the cells are 

not invasive and metastatic. Then, new fully malignant clones with invasiveness and metastatic 

ability appear as a result of further accumulation of genetic alterations in the cells; however, only a 

restricted fraction of the cells in a primary tumour are considered to be highly metastatic [1] (Fig.1). 

 

 

 

Fig.1:  Malignant progression of tumoural cells: accumulation of genetic alterations resulting in 

metastatic transformation 

 

 

Gliomas represent the most common adult neoplasm of the primary central nervous system (CNS) 

[2]. The term “Glioma” is generally used to describe any tumour that arises from the glia, the 

supportive tissue of the brain that provide sustenance and protection to neurons, holding them in 

place and permitting to function in an optimal way.  

Three types of normal glial cells can produce tumours: astrocytes, oligodendrocytes and 

ependymal cells [3].  

Glioma disease could be distinguished by the type of cells it affected:  
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• Astrocytoma:  it develops in the connective tissue cells, called astrocytes. The are star-

shaped brain cells, also called immortalized astrocytes. This kind of tumour includes 

juvenile pilocytic astrocytoma, low grade astrocytoma, anaplastic astrocytoma, and 

glioblastoma (GBM). 

• Ependymoma: it develops from ependymal cells and its common location is the fourth 

ventricle. 

• Mixed Glioma (also called Oligoastrocytoma):  these tumours usually contain a high 

proportion of more than one type of cell, most often astrocytes and oligodendrocytes. The 

behavior of a mixed glioma appears to depend on the grade of the tumour. It is less clear 

whether their behavior is based on that of the most abundant cell type. 

• Oligodendroglioma: it originates from the oligodendrocytes located in the brain or from a 

glial precursor cell. 

• Optic Glioma:  it develops in or around the optic nerve. It may involve any part of the optic 

pathway and it has the potential to spread along this pathway. It often occurs in children.  

• Gliomatosis Cerebri:  it is a rare brain tumour characterized by the high presence of glial 

tumour cells in the brain. This tumour is scattered and widespread, typically involving two or 

more lobes of the brain. It could be considered a “widespread low-grade glioma” because it 

does not have the malignant features seen in high-grade tumours. 

In 1993, the World Health Organization (WHO) published the classification of neoplasms affecting 

the CNS, defining an official system of grading system based on the assumption that each type of 

tumour results from the abnormal growth of a specific cell type. Moreover, this grading system was 

created using some other features as atypia, mitosis, proliferation and necrosis. These parameters, 

indeed, reflect invasiveness and malignant potential of tumours.   

Since tumour behaviour is related with basic cell type, tumour classification also dictates the choice 

of therapy and helps the prediction of prognosis. The WHO classification provides a parallel 

grading system for each type of tumour. In this grading system most named tumours are of a 

single defined grade. 

Concerning the glioma, WHO grading is commonly used for astrocytoma and the most common 

grading system uses a scale that goes from I to IV. In this case astrocytomas are graded to 

describe their degree of abnormality [4].  

 

• Pilocytic astrocytoma (grade I).  Rare tumours, more common in children than in adults. 

They can be often removed surgically. In absence of surgery, it may remain inactive or be 

successfully treated with radiation. 
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• Low-grade astrocytoma (grade II).  Grade II tumours are slowly-growing tumours that 

penetrate the surrounding normal brain tissue, making complete surgical removal more 

difficult. Since these tumours may be growing very slowly, radiation or chemotherapy or 

both, could be given after surgery. Most Grade II tumours eventually evolve into more-

aggressive tumours (grade III or IV), but this process may take many years. 

• Anaplastic astrocytoma (grade III).  Grade III astrocytomas are more aggressive, but not 

as rapidly growing as grade IV tumours. Treatment involves removing as much of the 

tumour as possible, followed by radiation therapy and/or chemotherapy. 

• Glioblastoma (grade IV).  GBM is the most common and aggressive astrocytoma. These 

tumours tend to infiltrate throughout the area of the brain where the tumour is located, 

making them more difficult to be completely surgically removed. Surgery is generally 

followed by radiotherapy and chemotherapy. Grade IV tumours tend to recur and are rarely 

cured. 

 

Finally tumours may be also classified by their growth rate: low grade (slow growth), mid grade 

(moderate) and high grade (rapid). On that scale, a grade I glioma could be considered benign, 

because in this case the surgical excision could be considered curative. On the contrary, GBMs 

are tumours that are usually highly malignant because the cells reproduce quickly and they are 

supported by a large network of blood vessels.  

 

1.1 GLIOBLASTOMA  

Glioblastoma or glioblastoma multiforme (“multiforme” is no longer part of the WHO designation, 

though glioblastoma is still often abbreviated in “GBM”) is the highest grade glioma (grade IV) 

tumour, is the most malignant form of astrocytoma, and it is synonymous with a grade IV glioma. 

The histologic features that distinguish glioblastoma from all other grades are the presence of 

necrosis and the increase of blood vessels around the tumour. Grade IV tumours are always 

rapidly growing and highly malignant. Moreover, GBMs usually contain a mix of cell types and 

cystic mineral and calcium deposits formations. Since these tumours come from normal brain cells, 

it is easy for them to invade and live within normal brain tissue.  

There are two types of GBM (Fig.2): 

• Primary, or de novo  GBM: This term refers to the lack of an identifiable precursor 

lesion rather than to the assumption that this lesion results from a single-step 
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malignant transformation. This is the most common form of GBM and the most 

aggressive one. In fact, these tumours are characterized by a very rapid growth and 

invasiveness without evidence of a less malignant precursor lesion [5]. Primary GBM 

accounts for the vast majority of cases (60%) in adults older than 50 years. These 

tumours manifest de novo (i.e., without clinical or histopathologic evidence of a 

preexisting, less-malignant precursor lesions), after a short clinical history, usually less 

than 3 months. 

• Secondary GBM:  The secondary GBM has been referred to as progressive form 

(developing from astrocytic tumours of lower malignancy grade) [6]. These tumours are 

slower than primary GBM but are still very aggressive (representing about 10% of 

GBMs) [7,8]. The diagnosis of secondary GBM requires clinical (neuroimaging) or 

histological (bioptic) evidences deriving from an evolution by a less malignant 

astrocytoma. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Classification of GBM: primary or de novo, and secondary with relative genetic alterations 

occurring during neoplastic transformation. 

 

 

Histologic diagnosis of GBM is usually based on two distinctive secondary features rather than on 

cytologic characteristics. The first feature is vascular proliferation, by which vascular cells divide to 

produce coiled masses resembling renal glomerulus. Microvascular proliferation is an important 

feature differentiating GBM from the well differentiated fibrillary astrocytoma and the anaplastic 

astrocytoma, although a small amount of this proliferation is acceptable within the latter lesion. 

However, microvascular proliferation is found also in other neoplasms, such as pilocytic 
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astrocytoma, cerebellar astrocytoma, oligodendroglioma, and medulloblastoma, even if in limited 

extent. The second diagnostically relevant feature in glioblastoma is necrosis. This feature, with or 

without associated pseudopalisading neoplastic cells, is a critical parameter distinguishing GBM 

from anaplastic astrocytoma. 

The main biologic properties making GBM fatal are poor response to a series of adjuvant therapies 

and the infiltrative behaviour that makes the complete surgical resection very difficult. GBM can be 

difficult to treat because the tumours contain several different cell types: in this view, some cells 

may respond to specific therapies, while others may not. This is why the GBM treatment plan 

usually combines several approaches, although the prognosis remains very poor. 

 

1.1.1 CELLULAR COMPOSITION OF GBM  

 

The cellular signaling pathways, important for the genesis of brain tumour, are multiple, with 

feedback mechanisms that can dramatically affect the efficacy of molecularly targeted therapeutic 

strategies. The heterogeneous composition of the human GBMs, which consists of tumour stem 

cells and differentiated tumour cells with varying characteristics, further complicates their 

susceptibility to treatment. Brain tumours can also evolve within their microenvironment, by 

adapting to changes altering their intrinsic features and progressing towards a more aggressive 

phenotype. At the same time, these molecular changes can be used to identify additional targets 

for therapeutic intervention. Finally, genetic variations between individuals can dictate how tumours 

initiate, progress, and respond [9].  

All GBMs exhibited hypercellularity, nuclear atypia, and pleomorphism, including multinucleated 

giant cells. Aberrant mitotic figures and anaplastic cells can also be observed as well. Poorly 

differentiated cells were found in all GBMs, in addition to astrocytic intermediate filaments. With 

regard to this last feature, considering that there is no specific marker for GBM cells, the 

expression of proteins in reactive astrocytes has been considered. In the adult brain, astrocytes 

contain two types of intermediate filaments:  

 

• Vimentin positive filaments : although vimentin is expressed also in blood vessels and 

ependymal cells, in the brain parenchyma vimentin is not expressed in neurons or in any 

other subclass of glial cell other than reactive astrocytes. 

• GFAP (Glial fibrillary acidic protein) positive fil aments : is variable in human GBMs and 

depends on the degree of anaplasia. Although vimentin expression is not exclusive for 

astrocytes, its expression, together with GFAP in these tumours is suggestive of their glial 
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origin, while usually only cells with astrocytic morphology are positive for GFAP, vimentin 

staining is more widespread throughout the tumours. 

 

1.1.2 GENETIC OF GBM 

It is known that genetic background is crucial for tumour development and progression. Molecular 

studies have identified some of the genetic changes that underlie the pathologic differences within 

astrocytic tumours; in fact, the progression of tumour grade is often associated with an ordered 

accumulation of mutations [10].  

Progression from astrocytoma to anaplastic astrocytoma usually involves mutations in tumour 

suppressor genes including the retinoblastoma gene on chromosome 13q, in addition to other 

abnormalities such as LOH (Loss of heterozygosity) 10q, TP53 (tumour protein 53) and PTEN 

(Phosphatase and tensin homolog) mutations, p16INK4a deletion and EGFR (epidermal growth 

factor receptor) amplification-overexpression [11], which are common in GBMs (Fig.3).  Below the 

main mutations are described:  

 

• p53:  The first genetic alterations identified in astrocytic brain tumours and the most 

recurring mutations are detected in the p53 gene on chromosome 17p. Alterations of the 

p53 gene were found in about 30% of benign and anaplastic astrocytomas as well as 

GBMs. Anaplastic astrocytomas (grade III), found in preexistent low grade astrocytomas or 

detected de novo, have a similar incidence of p53 mutations but, in addition, show a loss of 

heterozygosity on chromosome 19q in more than 40% of cases [12,13].  

• PTEN: PTEN mutations are found in ~70% of advanced human GBMs and overexpression 

of recombinant PTEN in GBMs leads to marked reduction in HIF-1α expression [14]. In fact, 

normal PTEN is a negative regulator of the phosphatidylinositol 3-kinase PI3K/Akt pathway 

(by dephosphorylating phosphatidylinositol 3,4,5-triphosphate, the molecular messenger 

generated by PI3K), and its mutation results in hyperactivation of the PI3K/Akt pathway that 

may contribute at enhancing the stability, translocation, dimerization and transcriptional 

activity of hypoxia-inducible factors (HIF-1α), even though this event is context- and cell 

type-dependent. These genetic aberrations account also for a series of disrupted molecular 

pathways (i.e. p53/MDM2/p14ARF, p16INK4a/RB1, and EGFR/PTEN/Akt/mTOR pathways) 

that regulate vital cellular processes, including apoptosis, necrosis, cell proliferation and cell 

migration [15,16,17].  
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• MDM2 (Mouse double minute 2 homolog): Amplification or overexpression of MDM2 

constitutes an alternative mechanism of escaping from p53-regulated control of cell growth 

by binding to p53 and blunting its activity. Overexpression of MDM2 is the second most 

common gene mutation in GBMs and is observed in 10-15% of patients. Some studies 

show that this mutation has been associated with a poor prognosis. 

 

Moreover, in addition to these pathological modifications, the presence of 

microvascular/endothelial proliferation (i.e., multilayered, mitotically active hyperplasic endothelial 

cells, smooth muscle cells, and pericytes) is a histopathological hallmark of human GBMs. 

Endothelial proliferation is usually limited to necrotic areas, where profuse vascularisation is 

observed. Angiogenesis is the process by which new blood vessels develop from existing 

vasculature, thereby providing a mechanism for the maintenance of an adequate blood flow in 

expanding cell populations, including those of tumour tissues [18]. One of the most potent 

stimulators of angiogenesis is vascular endothelial growth factor (VEGF), which is essential for the 

proliferation and migration of vascular endothelial cells, thereby enabling the formation of new 

blood vessels. Production of VEGF is principally driven by hypoxia via transcription activation of 

the VEGF gene by HIF-1α. The basic importance of hypoxia and especially of HIF-1α in the 

angiogenic process, has been demonstrated in several experimental and clinical studies [19]. 
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Fig. 3:  Genetic alterations occurring during astrocytes differentiation in primary, secondary or giant 

cell GBMs. 

 

2. HYPOXIA 

Hypoxia plays a role in many aspects of tumour development and growth. It has been 

hypothesized that some of the phenotypic changes, fundamental to malignant progression, are 

mediated by cellular hypoxia being able to induce genomic instability, loss of apoptotic potential, 

induction of angiogenesis and stem cell genetic instability, finally resulting in an increased 

metastatic potential and resistance to radio- and chemo-therapy. The process of tumour 

progression (i.e., proliferation, local invasion, and distant metastasis) is characterized by rapid 

cellular growth accompanied by alterations of the microenvironment of the tumour cells, firstly, due 

to an inadequate oxygen (O2) supply resulting in hypoxia or even anoxia [20]. 

In detail, developing tumours must form their own vascular network and blood supply, in addition to 

preexisting host vessels, by forming new microvessels through the influence of tumour 

angiogenetic factors. However, the newly formed vascular network differs greatly from that found in 

normal tissues, typically displaying a broad range of structural and functional abnormalities often 

leading to a diminished delivery of O2 (and nutrients) to the tumour cells, with the resultant 

development of hypoxic/anoxic areas. Hypoxia condition is defined as a condition in which oxygen 

tension (pO2) is lower than 7 mmHg. Hypoxia can induce changes in the tumour cell proteome , 

leading to cell growth or to cell death, inducing cell-cycle arrest,  apoptosis and necrosis. These 

changes can also induce the tumour cells to successfully adapt to, or overcome, the O2- and 

nutrient-deprived state and to survive or escape from their hostile environment. This conditions can 

result in the induction of hypoxia-stimulated angiogenesis, glycolysis, inhibition of apoptosis, and 

upregulation of growth factors (PDGF-B, TGF, IGF-2, EGF) (Fig.4).    
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Fig. 4:  Normoxia and hypoxia influence on HIF-1α expression. During hypoxia, HIF-1α regulates 

several genes involved in proliferation, metabolism, invasion, angiogenesis, ph regulation and stem 

cell maintenance 

 

Hypoxia in solid tumours is associated with resistance to radiation therapy and chemotherapy and 

selection of more invasive and metastatic clones, correlating also with a poor patient prognosis 

[21,22]. 

As regards angiogenesis induction, hypoxia and the consequent stabilization of HIFs plays a 

critical role in fact HIF-1α, directly activates the expression of a number of pro-angiogenic factors 

that promote neo-angiogenesis and vasculature reorganization, favouring tumour progression and 

resistance to treatments [23,24,25](Fig.5) . 

In particular, hypoxia reduces chemotherapeutic efficacy positively, selecting cells with reduced 

susceptibility for apoptosis. At the same time, since radio sensitivity is generally due to the 

presence of molecular oxygen that induces DNA damage through the formation of oxygen free 

radicals, which occurs primarily after the interaction of radiation with intracellular water, tumour 

sensitivity to radiation therapy is progressively limited when the O2 partial pressure in a tumour is 

less than 25–30 mmHg  leading to a significant radio resistance in presence of hypoxia [26].  
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Fig. 5:  Malignant progression in neoplastic cell and hypoxia role: hypoxia induces genomic 

instability that influences clonal selection of cells. 

 

2.1 HIF-1α  

The best-characterized hypoxia-regulated molecule is HIF-1α, first identified by Semenza and 

colleagues as a regulator of hypoxia-induced erythropoietin expression and of the expression of 

more than 30 genes [27] (Fig.6).  HIF-1 structure is formed by a basic helix-loop-helix PAS (Per-

Arnt-Sim) transcription factor composed of two subunits, a constitutively expressed subunit called 

HIF-1β (or ARNT) and the catalytic and oxygen-dependent subunit, HIF-1α, whose expression is 

tightly regulated by changes in oxygen concentration. 

Overexpression of HIF-1α protein has been reported in several human cancers, where it has been 

associated with tumour progression, treatment failure, and poor survival [28]. In normoxic 

condition, in presence of oxygen, the HIF-1α subunit undergoes rapid decay via ubiquitin-

proteasome degradation pathway involving the von Hippel-Lindau (VHL) tumour suppressor gene 

product pVHL. The binding of pVHL to HIF-1α requires the post-translational hydroxylation of 

proline residues (Pro402 and Pro564) within the HIF-1α oxygen-dependent degradation (ODD) 

domain by soluble prolyl hydroxylases (PHD). These enzymes are 2-oxoglutarate-dependent 

dioxygenases that require molecular oxygen as a cosubstrate. In hypoxic condition, this 

modification is prevented, thus allowing HIF-1α to escape proteolysis, dimerize with HIF-1β, and 

translocate to the nucleus. A separately controlled, O2-dependent hydroxylation of asparagine 803 

in the HIF-1α C-terminal transactivation domain inhibits HIF-1α interaction with the p300/CBP co-

activator, thereby blocking HIF-1α transcriptional activity in the presence of oxygen. Three HIF-1α 

PHD (PHD 3 to -1, respectively) and one O2-dependent HIF-1α asparaginyl hydroxylase (HIF 

inhibiting factor , known as FIH) have been clearly identified. These enzymes are all members of 
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the 2-oxoglutarate-dependent family of dioxygenases and have an absolute requirement for 

oxygen, ferrous iron, and 2-oxoglutarate (2-OG) [29].   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6:  HIF-1α pathway in hypoxia. Figure summarizes the metabolic pathways influenced by HIF-

1α. 

 

In addition to the proline hydroxylation of HIF-1α, other regulatory pathways have been reported to 

be important for the control of HIF-1α protein level by hypoxia such as the PI3K/Akt pathway 

(Fig.7).  

Many stimuli are able to activate Akt. In general, phosphatidylinositol 3,4,5-P3 targets Akt in the 

inner leaflet of the plasma membrane. Akt is phosphorylated on Ser-473 (in the regulatory domain) 

and Thr-308 (in the catalytic domain) by phosphoinositide-dependent protein kinase, an upstream 

kinase, resulting in enzymatic activation of Akt. Activated- Akt can phosphorylate various 

substrates, such as the glycogen synthase kinase 3 (GSK3), an ubiquitous Ser/Thr kinase, that it is 

one of the well characterized downstream Akt targets. Akt phosphorylates the two isoforms of 

GSK3 (α and β), respectively on Ser-21 and Ser-9; resulting in an inhibition of its activity. On the 

other hand, GSK3 activity is up-regulated by Tyr-279/216 phosphorylation, but it is not clear 

whether a separate kinase regulates the phosphorylation state on this residue or whether this 

residue is an autophosphorylation site. GSK3 does not seem to be phosphorylated on both sites 

contemporaneously. GSK3 has been demonstrated to regulate glycogen synthase activity and was 

first identified as a negative regulator of glycogen synthesis. Now GSK3 is known to phosphorylate 

and regulate the activation of numerous transcription factors such as c-Myc, AP1 and NF-κB. It is 

reported that there is a potential consensus site in the HIF-1α oxygen-dependent degradation 

domain for GSK3 and that this site could play a role in the regulation of HIF-1α protein stability 

[30]. 
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In GBMs, hypoxia and HIF-1α are contributing factors for the observed increased survival, 

proliferation rate, invasiveness, new vessels creations, metabolic adaptation and treatment 

resistance. 

 

 

 

 

 

 

 

 

 

Fig. 7:  PI3/AKT pathway influence on HIF-1 α accumulation and degradation. 

 

3. HYPOXIA IN GLIOMA DISEASE 

Hypoxia is considered a major driving force for glioma angiogenesis. It is also the main feature of 

this kind of tumour [31]. Brain tumours, especially the highly aggressive GBM, are characterized by 

wide necrotic/hypoxic areas within the tumour mass, which correlates with enhanced resistance to 

therapy, increased invasiveness and a poor prognosis for the patient. Anyway, in oncology, 

hypoxia is always considered a crucial feature for the treatment planning of many different human 

cancers, for the outcome and prognosis estimation. This is why in vivo hypoxia analysis is 

increasingly being studied. Among the numerous survival pathways activated by cancer cells, 

hypoxic cell signalling has attracted significant interest for a number of years. This interest is also 

based on the assumption that normal tissues do not experience the same extreme variations in 

oxygen levels present in the tumour microenvironment. Cancer cells are exposed to a gradient of 

oxygen levels that fluctuates in time and space, triggering the activation of survival pathways that 

are not usually induced in normal tissues and that can be potentially targeted for therapeutic 

purposes [32]. 
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Hypoxia is also responsible for the highly invasive behaviour of GBMs, as it induces the migration 

of GBM cells away from hypoxic areas [33,34]. However, the first clue suggesting the relationship 

between hypoxia and GBM establishment is the presence of intratumoural necrosis. In fact, the 

histological diagnosis of GBMs depends on the presence of tumour necrosis surrounded by 

pseudopalisading cell clusters. Hypoxia, indeed, stimulates pseudopalisading cells to activate HIF-

1α leading to overexpression of angiogenetic factors and peritumoural microvascular proliferations 

[35]. Moreover, all GBM tumours have intratumoural necrosis to a different extent; it does not seem 

to be related to tumour size, as it is found in both small and large tumours. This suggests that 

necrosis may not simply be due to inadequate vascular supply but instead may result of intrinsic 

molecular or genetic changes within the tumour [36]. Indeed, although GBM is a highly 

vascularised tumour, his microcirculation is functionally very inefficient and may contribute to 

relative hypoxia and necrosis within the tumour. It is possible that a combination of hypoxia and 

intrinsic tumour molecular biology are responsible for pseudopalisading necrosis. The direct 

correlation between tumour grade and HIF-1α expression in GBMs has been shown in several 

studies, supporting that HIF-1α expression represents an ‘‘angiogenic switch’’ that facilitates the 

progression of a low grade astrocytoma to a GBM and promotes cell survival in hypoxic conditions 

by elevating glycolysis and angiogenesis.  

With regard to hypoxia-mediated chemo and radio-resistance, evidences in literature [37,38] 

demonstrated that if inhibiting hypoxia through inhibition of HIF-1α expression, cells become more 

sensitive to chemoterapeutic treatment, demonstrating the central role of this transcription factor.  

For what concerns angiogenesis, GBM is one of the most highly vascularised human tumours, with 

significant vascular proliferation and angiogenesis. That makes anti-angiogenic therapy, usually in 

the form of the anti-VEGF antibody therapeutic drug, an attractive treatment option for patients with 

these tumours. It has been proposed that, in GBMs, hypoxia, caused by vessel regression during 

the course of antiangiogenic therapy, leads to up-regulation of proangiogenic factors and the 

recruitment of bone marrow derived cells (BMDCs), able to increase tumour growth through new 

blood vessel growth [39]. In this case, there is sufficient evidence to suggest that BMDCs are 

recruited by hypoxia- and HIF-1α-mediated pathways [40,41].  

In this scenario, improvements in HIF-1α activity molecular imaging procedures, could be 

extremely powerful for clinical assessment of treatment response and for the follow-up study.  

3.1 GLIOMA MODELS 

Preclinical orthotopic and sub-coutaneous murine models are largely used to test novel therapies 

targeting different GBM features (i.e., angiogenesis, invasion, secretion of immune suppressive 

molecules and so on). The advantages of the use of these glioma models reside in their highly 
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efficient gliomagenesis, reproducible growth rates, and the accurate knowledge of the tumour 

location [42]. 

In particular, there are some criteria that brain tumour models should follow, to be actually valid 

models [43-44]:  

• they should be derived from glial cells;  

• it should be possible to grow and clone them in vitro  as continuous cell lines and propagate 

them in vivo by serial transplantation;  

• tumour growth rates should be predictable and reproducible;  

• the tumours should have glioma-like growth characteristics within the brain including 

neovascularization 

• alteration of the blood-brain barrier (BBB), an invasive pattern of growth, and lack of 

encapsulation;  

• host survival time following orthotopic tumour implantations should be of sufficient duration 

to permit therapy and determination of its efficacy;  

• for therapy studies, the tumours should be either non or weakly immunogenic in syngeneic 

hosts;  

• they should not grow into the epidural space or extend beyond the brain; 

• their response or lack thereof to conventional treatment should be predictive of the response in 

human brain tumours  

 

It is important to recognize that no currently available animal tumour model exactly simulates 

human high grade brain tumours such as GBMs or anaplastic astrocytomas [45]. However, the use 

of animal models to evaluate, also by means of non-invasive in vivo imaging techniques, important 

variables which are involved in the radiation and chemotherapeutic effect, such as proliferation, cell 

cycle arrest, apoptosis induction, hypoxia and angiogenesis, as well as diffusion and perfusion, 

may be helpful in permitting the identification of a biological tumour signature allowing, the 

estimation of chemo and radio sensitivity and responsivity to treatments [46,47]. Animal models 

can also be useful in evaluating the efficacy of radio sensitizing therapies designed to improve 

radio-induced tumour toxicity [48].  

One of the most common cell line used in vitro  and in vivo is the U251 human malignant glioma 

cell line originally established from a 75-year-old male with GBM by Ponten and al [49,50]. This 

GBM cell line is known to mimic the salient features of human GBMs and received significant 
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attention over the last four decades in xenogeneic mouse models of cancer [51,52,53]. The U251 

cell line has been used both in subcutaneous and orthotopic mouse model of GBM [54,55]. The 

U251 cell line also displays similarities at the genetic level to human GBMs [56,57,58,59,60] with 

the identification of non-functional mutant tumour suppressor protein p53 [61] as well as mutant 

PTEN. Also deletions of p14ARF and p16, two cell cycle suppressor genes coding for critical 

negative regulators of Cdks (cyclin-dependent kinases), and whose deletion leads to loss of activity 

of the retinoblastoma protein [62], have been observed in U251 cells [63,64]. Moreover in U251 

cells, the PI3K/Akt pathway is up-regulated as a result of high Akt expression. This has been 

shown to be an important contributing factor of the increased survival, proliferation, migration, 

angiogenesis and resistance to apoptosis observed in GBMs [65]. Recent studies [66,67] have 

reported gene expression profile differences between subcutaneous and intracranial tumour 

models, noting the importance of different in vivo growth conditions and the role of the 

microenvironment in U251 tumour establishment and progression. In summary, it is possible to 

affirm that since U251 cell line recapitulates the salient histological and immunohistochemical 

features of human GBMs, it can be considered a very interesting model for GBM translational 

studies.  

 

4. EFFECT OF DRUG ACTIVITY ON HIF-1α MODULATION 

4.1 Hypoxia mimetic: DFX 

To study hypoxia processes in vitro , a class of drugs,  that could be used in culture to mimic 

hypoxia, have been described. To study the mechanism of hypoxia establishment, hypoxia mimetic 

drugs could be used to mimic intracellular events related to a mild hypoxia condition, and 

permitting to study how this condition could modulate cellular pathways. Indeed, hypoxia-mimetic 

agents artificially mimic hypoxia by blocking for example the degradation of HIF-1α [68]. However, 

the molecular effects of hypoxia-mimetic agents are comparable to those resulting from reduced 

atmospheric oxygen levels [69,70,71].  

The most common hypoxia mimetic drugs utilized in vitro  are cobalt chloride (CoCl2), and the iron 

chelator deferoxamine (DFX). Both of them are able to block the degradation of HIF-1α protein, 

inducing its accumulation in the cells. 

In particular, DFX, by chelating iron, a cofactor necessary to PHD activity, avoid PHD-mediated 

HIF-1α hydroxylation [72,73], thus preventing HIF1α binding to VHL protein and inducing his rapid 

accumulation in the cytoplasm. Also CoCl2 can block the degradation of HIF-1α protein, thereby 

inducing its accumulation, through a direct action on PHDs. In fact, recent models hypothesized 
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that cobalt can inactivate PHDs by occupying an enzyme iron-binding site [74]. Whereas CoCl2 is 

toxic for cells and operator, DFX can be absolutely considered safety [75].  

 

4.2 PI3K pathway inhibitors: LY294002 and BEZ-235 

PI3Ks are lipid kinases responsible of the phosphorylation of PIP3. PI3-K plays a central role in 

cellular proliferation, motility, neovascularization, viability, and senescence. In particular, in cancer 

development, it has been documented the over-expression of PI3K with recent evidence of 

oncogenic and probably activating mutations of p110α and loss, or reduction, of the tumour 

suppressor PIP3 phosphatase PTEN activity [76,77]. Amplification of the gene encoding the p110α 

subunit is likely an important event in cancer progression. Recently, several studies have focused 

on the role of PI3K inhibitors as potential tumour suppressor agents. 

The flavonoid quercetin derivative, LY294002, is the first synthetic molecule known to inhibit PI3K.  

LY294002 is a potent PI3K inhibitor: indeed it is a competitive, reversible inhibitor of the ATP 

binding site of PI3K, consequently preventing cell proliferation and inducing apoptosis. In addition, 

it was shown that this molecule is able to inhibit not only mTOR (mammalian target of rapamycin) 

and DNA-PK (DNA-dependent protein kinase) [78-79], but also other protein kinases, such as CK2 

(casein kinase 2) and Pim-1 [80]. The effect of LY294002 on cell cycle progression may be 

extremely fruitful in the studying of the PI3K activation pathway [81].  

Previous studies [82,83] indicated that LY294002 is able to completely abolish PI3K activity in 

several cell types, including neutrophils, endothelial cells, and cancer cells. Two mechanisms may 

explain the inhibitory effects of LY294002 on cell proliferation. The first one is based on the 

repression of cell cycle progression by LY294002, inducing specific G1 arrest, as already 

described, leading to an inhibition of cell proliferation. Indeed, as suggested in literature, LY294002 

prevents cell proliferation by inhibiting G1 cyclin-dependent kinase activity and the subsequent 

phosphorylation of retinoblastoma protein, that normally occurs during G1 progression. These 

inhibitory effects are, at least in part, a result of induced up-regulation of cyclin-dependent kinase 

inhibitory p27 [84]. The second possibility is that LY294002 could increase apoptosis. Indeed, a 

critical role in proliferation pathway is played by Ras, that was found to protect cells from apoptosis 

through the activation of the protein kinase B/Akt via PI3K. LY294002, by inhibiting PI3-K activity, 

could block the signal transduction pathway, which in turn may inhibit Ras-mediated protection 

from apoptosis in different types of cancer cells.  

Further optimization for different types of PI3K inhibitors, using a structure-based design approach, 

led to the identification of NVP-BEZ235, a dual PI3K/mTOR kinase inhibitor. BEZ235 is a synthetic 

compound, with a small molecular mass, belonging to the class of imidazoquinolines that, at first, 

potently and reversibly inhibits PI3K catalytic activity by competing for its ATP-binding site. 
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Secondary, BEZ235 inhibits also mTOR catalytic activity. Indeed, a potential advantage of dual 

PI3K/mTOR inhibitors, compared with mTOR inhibitors, is the antagonism of rebound Akt 

activation often found following use of those latter drug. Treatment of U87MG glioma cells with 

BEZ235 resulted in a high growth arrest in the G1 phase with no apoptosis induction. Several 

studies [85-86] showed that BEZ235 was more efficient than LY294002 to block Akt activation 

likely reflecting, once more, the synergistic inhibitory effects on both PI3K and mTOR. For these 

reasons BEZ235 may represent a useful pharmacological tool for the treatment of advanced 

cancer, since it displays all the features required for clinical development and has entered phase I 

clinical trials in cancer patient.  

4.3 MEK pathway modulators: TRAMETINIB and PD98059 

The members of the mitogen-activated protein kinase (MAPK) family are important for the 

regulation of cell survival. Indeed, MAPK signaling has an important role in the mitogenic response 

and in the induction of apoptosis in response to stress [87]. A critical role in the regulation of HIF-

1α activity is played by the signaling pathway including the Ras/Raf/ERK1/2 cascade that is also 

involved in the up-regulation of VEGF expression. In addition, the activation of the Ras/Raf/ERK1/2 

pathway may also control tumour growth by regulating HIF-1α-mediated angiogenesis and glucose 

metabolism [88]. Using the highly selective MEK1/2 inhibitor PD98059, it can be studied how the 

inhibition of ERK1/2 signaling blocks growth factor-mediated induction of HIF-1α (for example IGF-

1 activity). In particular, PD98059 acts as a MEK1/2 inhibitor, by binding to the ERK-specific MAP 

kinase MEK, thus preventing phosphorylation of ERK1/2 (p44/p42 MAPK) by MEK1/2. It is 

important to know that PD98059 blocks HIF-1α activity in response to hypoxia by blocking IGF-1 

expression, although this drug does not affect directly the HIF-1α accumulation or its localization in 

the nucleus (also in response to DFX treatment or hypoxic stress) and stability in association with 

HIF-1β [89].In particular, ERK1 and ERK2, which are members of MAPK family, are thought to be 

involved in HIF-1α regulation because the activation of ERK1/2 has been shown to induce HIF-1α 

phosphorylation in vitro . So, this data indicates that kinases, in addition to MEK1/2, are required 

for HIF-1α activation in response hypoxia. In addition to PD98059, JTP-74057 (commercial name 

TRAMETINIB) and its dimethyl sulfoxide (DMSO)-solvate form, called GSK1120212, could be used 

as allosteric inhibitors of MEK1 and MEK2 activity that possess promising clinical activity in 

melanoma [90]. Indeed, trametinib inhibits activation of MEK by preferentially preventing 

phosphorylation in serine 217, resulting in a predominantly monophosphorylated protein at serine 

221. Although trametinib is not approved by FDA at this time, it showed much more potent 

antitumour activity than the second generation MEK inhibitors, such as PD098059 [91].  
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4.4 HIF-1α modulators: FM19G11 and DMOG 

FM19G11 is a potent inhibitor of HIF proteins. It was documented that this molecule represses the 

target genes of both HIF proteins, 1 and 2, in cancer cell lines of various tissues producing 

decrease in both transcripts and protein levels [92]. FM19G11 causes a reduction of overall 

histone acetylation with significant repression of p300, a histone acetyltransferase required as a 

co-factor for HIF-transcription activation, thus influencing transcriptional activity of HIF-1α. 

Particularly, FM16G11, by promoting pVHL leads to proteasomal degradation of HIF-1α, blocking 

in this way HIF-1α accumulation and its role in hypoxia pathway.  

On the contrary, Dimethyloxalylglycine (DMOG), is a cell-permeable inhibitor of both proline and 

asparaginyl hydroxylases, which can activate the HIF-1α dependent gene expression both in vitro  

and in vivo. PHD inhibitors, such as DMOG, have been shown to promote cell survival under 

hypoxia conditions or growth factor deprivation by elevating HIF-1α levels [93]. Small PHD 

inhibitors include compounds which are structurally analogs to the 2-oxoglutarate, a co-factor 

required for these enzymes to function. Indeed, under normoxic conditions HIF-1α is hydroxylated 

on pro-402 and pro-564 of the α subunit in the ODD-domain by PHD proteins. Proline 

hydroxylation leads to the HIF-1α recognition by the VHL tumour suppressor and subsequent 

ubiquitination and proteasomal degradation. 

4.5 Temozolomide 

Temozolomide (TMZ) was synthesized at Aston University in the early 1980s as one of a series of 

novel imidazotetrazinones. These agents were structurally unique because they contained three 

adjacent nitrogen atoms that conferred unique physicochemical properties and much greater 

antitumour activity than the previously synthesized bicyclic triazenes. The most potent antitumour 

compound of this class, mitozolomide, showed potent antitumour activity against a large panel of 

murine tumours. Mitozolomide is a prodrug that spontaneously decomposes to a highly reactive 

DNA-cross-linking metabolite without any need for metabolic activation. TMZ, a 3-methyl derivative 

of mitozolomide, is less toxic than mitozolomide and it exhibited comparable antitumour activity 

against various murine tumours. Indeed, interest in TMZ as an antitumour agent derives from its 

broad-spectrum of antitumour activity in murine tumour models including glioma, metastatic 

melanoma, and other difficult-to treat cancers due, among all, to its ability to cross the blood brain 

barrier, leading to a very important activity in CNS tumours. About its mechanism of action, the 

methylation of DNA seems to be the main mechanism responsible for the cytotoxicity of TMZ in 

malignant cells. The spontaneous conversion of TMZ to the reactive methylating agent MTIC is 

initiated by the effect of water at the highly electropositive C4 position of TMZ. This activity opens 

the ring, releases CO2, and generates MTIC that degrades to the methyldiazonium cation, which 
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transfers the methyl group to DNA and to the final degradation product, AIC, which is excreted via 

the kidneys. The methyldiazonium cation can also react with RNA and with soluble and cellular 

proteins. However, the methylation of RNA and the methylation or carbamoylation of proteins do 

not appear to have any known significant role in the antitumour activity of TMZ. Additional studies 

are required to clarify the role of these targets in the biochemical mechanism of action of TMZ [94].  

Among the lesions produced in DNA after treatment of cells with TMZ, the most common is 

methylation of guanine in the N7 position, followed by methylation of adenine in the O3 position 

and of guanine in the O6 position (although both the N7-methylguanine and O3-methyladenine 

adducts probably contribute to the antitumour activity of TMZ in some if not all sensitive cells, their 

role is controversial). The O6-MG adduct (which accounts for 5% of the total adducts formed by 

TMZ) probably plays a critical role in the antitumour activity of the agent. This is supported by the 

correlation between the sensitivity of tumour cell lines to TMZ and the activity of the DNA repair 

protein O-6-methylguanine-DNA methyltransferase (also known as MGMT), which specifically 

removes alkyl groups at the O6 position of guanine. The cytotoxic mechanism of TMZ appears to 

be related to the failure of the DNA mismatch repair (MMR) system to find a complementary base 

for methylated guanine. MGMT is capable of counteracting the cytotoxicity induced by O6-

alkylating agents. In fact, increased MGMT expression (also due to lack of methylation within his 

promoter region), is well correlated with in vitro  and in vivo glioma resistance to TMZ [95,96]. In 

this process, MGMT is rapidly degraded via the ubiquitin-proteasome pathway after receiving alkyl 

groups from DNA and his repletion depends on the resynthesis of the molecule. For these reasons 

MGMT seems to be a suitable target both for a priori assessment of tumour sensitivity to TMZ and 

for intervention to improve TMZ therapeutic efficacy. 



21 

 

5. IN VIVO IMAGING 

In vivo imaging is a rapidly emerging biomedical research discipline that extends observations in 

living subjects to a more meaningful dimension [97].  

In vivo imaging includes both molecular and cellular imaging. It can be defined as a non-invasive 

repetitive imaging in living organisms, that permits characterization and quantification of biological 

and cellular processes, at cellular and sub-cellular levels [98]. It is a novel multidisciplinary field, in 

which the images produced reflect cellular and molecular pathways and in vivo mechanisms of 

disease in the context of physiologically authentic environments.  

The term “molecular imaging” implies the convergence of multiple image-capture techniques, basic 

cell/molecular biology, chemistry, medicine, pharmacology, medical physics, biomathematics, and 

bioinformatics into a new imaging paradigm. Molecular imaging is becoming a well-established 

research field based on the use of non-invasive imaging techniques such as positron emission 

tomography (PET), single photon emission (SPECT), magnetic resonance imaging (MRI), 

computerized tomography (CT),and ultrasound (US) imaging, that are already used in human 

studies, and on the use of other procedures initially used for in vitro  assays, including nuclear 

magnetic resonance (NMR), bioluminescence (BL) and fluorescence (FL) methods (Fig.8)  [99]. 

Some of these clinical techniques have been re-scaled to be used in pre-clinical animal models, 

increasing their sensitivity and resolution to study smaller organisms (PET/SPET, MRI, CT, US), 

while other in vitro  approaches have been up-scaled to be used with small animals but have not 

the possibility to be used also in the clinics since some physic limitations (BL, FL). 

Each approach has its own advantages and disadvantages. MRI, CT, and ultrasonography 

produce anatomical images of body structures, whereas PET and SPECT can image physiological 

processes and thus produce functional images.  
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Fig. 8:  In vivo imaging techniques applied on preclinical studies with illustrative examples of the 

variety of images that can be obtained: (A) microPET, (B) microCT, (C) microSPECT, (D) 

fluorescence imaging, (E) microMRI, (F) bioluminescence imaging. 

 

All these technologies differ each other for various aspects: spatial and temporal resolution, energy 

and penetration depth of the radiation used for the production of the images, need/availability of 

contrast agents, threshold of detection. The technologies differ also for the type of information, 

anatomical or functional, that provide. So, each methodology should be used with different 

efficiency, in relation to the application. 

Molecular and cellular imaging progress entails the development of two areas: the one related to 

detection technologies and the other related to cell labelling strategies, contrast agents, tracers 

and reporter genes/probes [100]. 

Several molecular imaging approaches have been described but all can be reported to three 

categories [101]:  

 

• Direct imaging : the image is the result of molecular probe localization at the target, directly 

and in a single step. The extent of this localization (image intensity) relates directly to the 

interaction with the target, and each molecular probe is specific to one target.  

• Indirect imaging : is based on reporter gene expression imaging. The cells or animal are 

engineered to express a reporter gene coding for a reporter protein, whose expression is easily 
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detectable and quantifiable through imaging, immunohystochemistry and enzymatic assays. 

The expression of the reporter is induced following the occurrence of a specific molecular event 

in study. Once the reporter protein is expressed, a molecular probe (a substrate or a ligand) 

specific for this protein (an enzyme or receptor) is used to image it. Imaging reporter genes can 

code for both intracellular (i.e. Luciferase) and membrane associated (i.e. D2R, that is a 

dopamine receptor) proteins (enzymes, membrane receptors or membrane transporters). 

• Functional or tissue microenvironment imaging : is also called ‘physiological’, ‘metabolic’ or 

‘surrogate’ imaging. Functional imaging strategies reflect downstream effects of the expression 

of one or more endogenous genes and/or activation/inhibition of molecular pathways involved 

in the metabolism, in order to describe the physiologic or pathologic tissues conditions .  

 

Most of current molecular imaging applications, use the principle of ‘direct’ imaging, mainly 

because of the longstanding and well established practice of probe development and the extensive 

use in clinical nuclear medicine, however the development of new specific tracers for new 

important targets is a long and expensive process involving chemists, physics, biologists and 

physisicans. For these reasons the use of reporter systems have been proposed to make easier 

the use of these non-invasive techniques.  

New approaches have been proposed related to cell imaging in which specific cell populations are 

labelled and infused to study their distribution, localization, survival, proliferation and function in the 

organism. Cells can be labelled with two different procedures (Fig.9) . 

Direct labelling procedures comprise ex vivo cell labelling with a detectable probe able to bind cell 

membrane or enter the cell and target intracellular structures, before their reinfusion. In particular, 

the sample population has to be harvested (1), labeled ex vivo with a radiolabeled molecule, 

paramagnetic particles or fluorescent probe (2) and reinfused (3). After reinfusion of the labeled 

population their distribution and behavior in the recipient subject can be visualized by imaging 

strategies (4).  

Indirect imaging entails the genetic modification of the cell population to study, by insertion of 

reporter genes, whose expression is exploited to monitor genetically modified cells with a specific 

reporter probe. In this case cells are harvested (1) and transduced ex vivo (2) with an exogenous 

reporter gene encoding a reporter product. Only after reinfusion of the transduced population (3) 

and administration of the reporter probe (4), cell distribution and behaviour can be visualized in the 

recipient subject by imaging techniques (5). Transcription and translation of the reporter gene 

leads to the production of a reporter product, which can bind or trap a reporter probe within the cell. 

Direct and indirect labelling protocols have advantages and disadvantages and can be 

preferentially used for different cell types. The advantages of direct labeling is the easy labelling 
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protocols respect to the difficulty of cell engineering and the availability of several already clinically 

approved probes for cell labelling. The great disadvantage of direct imaging is that this approach 

does not enable long-term monitoring of cell proliferation in the body because the label is lost or 

diluted owing to apoptosis or mitosis, respectively. The indirect approach is fundamental for 

imaging of proliferating cells during their migration, activation and division: in fact the transduction 

of immune and/or stem cells with a reporter gene means that the entire cell progeny can trap the 

reporter probe, permitting their imaging without loss of signal along generations (Fig.10) . 

Furthermore direct labelling does not enable monitoring of cell viability since probe retention is not 

dependent from cell functional features and after cell death the probe can be transferred to 

different cell population such as macrophages, introducing imaging oversight. Indirect labeling 

procedures comprise stable genetic modification of the cells to monitor their fate and the fate of 

their progeny expressing the reporter gene inherited from the parental cell in vivo over time, 

following repeated in vivo probe administrations. In this case only living cells will express the 

reporter and will produce a specific signal after probe administration, no leakage to other cell 

population will be possible and it will be possible to study cell viability rate at each 

observation.However the use of viral vector, exogenous reporter gene and genetic engineering of 

cells is limiting this approach in the clinics. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9:  Schematic representation of the direct and indirect imaging strategies a) direct labelling b) 

indirect labelling. 
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Fig. 10:  Imaging of cell progeny over time 

 

Molecular imaging in living subjects offers distinct advantages when compared with conventional in 

vitro  and cell culture biological research techniques. Although in vitro  studies in basic biological 

research have been, and remain, a mainstay for defining biochemical and gene expression 

pathways, the in vitro  approach has been less successful in deciphering physiological whole-body 

contributions of proteins, in which redundancies and differences in regulation can alter the outcome 

from that initially in vitro  predicted [102,103]. Molecular imaging permits both the temporal and the 

spatial assessment of biological processes to be determined in a more meaningful manner 

throughout an intact living subject. Visualization of biological functions and molecular events in the 

entire living subject becomes easier and more realistic in respects to the dynamics of complex 

biological networks and of complete and holistic biological systems in vitro  analyses.  

These techniques, especially in oncological studies, allow non-invasive determination of tumour 

load over time in individual animals. Each animal will be followed up as an individual being, thereby 

turning the cluster of animal models into an experimental group that can be compared directly with 

the treatment groups generally enrolled in clinical trials. This approach permits to reduce the 

numbers of animals needed for each experiment (according to the 3R principle: Refine, Reduce, 

Replace) and provides information on the various stages of tumour development. Furthermore it 

allows to increase the statistical power of longitudinal studies, and decrease experimental costs.  

5.1 OPTICAL IMAGING 

Optical imaging techniques reveal photons at different wavelengths (in visible and infrared ranges), 

resulting from BL and FL events, by using highly sensitive (cooled) charge-coupled device (cCCD) 

cameras that are the critica components of the entire acquisition systems. Advancements in the 

development of these cameras have greatly increased their sensitivity, and this has expanded their 

utility in a number of applications. 



26 

 

CCD cameras operate by converting light photons, at wavelengths between 400 and 1000 nm, that 

strike a CCD pixel with an energy of just 2–3 eV into electrons. A CCD contains semiconductors 

connected so that the output of one serves as the input of the next. In this way, an electrical charge 

pattern, corresponding to the intensity of incoming photons, is read out by the CCD into an output 

register and eventually amplified at the edge of the CCD for digitization.  

The thermal energy in the CCD chip results in constant electrons release (termed “dark current”), 

determining formation of background noise. This is dramatically reduced by cooling CCD chip: dark 

current falls 10 fold every 20° C of temperature de crease (e.g. for BL imaging, CCD cameras are 

usually cooled). Indeed, cooling to absolute - 90oC will allow for maximal sensitivity by maximal 

suppression of dark current that is essential for sensitivity of detection of bioluminescent signals 

(Fig.11).  

In 2D acquisitions, the derived luminescent image is a color image superimposed on a gray-scale 

photographic image of the small animal obtained by using the image analysis software [104]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11:  Optical imaging in FLI and BLI analyses 
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The main advantages of optical imaging modalities, such as fluorescence and bioluminescence 

imaging, include that they are simpler, cheaper, more convenient, and more user friendly than 

other imaging modalities. Another advantage, especially for BLI, is its high sensitivity for detecting 

low levels of gene expression since no bioluminescent background can be found in usually 

acquired organisms (mice). Various optical reporter genes and constructs, which have been also 

used in vitro , are available for testing the same biologic hypotheses in living animal models.  

 

5.1.1 BIOLUMINESCENCE 

BLI is based on the use of reporter genes encoding enzymes able to produce photon emission in 

the presence of specific substrates and co-factors, in the wavelength range of 485-613 nm.  

The most used reporter enzymes are Luciferases. After injection of a substrate, in presence of 

specific cofactors (e.g. Mg2+, oxygen, ATP, etc.), the substrate is oxidized with production of 

photons. Many luciferases with matching substrates are available. The family of luciferase 

enzymes, present in certain bacteria, marine crustaceans, fish, and insects, consists of proteins 

that can generate visible light through the oxidation of an enzyme-specific substrate in the 

presence of oxygen and, usually, adenosine triphosphate (ATP) as a source of energy. During 

these reactions, part of the chemical energy is released as visible light. 

In particular, firefly luciferase bioluminescence is based on ATP-dependent conversion of luciferin 

by this enzyme into the product oxyluciferin producing the relative light emission (Fig.12). 

 

 

 

 

 

 

 

 

 

 

Fig. 12:  BLI imaging process 

 

The most useful luciferase for molecular imaging is firefly (Photinus pyralis) luciferase (and its 

substrate, D-luciferin). Firefly Luciferase catalyzes the transformation of its substrate D-luciferin 

into oxyluciferin in an oxygen and ATP-dependent process, leading to the emission of photons with 
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a peak wavelength at 560 nm, and a wide emission that extends beyond 600 nm, characterized by 

a sufficient penetrance across small animal tissues. Importantly, the non-immunogenic substrate 

luciferin, once injected either i.v. or i.p., diffuses within minutes throughout the entire animal body 

and is rapidly taken up by cells. 

However, also Renilla Luciferase, green or red click beetle (Pyrophorus plagiophthalamus) 

Luciferases, and Gaussia Luciferase have been used for in vivo imaging approaches. Both Renilla 

and Gaussia Luciferases emit blue light, which is highly attenuated in living tissue, and possess 

high bursting activity, therefore requiring care and precision in the readout timing. Moreover, their 

substrate, coelenterazine, has been shown to be transported by the multidrug resistance 

transporter Pgp as well as to interact efficiently with superoxide anion and peroxynitrate in light-

producing reactions, thereby complicating applications of Renilla and Gaussia Luciferases in vivo 

[105]. 

BLI imaging is widely used in molecular biology to investigate in vitro  molecular signaling 

pathways, protein-protein interaction an so on, but it can also be used for non-invasive and real-

time imaging in small animals. It has been shown that BLI can be used to track cells anywhere in 

the body following the intraperitoneal administration of a saturating dose of luciferin, including 

potential sanctuary sites like the brain. Moreover, non-invasive BLI is easy to perform and it can be 

far more sensitive than any of the other noninvasive techniques. Moreover, the formation of 

bioluminescence is ATP-dependent, and therefore only metabolically active cells contribute to 

bioluminescence production, and as such, the bioluminescence signal is only derived for example 

from living cancer cells and not from necrotic areas in tumours neighter it can be produced by 

apoptotic cells. BLI is also more sensitive than FLI because it does not require an external 

excitation light source and it does not induce autofluorescent signals. BLI is performed in absolute 

darkness, thus avoiding the interference with background light, to increase sensitivity and make the 

measurement of small lesions more reliable. Furthermore contrary to what happens in 

fluorescence, only the emitted light produced in BLI has to travel through quenching tissue layers. 

Quenching of the signal by tissue components does occur, but at an acceptable level.  

The major limitation to the use of bioluminescent reporters is that the low energy photons emitted 

are partially absorbed and scattered in the tissue volume encountered on their path from the 

emission site to the detector system. It has been calculated that about 90% of the BLI signal is 

attenuated per centimeter of tissue depth. So, the amount of photons detected may not be 

proportional to the reporter expression or may be insufficient to visualize the enzymatic activity 

present in the most inner organs of the most common laboratory animals, including mice [106]. 

However, firefly luciferase emission possesses a broad spectrum with a large component above 

600 nm where hemoglobin and melanin (primary light quenchers in tissues) absorb relatively little 

light and this is the reason for the wide use of this reporter for in vivo BLI protocols. 
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Another downside of BLI is the low spatial resolution and another problem is that cells need to be 

genetically modified in order to express the luciferase gene, which makes a direct translation of 

data from animal studies to the clinic impossible.  

As regards oncological studies, BLI sensitivity is dependent on various factors, such as luciferase 

expression levels in the cancer cells, the site of implantation of the tumours, oxygenation and 

viability of the tumours, and sensitivity and settings of the camera (especially the clustering of 

pixels, as this determines the signal-to-noise ratio). It has been shown that sensitivity depends 

from cell localization and density. When tumours are solid masses located close to the surface of 

the animal, sensitivity is highest. When cancer cells are diffusely present intraperitoneally, 

sensitivity decreases, whereas intravenous inoculation leads to the lowest sensitivity due to cell 

high distribution. When cells are inoculated orthotopically, intramuscularly, or intracranially to yield 

a local tumour mass, the sensitivity resembles that of solid masses as regards cell density by 

depends on the site of cell injection (mainly depth, vascularization, tissue density). Evidences in 

literature, comparing the sensitivity of BLI with FLI, showed how BLI was far more sensitive than 

FLI, due mainly to the much lower background signal. 

Despite the ease of use, the low costs and the short acquisition time, BLI depends on 

pharmacokinetic of the substrate biodistribution, does not provide fully quantitative data and in 

general offers mainly planar imaging datasets, therefore imposing some positional uncertainty of 

the attained signal although new instruments have been developed allowing the production of 3D 

images and a direct superimposition of luminescence map and CT anatomical images. 

In summary, BLI is a powerful non-invasive tool for longitudinal assessment of tumour load in small 

laboratory animals. BLI is easy to perform, yielding a very reasonable throughput and an excellent 

sensitivity compared with other non-invasive imaging modalities. Cancer cell load can be 

determined from the moment that cancer cells are inoculated into the animals until their sacrifice. 

These longitudinal data, provide information about the course of tumour development in 

asymptomatic animals and can lead to significant differences between experimental groups even 

using relatively small treatment populations. Although BLI does not provide information on 

morphology and/or growth patterns of individual tumours or interactions between cancer cells and 

host tissue, a combined approach of BLI and FLI, CT, ultrasound, or MRI may overcomes this 

limitation. 

 

5.1.2 FLUORESCENCE 

Fluorescent imaging is based on the detection of photons (wavelength range: 442-800 nm) 

produced by the return to the ground state of electrons excited by laser photostimulation. These 

photons can be revealed by CCD-cameras by using specific filters to select excitation and 
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emission band and to reduce background noise. In this technique the influence of tissue scattering 

and absorption is doubled with respect to bioluminescent probes, because light must cover two-

folds the signal-detector distance (excitation and emission pathways). 

Examples of fluorescent molecules are green fluorescent protein, red fluorescent protein, 

rhodamine, indiocyanine, etc. Despite largely used for in vitro  study, not all these molecules are 

useful for in vivo studies, because of their photon excitation ad emission wavelengths, often under 

600 nm. With the introduction of redshifted fluorescent proteins and injectable near-infrared 

fluorescent probes, the development of highly sensitive photon detection devices and in vivo 

microscopy (confocal and multiphoton), and with the advances in mathematical modeling of photon 

propagation in tissues, it has been possible to develop innovative macro- and microscopic FLI 

modalities such as FLI tomography, spectrally resolved whole body FLI imaging, and intravital 

multiphoton imaging. 

There are several strategies to label a protein with a fluorescent tag. In the first, the gene of 

interest can be fused to or replaced by a reporter gene coding for an intrinsically fluorescent 

protein, for example a member of the red fluorescent protein family (DsRED). The second one, is 

performed through the use of reporter genes coding for proteins, such as beta-lactamase or beta-

galactosidase, able to activate  a specific probe to a differently fluorescent molecule (convert an 

exogenously added non-fluorescent substrate into a fluorescent derivative, or shift the wavelength 

of a fluorescent substrate). 

Most of fluorescent proteins requires excitation in the blue and green regions of the visible 

spectrum where tissue absorption of light is particularly high and where autofluorescence from 

endogenous molecules causes significant background signals. 

In 2004 a report appeared describing new fluorescent reporters developed by mutagenesis from 

already existing ones. These new genes were able to emit photons of several wavelength but with 

a more consistent set into the red spectrum. These proteins have emission maxima as long as 649 

nm, but suffer from low quantum yields and then low brightness that limits their application in vivo 

[107]. 

In 2007 a brighter red-shifted fluorescent protein was described by Shcherbo et al [108]. This 

protein, named Katushka, is originated from the sea anemone Entacmaea quadricolor. Its 

excitation peak is at 588 mm and the emission peak is at 635 nm, both of which are relatively non-

absorbed by tissues and hemoglobin. Katushka has many favorable properties in addition to its 

absorption and emission peaks, including a rapid maturation time of 20 min, an extinction 

coefficient of 65 000 M-1cm-1 and its quantum yield of 0.34 making Katushka the brightest 

fluorescent protein with a maximum emission beyond 620 nm. In cells, Katushka forms no visible 

aggregates or has no other toxic effects.  
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For what concerns cell labeling for FLI applications, there are commercially available dyes that are 

trapped by cell membrane, such as PKH26®, VivoTag®, Alexafluor® [109], or fluorescent 

nanoparticles, such as Quantum Dots  [110,111] that can be internalized by cells through 

phagocytosis or endocytosis in the resence of specific carriers. These molecules offer certain 

advantages: faster labelling procedures, lower costs no cell genetic perturbation even if 

disadvantages of these strategies have already been described previously.  

Although exciting advances are emerging, FLI imaging still suffers from pitfalls such as, high 

autofluorescence in the blue-green window resulting in low signal-to-noise ratios, fluorophore 

photo-bleaching, and high levels of photon attenuation and scattering in living tissues as well as 

toxicity due to the use of fluorescent dyes. However, imaging of fluorescent proteins (preferably 

monomeric red-shifted reporters) has an important advantage over other imaging modalities with 

genetically encoded reporters, i.e., no substrate is required, uncoupling the read-out from substrate 

pharmacokinetic and thereby enabling true real-time imaging. In addition, the use of florescent 

reporters allows sub-cellular target localization by correlative microscopic analysis.  

5.2 NUCLEAR IMAGING 

Nuclear-based imaging is centred on the use of selected radiopharmaceuticals and dedicated 

scanners. It has allowed the in vivo study of different biological pathways in living animals and thus 

the evaluation of several models of disease, such as cancer. It is an analytical technique used to 

obtain quantitative physiological information about the functionality of a specific organ. Depending 

on the type of labelled molecule, different information can be obtained. PET and SPECT are both 

radionuclide-based imaging techniques, yet they differ substantially in the type of radionuclide 

employed to label the tracer and in the method of data acquisition [112,113]. Both the techniques 

record high-energy γ-rays emitted from the subject during a physical decay event occurring in 

instable nuclides (Fig.13).  

For what concerns PET imaging, natural biological molecules can be labeled with a positron-

emitting isotope. The most used isotopes are 15O, 13N, 11C, and 18F; other less commonly used 

positron emitters include 14O, 64Cu, 62Cu, 124I, 76Br, 82Rb, and 68Ga. Natural decay of these 

radioisotopes produces emission of a positron from its nucleus, that annihilates with a nearby 

electron: this interaction is able to produce two 511 keV γ-rays that are emitted simultaneously 

about 180° apart. 

For SPECT, single photon emitting isotopes (e.g., 99mTc, 111In, 123I, 131I) can be used for imaging in 

living subjects. These radioisotopes are characterized by emitting photons of different energy (e.g. 
111In decay with emission of two photons of 171 e 245 keV, 99mTc with one photon of 140keV) [114]  

. 
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Both PET and SPECT imaging are highly dynamic methods permitting the study of biodistribution, 

localization and elimination of the tracer during time in the whole organism. 

Detection of γ-rays is achieved through an array of scintillation crystals able to convert γ-ray 

energy into visible light, suitable light sensors that convert light into electrons, read-out electronics, 

and image processing units.  

The coincidence detection of both γ-rays in PET within nanoseconds defines the line of response 

in space and thus the direction of flight helping in the identification of the photons source 

(electronic collimation) without the need of a physical collimator (used in SPECT) that contribute to 

decrease sensitivity.  

The reconstruction software measures the coincidence events at all angular and linear positions to 

reconstruct an image that depicts the localization and concentration of the positron-emitting 

radioisotope within a plane of the scanned organ. 

In the SPECT acquisitions, otherwise, to locate the source of an admitted photon, its direction of 

incidence into the detection system needs to be accurately fixed and its interaction location 

determined in the position sensitive detector. Lead or tungsten collimators are perforated plates 

that define the angle of photon incidence and are, therefore, positioned in front of the detector 

during SPECT acquisition (geometric collimation). Collimator design is a compromise between 

spatial resolution and sensitivity. In contrast to SPECT, attenuation (quantifiable reduction in 

events present at the face of the detector due to absorption or scatter through tissues) of the 

emitted radiation in PET can be corrected precisely because the total length through the body 

determines the attenuation factor along a coincidence line. By doing so, quantitative information 

about the tracer distribution can be obtained.  

An important principle to note in PET imaging is that because all isotopes used result in two γ-rays 

of the same energy, if two radiolabelled probes, each with a separate isotope, are injected 

simultaneously, it would not be possible for the PET detectors to distinguish them. Therefore, to 

investigate multiple molecular events in PET, radiolabelled probes are usually injected separately, 

allowing for the decay of one isotope prior to administration of the other. SPECT, on the other 

hand, does allow simultaneous detection of multiple events owing to the use of multiple isotopes, 

each with different-energy γ-rays and the identification of energy windows for signal detection. 
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Fig. 13:  Physics of SPECT and PET imaging 

 

Several reporter gene/reporter probe systems have been developed for nuclear imaging studies. A 

well-studied strategy is the reporter gene hsv1-tk whose proteic product (herpes simplex virus type 

1 thymidine kinase [HSV1-TK], an enzyme) can be imaged with the specific radiolabelled substrate 

(18F-fluoropenciclovir, 18F-FPCV or others) and imaged by PET imaging [115]. However also 

Iodinated substrates have been developed for the use of this reporter system in SPECT imaging 

(FIAU, uracil nucleoside derivatives labeled with radioactive iodine) [116]. 

These radiolabelled reporter probes are transported into cells, and are trapped as a result of 

phosphorylation by HSV1-TK. When used in non-pharmacological tracer doses, these substrates 

can serve only for imaging without the well-known toxic suicide effects. More recently, a mutant 

version of this gene, HSV1-sr39tk, was derived using site-directed mutagenesis to obtain an 

enzyme more effective in phosphorylating ganciclovir (and also less efficient at phosphorylating 

thymidine) with consequent gain in imaging signal [117]. 

The Dopaminergic type 2 receptor (D2R) gene has also been validated for nuclear-based imaging 

as reporter gene. More recently, a mutant form of D2R that uncouples the receptor from the signal 

transduction pathway while maintaining affinity for the ligands has also been reported [118]. 
18F-fluoroethylspiperone (FESP), a radiolabeled receptor ligand that is an inhibitor of such receptor 

characterized by high affinity, can be used as reporter probe for PET [119], however also specific 

SPET tracers have been reported (IBZM) even if characterized by lower sensitivity (and lower 

receptor affinity). As regards SPECT imaging, Na+/I- symporter has been largely used as reporter 

gene. In this case Iodide (123I-) is specifically transported into cells by the ATP-dependent 

symporter, and accumulated proportionally to the reporter expression level. Once transported into 

cells, 123I- is not modified and then is free to exit again from the cell. This is a drawback of the use 
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of this reporter. It has been estimated that 80% of the 123I- transported by the NIS goes out of the 

cell during the first hour from the tracer administration [120-121]. 

In the field of cellular imaging, it is possible to label cells for nuclear imaging with indirect protocol 

using these reporters or using direct labelling strategies by labelling cells with radiolabelled tracers 

such as 18F-2-fluoro-2-deoxyglucose ([18F]-FDG) [122]. 

Labelled molecular probes or tracers can be also directly injected into the subject, and then PET or 

SPET imaging can be used to follow the distribution and concentration of the injected molecules on 

the base of the specific mechanism of localization (cell methabolism, expression of specific 

reporter, perfusion, hypoxia and so on). 

One of the advantages of PET is that drugs or existing molecules known to interact with a specific 

target can be modified with a radioisotope while minimally perturbing the parent molecule. These 

probes serve quite a useful role in monitoring “downstream” changes in pathology, but do not 

generally serve to characterize early changes in a disease process. Currently, molecular imaging 

probes with greater specificity and targeting potential can be made by using antibodies, ligands, or 

substrates that can specifically interact with specific targets such as cells or sub-cellular 

components.  

To study metabolic features, the most used molecule is [18F-FDG] [122]. In the cells, this 

radioligand is phosphorylayed by hexokinase, providing information about cell metabolism (Fig.14) .  

 

 

 

 

 

 

 

 

 

 

Fig. 14:  [18F]FDG uptake in brain tissue. 

 

PET with [18F]FDG directly reflects the glucose metabolic activity of tumour cells and is predictive 

of patient outcome in cancer. However, this radiotracers could be considered not useful for the 

study of some kind of cancer such as prostatic carcinoma, clear cell renal carcinoma and glioma 

[123].  
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Indeed, for example the variability of glucose uptake in recurrent high-grade gliomas and low 

tumour-to-background ratios due to the high metabolic activity of healthy brain tissue limit the 

usefulness of 18F-FDG PET. 

However, in these cases, a metabolic radiotracer can be changed with a tracer able to report on 

cell proliferation such as 3′-deoxy-3′-18F-fluorothymidine (18F-FLT), a thymidine analog that has 

been developed to image tumour cell proliferation. 18F-FLT is a thymidine analog that is 

transported into tumour cells via nucleoside transporters and is subsequently phosphorylated by 

thymidine kinase 1 to 18F-FLT 5-phosphate. Though 18F-FLT is not incorporated into DNA, its 

uptake correlates with tumour tissue proliferation as determined by Ki-67 correlation with antibody 

staining. 18F-FLT PET has been already used to monitor disease status and to direct treatment in a 

patient with glioblastoma [124,125]. 

Another field in which PET study could be applied, is hypoxia in vivo study. Indeed, several 

radiopharmaceuticals designed to target hypoxia have been developed, including the 

nitroimidazoles 18F-fluoromisonidazole (18F-FMISO) and 18F-fluoroazomycin arabinoside (18F-

FAZA) and the copper complexes 60/62/64Cuethylthiosemicarbazone(Cu-ATSM), and have been 

evaluated clinically for tumour hypoxia imaging. 

5.3 MAGNETIC RESONANCE IMAGING 

MRI is widely used for imaging of soft tissues. Nuclei (the most used is 1H due to the water’s 

abundance in the body) placed in a strong magnetic field align their spin to the magnetic field. 

Radiofrequency (RF) pulses induce some of the magnetically aligned nuclei to alter the alignment 

of their spins. When the RF pulse is turned off, the nuclei realign with the magnetic field, 

generating an electromagnetic flux that provides information about the environment of the 

resonating nuclei  

In animal models, the expression of different reporter genes has been studied by MRI. Principal 

feature of this type of labeling approach is the ability of the reporter to modify the relaxing process 

of expressing cells. The most used reporter genes are based on enzyme-based strategies [126]: 

1) enzyme-based cleavage of functional groups that block water (proton) exchange or protein 

binding of MR contrast agents, i.e. β-galactosidase. This enzyme is able to cleave off galactose to 

a gadolinium based substrate (EgadMe) and this results in inner sphere relaxation enhancement 

and increased contrast. A convenience of using β-galactosidase reporter system is the low 

background contrast, as there is no natural endogenous expression of the enzyme;  

2) expression of surface receptors that enable binding of specific MR contrast agents, i.e. 

transferrin receptor. After systemic injection of monocrystalline iron oxide nanoparticles, this agent 

is retained by the expressed receptor, generating a major contrast; 
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3) expression of para- and anti-ferromagnetic (metallo)proteins involved with iron metabolism, such 

as transferrin receptor, ferritin and tyrosinase. For example, the last enzyme is part of the melanin 

synthesis pathway: it catalyzes the oxidation of tyrosine-yielding dioxyphenylalanine that is 

converted to melanin at the end of the whole process. It is characterized by a high affinity for iron, 

allowing its accumulation and generation of a resonance signal [46,127]. 

To generate contrast in MRI, several contrast agents have been developed, also approved for 

clinical use. Among these agents T2-weighted iron oxide nanoparticles represent the most 

sensitive agent used in both animal and human applications. In general, any particle larger than 50 

nm is termed superparamagnetic iron oxide nanoparticles (SPIO, as Endorem®), while particles 

smaller than 50 nm are called ultra small superparamagnetic iron oxide (USPIO). Currently, SPIO 

is the only t2 contrast agent that have been used in the clinics for MRI, and there are several 

reasons for its popularity. First, the particles are usually non-toxic for labelled cells, and the 

particles are biodegradable in vivo. Second, it is a negative contrast probe, so it provides clear 

contrast to the background of the soft tissue, that generally are bright. Third, the particles can 

remain inside terminally differentiated cells throughout their lifetime, thus allowing long-term 

studies. Fourth, due to its sensitive signal, SPIO-based imaging requires a much smaller 

concentration than gadolinium, which makes SPIO more suitable for labeling human cells than 

other contrast agents. 

 

6. HYPOXIA AND HIF-1α ACTIVITY IMAGING  

Small animal molecular imaging is allowing us to increase our knowledge on critical biologic 

pathways involved in disease progression by non-invasively characterizing biologic processes or 

tumour properties, analysing their changes after treatments in relation to tumour response and 

evaluating their modulation following new treatment, helping in identifying new important targets. 

The use of non-invasive strategies could help also in providing  bridges to clinical application, as 

regards tumour diagnosis, staging, determination of therapeutic targets, monitoring therapy, and in 

the evaluation of prognosis. 

Linking molecular imaging to genetic engineering it could allow real-time assessments of molecular 

events related to therapeutic efficacy [99,101]. Reporter gene expression imaging of constitutively 

expressed proteins has first emerged as a useful means for monitoring tumour growth and 

regression in preclinical models at subcutaneous, orthotopic, or intraperitoneal sites. On the other 

hand, inducible promoted have been used to monitor their activation by assessing the expression 

of the reporter gene placed under their control. Several molecular pathways have been studied 

such as nuclear receptor activation, p53 activation, hypoxia induction and so on with different 

purposes. Indeed, small animal gene expression imaging techniques can provide a new means for 
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identifying the expression of drug targets and treatment response biomarkers by accurately 

selecting the optimal probe or promoter driving reporter gene expression.  

In this scenario,  since hypoxia is considered a promising target for the treatment of many different 

human cancers, and its in vivo study could help to predict patient outcome and to estimate 

prognosis, several procedures have been described to in vivo assess hypoxia extent and activation 

of molecular pathways involved in hypoxia establishment. Indeed, the ability to survive under 

hypoxic conditions is one of the fundamental physiological differences between tumour and normal 

cells. 

The noninvasive imaging of hypoxia is of significant importance, given that the onset of hypoxia in 

malignant 

tissues is associated with and influenced by a myriad of complicated physiological processes. 

Moreover hypoxia has been used as biomarker for the evaluation of tumour progression or 

estimate tumour response to treatment as well as for the radiotherapy planning in Intesity-

modulated radio-therapy protocols. This condition can be also used to stratify patient in order to 

increase treatment efficacy.  

Several protocols have been developed to in vivo assess hypoxia condition and related activation 

of molecular pathways both in the clinics and in small animal models.  

Imaging modalities such MRI, PET and optical imaging have been intensively applied to investigate 

hypoxia in tumours. Improving molecular imaging in this aspect, could be extremely powerful for 

clinical treatment evaluation and improvement, for the stratification of patients and for a more 

accurate follow-up assessment.  

For what concerns, MRI, this tecqnique permits to perform non-invasive assessment of tumour 

microenvironment using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). 

This procedure can be used to measure tumour perfusion and indirectly estimate hypoxia and 

vascularization. DCE- MRI uses kinetic modeling of tumour contrast uptake and wash-out over 

time to measure tumour perfusion and vascularity. DCE MRI can be used to determine 

intratumoural blood flow preoperatively or to predict vascular permeability [128-129]. MRI methods 

are attractive for the assessment of tumour oxygenation since they avoid the complication of short-

lived radioactivity and MRI equipment is widely available. 

At the same time, also hypoxia PET imaging with [18F]FMISO, [18F]FAZA and [64Cu]ATMS can 

be performed [130,131]. Nitroimidazole-based tracers, which are retained in hypoxic cells, allow 

PET-based assessment of tumour hypoxia, even if current tracers are characterized by slow tracer 

retention and clearance, resulting in low inter-tissue contrast. Pimonidazole is an immune 

detectable hypoxia marker widely used for detection of hypoxia in tumour samples. Pimonidazole 

has excellent chemical properties for hypoxia imaging, but labelling for non-invasive assay has not 

been attempted [132]. 
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PET imaging of 2-nitroimidazole compounds, such as [18F]FMISO, has been used to identify 

hypoxic tumours (including gliomas) in human patients [133]. The volume and intensity of hypoxia, 

measured by [18F]-FMISO PET, in GBM before radiotherapy are strongly associated with poorer 

time to tumour progression and overall survival. This type of imaging could be integrated into new 

treatment planning strategies to target hypoxia more aggressively in GBM and could be applied to 

assess treatment outcome. Limitations of [18F]FMISO PET include a relatively low ratio of hypoxic 

to normal tissue due to slow blood clearance. [18F]FAZA is a 2-nitroimidazole hypoxia imaging 

agent with the alkyl side chain in [18F]misonidazole replaced by a polar arabinose sugar in an 

attempt to increase the overall hydrophilicity of the compound. This tracer displayed a hypoxia-

specific uptake mechanism and provided tumour-to-background ratios (T/B ratios) superior to that 

of the standard hypoxia tracer [18F]FMISO. The predictive value of [18F]FAZA use for hypoxia-

directed treatment regimens has been assessed using small animal PET. In these studies 

[18F]FAZA was cleared more quickly from blood and normal tissues and provided higher tumour-to-

muscle ratios in comparison with [18F]FMISO. Similar to [18F]FMISO, [18F]FAZA was found to be 

useful for imaging hypoxia in various tumours. In patients with GBM, [18F]FAZA yielded remarkably 

high tumour-to-background ratios due to its selective and presumably hypoxia-specific uptake in 

tumour reflecting blood–brain barrier disruption. In fact [18F]FAZA does not cross the intact blood–

brain barrier because of its hydrophilic nature, producing also a minimal background uptake in 

normal brain. 

An alternative PET agent for hypoxia imaging is based on a metal complex of radioactive copper 

with ATSM [134]. The ability of the copper thiosemicarbazones to be retained within tumour is 

largely attributable to the low oxygen tension and subsequent altered redox environment of such 

tissues, characterized by the presence of increased levels of reduced nicotinamide adenine 

dinucleotide. Washout of these agents from normoxic tissues is rapid, resulting in high-contrast 

images. [Cu]ATSM is a non-nitroimidazole compound that is most commonly labeled with [60Cu] 

(half-life, 24.5 min) or [64Cu](half-life, 12.7 h) for PET imaging of tumour hypoxia. In the presence of 

hypoxia, Cu-ATSM is trapped intracellularly in the reduced form. It provides high tumour-to-

background ratios (≤10.4) in less than 1 h after injection. Clinical studies have shown that Cu-

ATSM can predict tumour response to therapy in cervical cancer, non–small cell lung cancer, and, 

to a lesser extent, rectal cancer. [64Cu]ATSM yielded better-quality images with slightly higher 

tumour-to-background ratios than did [60Cu]ATSM. Evidences from experimental studies suggest 

that the hypoxia selectivity of [Cu]ATSM varies among different tumour types and that its uptake in 

some tumour types at 1–2 h after administration may not truly reflect hypoxia.  Indeed preclinical 

studies with [Cu]ATSM have shown that it is reduced and retained in hypoxic tissues, whereas it is 

rapidly washed out of normoxic tissues [135,136]. [Cu]ATSM uptake is more rapid than [18F]FMISO 

uptake, and the reported hypoxic-to-normoxic ratio is greater. This imaging agent shows rapid 
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delineation of tumour hypoxia (1h) in high tumour-to-background tissue ratios (tumour-to-blood 

ratios≫2.0). It is apparent that [Cu]ATSM is a clinically relevant PET agent that has enormous 

value in the imaging of oncological hypoxia. Despite the specificity of the molecular probes 

exemplified above, background noise can be substantial with this approach. This is because the 

scanner cannot distinguish the parent tracer from the bound or metabolized tracer, and time is 

required to allow the parent tracer to be cleared. To circumvent this relative drawback, another 

category of specific imaging probes consisting in activatable or “smart” probes (also referred to as 

sensors or beacons) have been proposed. These can only be detected once they have interacted 

with their target, but have been developed mainly for optical and magnetic resonance imaging 

applications. 

Finally, although in vivo optical imaging methods do not yet have a role in human studies of 

hypoxia, they have played an important role in hypoxia estimation for treatment efficacy in small 

animal tumour models. Regards to BLI, an genetic engineering approach, several model 

expressing a reporter gene (Luciferase) under the control of a hypoxia responsive element–

luciferase (HRE-Luc) have been used to assess O2 availability in tumours. In fact, the HRE 

promoter construct allows Luciferase expression in response to HIF1α transcriptional activity. Even 

if HIF-1α transcriptional activity is regulated by different molecular pathways, it can be assumed 

that it is able to report also on Hypoxia extent in the tissue. In this context, tumour cell lines can be  

transfected to express luciferase reporter gene under the control of HRE promoter, to directly 

monitor HIF1α activity in different conditions. For example, in our study, the human glioma U251 

cell line was engineered to express luciferase reporter gene under control of three copies of the 

HRE sequences in the U251-HRE cell lines. In this case, U251-HRE cells express luciferase under 

control of HIF-1α transcription activity, and noninvasive detection of reporter gene expression is an 

indirect measure of this transcription factor activation due to also intracellular hypoxia. This model 

expresses low but detectable levels of luciferase in normoxic conditions and this value is 

significantly increased in hypoxic conditions. The same U251 cell line engineered with a 

constitutively expressing cassette (U251-pGL3 line) containing the same reporter under the control 

of a constitutive promoter (Sv40) can be used as control. Indeed, U251-pGL3 cells expresses high 

luciferase level in normoxic condition, although this level is slightly lowered during hypoxia 

[28,137]. 

Moreover, a new promising fluorescent probe has been described to study in a simple and easy 

way hypoxia in solid tumours by FLI. The HypoxiSense probe, a Carbonic Anhydrase IX (CAIX) 

specific ligand commercialized by PerkinElmer, is an imaging agent that can be used to image 

CAIX overexpression in tumours in response to regional tumour hypoxia allowing to non-invasively 

image and quantitate tumour sub-regions undergoing hypoxia-related changes by assessing its 

accumulation in tissues. HypoxiSense clears from the bloodstream quickly, with a half-life of 
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approximately 4 minutes, yet it accumulates within hypoxic regions in tumour tissues with a half-life 

of 6h. Tumour hypoxia can be detected as early as 3h post-HypoxiSense injection, with optimal 

signal to noise measured at 12-24h once circulating agent has completely cleared. Binding 

selectively CAIX, HypoxiSense provides complementary information respect to BLI analyses of 

HIF-1α mediated luciferase activity showing respectively a late and an early hypoxia biomarker. 

So, FLI and BLI analyses give different information about the same intratumoural process (cell 

membrane CAIX expression for FLI and HIF-1α nuclear accumulation and transcriptional activity 

for BLI) making a complete overview of the hypoxia establishment. Moreover, the cross-validation 

of BLI and FLI results, permits to overcome limitations of each imaging modality, in term of spatial 

resolution and sensitivity. Moreover the correlation of BLI and FLI results will allow to have an 

internal control of hypoxia presence (CAIX) while allowing the study of HIF-1α activity modulation 

due to different pathways. 

In a wider context, involving both optical, nuclear and magnetic imaging, by integrating obtained 

results from different imaging techniques it could be possible to exploit the advantages of each 

technology, making negligible the relative disadvantages [106] (Fig.15) .  
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Fig. 15:  Multimodal molecular imaging approaches 
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AIM OF THE STUDY 

The aim of the present project is the study of a preclinical glioma model by using different 

molecular imaging techniques, focusing the attention on the intratumoral hypoxia establishment. 

Brain tumours, especially the highly aggressive glioblastoma (GBM), are characterized by wide 

necrotic/hypoxic areas within the tumor mass, which correlates with enhanced resistance to 

therapy, increased invasiveness and a poor prognosis for the patient. In this context, hypoxia is 

considered a major driving force for GBM development and progression since the metabolic 

restrictions of hypoxia may allow the progression of lower-grade tumors to GBM. For these 

reasons, hypoxia is considered a promising target for the treatment of different human cancers, 

and an important biomarker to predict the treatment outcome and estimate patient prognosis. 

Hypoxia onset in malignant tissues is associated with and influenced by a myriad of complicated 

physiological processes finally involving HIF-1α. Several procedures have been described to non-

invasively assess intratumoral hypoxia based on the assessment of pO2, of the overexpression of 

specific proteins such as CAIX or the assessment of HIF-1α activity. This transcriptional factor, in 

fact, directly activates the expression of a number of pro-angiogenic factors that, by promoting neo-

angiogenesis and vasculature reorganization, tumor invasiveness, loss of apoptotic potential, 

genomic instability, chemotherapy and radiation resistance, concur to tumor progression. 

In this view, due to the main role of HIF-1α transcriptional activity in hypoxia establishment and 

progression, the first aim of this project was to monitor its activity in vitro and in vivo at steady state 

and in presence of different drugs by using an engineered cell model expressing the luciferase 

reporter gene under control of HRE (Hypoxia Responsive Elements) sequences. 

The main purpose was the in vitro validation of this cellular model (U251-HRE), by studying the 

modulation of HIF-1α induced by different molecular pathways and in relation to cytotoxic 

treatments.  

The second aim of this project, was represented by the in vivo validation of in vitro data, applying 

molecular imaging techniques. Indeed, molecular imaging allows the early detection of tumors 

features and the non-invasive quantification of biological processes in the animal model. In this 

view, improving molecular imaging and understanding the meaning of tumour feature modulation, it 

could be extremely powerful for clinical evaluation of tumour response to treatment and for the 

follow-up.  

To this aim, orthotopic models were generated to firstly validate in vitro results, by using optical 

imaging modality (BLI and FLI) as preliminary approach. Subsequently, since the impossibility to 

directly translate optical imaging results into clinical setting, a cross-validation with PET ([18F]FLT 

and [18F]FAZA) and MRI was performed. Then, molecular imaging modalities were applied in the 

same models after a cytotoxic treatment (TMZ), with the aim to assess HIF-1α value in estimating 
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tumour response to treatment. Future studies will be necessary to understand the actual 

perspectives of the obtained results and to clarify the connections between HIF-1α, TMZ and 

tumour response also in view of a potential clinical translation of the results for the planning of 

personalized treatments. 
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MATERIALS AND METHODS 
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1. IN VITRO  EXPERIMENTS 

1.1 Cells lines and reagents 

Engineered U251-pGL3 and U251-HRE human glioma cells were kindly provided by Dr Giovanni 

Melillo, National Cancer Institute, Frederick (MD). U251-pGL3 cells express the luciferase reporter 

gene under the control of SV40 constitutive promoter and enhancer sequences, (pGL3-control), 

whereas U251-HRE cells express the luciferase reporter gene under the control of three copies of 

an HRE sequence, (pGL2-Tk-HRE). We routinely maintained both cell lines in RPMI supplemented 

with 10% heat-inactivated fetal bovine serum, penicillin and streptomycin (50IU/ml), 2mM 

glutamine (all Euroclone) and 2 µl/ml G418 (Sigma Aldrich) in a humidified atmosphere of 5% of 

CO2 at 37°C. 

1.2 U251-HRE infection 

To obtain the U251-HRE-mCherry ceullar model, U251-HRE cells were transfected with a lentiviral 

infection with 5 MOI of PLW lentiviral vector mediated by polybrene (8µg/ml). The 

pCLL.PGK.Luc.WPRE (PLW) plasmid, containing the Luciferase gene under control of the 

constitutive promoter PGK, was cloned in our laboratory. The lentiviral vector was produced and 

the vector copy number (VCN) viral titer (1,72x10^6 TU/ml) was calculated on Hela cell lines 

through the amplification of the lentiviral specific WPRE region from genomic DNA of Hela infected 

cells by the use of the Real-Time PCR technique and its comparison to a curve of DNA standards 

with known VCN. 

After infection, the luciferase expression was evaluated after cell lysis, by luminometer through a 

luciferase biochemical assay. 

1.3 Drug preparation for in vitro studies 

The hypoxia mimetic agents DFX (Sigma Aldrich) was re-suspended in distilled sterile water and 

used at a concentration of 100 µM and 1mM, respectively. Cells were incubated with DFX for 30 

minutes (min), 1 hour (h), 3h and 6h.  

Treatments with LY294002 50mM and FM19G11 1µM (Sigma Aldrich) were carried out to inhibit 

PI3K and to increase pVHL effects. Both drugs were re-suspended in dimethyl sulfoxide (DMSO) 

as per data sheet instructions and used with the same scheduling described previously. 

Treatments with BEZ235 1µM (NVP-BEZ235) and Trametinib 10µM (GSK1120212 or TRAM, both 

Aurogene) were performed to evaluate the influence of PI3K/Akt and MAPK pathway on HIF-1α 

activity. Both drugs were re-suspended in DMSO as per data sheet instructions. Then, BEZ235 

was incubated for 48 hours, whereas Trametinib for 72 hours. Finally, treatment with PD98059 
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10µM (Sigma Aldrich) was also carried out to compare its inhibitory effect on MEK activity respect 

to those of Trametinib. The drug is re-suspended in DMSO and used for 16h For each set of 

experiments the control group is represented by untreated cells.  

1.4 DFX modulation of luciferase activity  

5x10^4 U251-pGL3 or U251-HRE cells/well in 500 µl of complete medium were seeded in 24-wells 

plates. To induce hypoxia, the day after, the cells were treated with 100µM of DFX at different time 

points (30min, 1h, 3h, 6h). At the end of the treatment, the medium was removed and a wash with 

PBS was performed. Cells were then lysated using a 1x lysis buffer (Promega) and after lysing, 

cells were analyzed on a luminometer (Glomax Multi detection system, Promega). Data were 

normalized to the amount of proteins through Bradford assay, and expressed as relative 

luminescence units (RLU = luciferase counts /mg proteins).  

1.5 Nuclear HIF-1 α detection by immunocytochemistry assay (ICC) 

3x10^5 U251-HRE cells were seeded in a chamber slide (Lab tek chamber; VWR International 

PBI) and treated with DFX 100µM for 30min, 1h,3h and 6 h. At the end of the pharmacological 

treatment, cells were washed and fixed with cytofix (J.T. Baker).  

After a post-fixation in ethanol for 5 minutes at 95°C, the cells were washed in distilled water and 

then in PBS. Heat-induced antigen retrieval was obtained using a 0,05 M EDTA solution at pH 8.0 

in thermostatic bath for 35 minutes at 97.5°C. 

The cells were treated according to the manufacturer's recommended protocol with the primary 

monoclonal anti-HIF-1α antibody (54, BD Transduction Laboratories). Reactions were revealed by 

a Novolink Max polymer detection system (Leica Biosystems) according to the manufacturer’s 

instructions. The chromogen diaminobenzidine (DAB) was incubated for 8 minutes at room 

temperature (RT). Cells were finally analyzed by optical microscopy at 20X, 40X, and 63X original 

magnification (o.m.) (LEICA DMD108 microscope). 

 

1.6 Nuclear HIF-1 α detection by Transam kit 

An ELISA-based kit was used to detect and quantify HIF-1α nuclear translocation. The 96-well 

plate was coated with oligonucleotides containing the HRE sequences. Nuclear extracts of U251-

HRE cells were prepared using the Nuclear Extract Kit (Vinci-Biochem) and, after quantification, 

the samples were added to the coated plate and analyzed using the TransAM Kit (Vinci-Biochem). 

Data were expressed as HIF-1α protein in sample nuclear extract/HIF-1α protein in control nuclear 

extract (OD 450 nm). 
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1.7 Effects of LY294002 and FM19G11 on luciferase a ctivity in living and lysated cells 

The in vitro luciferase activity profile was assessed in living cells and in cell lysates before and after 

treatment with LY294002 50mM and FM19G11 1µM, alone or in combination, at different time 

points (30 min, 1h, 3h, 6h). 

For living cells, 5x10^3 U251-HRE cells/well in a 96-well plate were seeded. The day after, 

treatments were performed and, at the end of the treatments, a solution containing luciferin (2mM) 

was added to the living cells growing in the 96-well plate. Luciferase activity was detected after 5 

minutes by cooled charge-coupled device (CCD) camera imaging (IVIS Lumina; PerkinElmer 

LifeSciences).  

For lysates cells, the same study design used for DFX single treatment was applied. Data were 

expressed as RLU, as described previously. 

 

1.8 Effects of BEZ235 and TRAMETINIB treatment on l uciferase activity  

To study PI3/Akt pathway and MEK pathway and their involvement in HIF-1α activity, treatment 

with BEZ235 1µM and Trametinib 10µM were performed.  

Once more, 5x10^4 U251-HRE cells/well in 500 µl of complete medium were seeded in 24-wells 

plates. The day after, the cells were treated with BEZ235 for 48 hours and with Trametinib for 72 

hours, alone or in combination.  

A parallel experiment was performed treating U251-HRE cells with Trametinib 10µM and PD98059 

10µM for 72 and 16 hours, respectively. At the end of the treatment, the medium was removed and 

the luciferase activity profile was assessed in cell lysates as described previously. All data were 

expresses as percentage of reduction respect to control (untreated cells).  

 

1.9 In vitro TMZ treatment 

To test TMZ effect on luciferase activity, two regimens were tested: a single acute dose of 400µM 

or a chronic dose of 100µM for 6h, 24h ,48h and 72 h [94-95]. Briefly, 5x10^4 U251-HRE cells/well 

were seeded in a 24-wells plate. The day after cells were treated as described before. At the end 

of the treatment, the medium was removed and cells were processed in the same way used 

previously to assess luciferase activity. Data were expresses as percentage of reduction respect to 

control (untreated cells). 
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1.10 MTT assay 

5x10^3 U251-pGL3 or U251-HRE cells/well were seeded in 96-wells plate with 100 µl of complete 

medium. The day after, medium was changed by medium complemented with DFX 100µM, 

LY294002 50mM, FM19G11 1µM, BEZ235 1µM, Trametinib 10µM, PD98059 10µM , TMZ 100µM 

or TMZ 400µM for the same incubation time used for luciferase expression assay. At the end of 

treatment, the medium was removed and Cell Growth Determination Kit, MTT based (Sigma 

Aldrich) was performed in accordance with the kit manufacturer’s instructions. 5mg/mL of MTT 

solution was added to each well and the cells were incubated for another 3h. Then, 10µl MTT 

solvent was added to each well. As negative controls three blank wells were considered. After 

agitation, the optical absorbance (Abs at 570nm) was measured and inhibitory rate (IR) was 

calculated as follows: IR = (Abs of experimental group/ Abs of negative control group) x100. 

2. IN VIVO EXPERIMENTS 

2.1 Animal studies 

Animal experiments were carried out in compliance with the institutional guidelines for the care and 

use of experimental animals, which have been notified to the Italian Ministry of Health and 

approved by the ethics committee of the University of Milan. An orthotopic murine model was 

obtained by stereotaxic injection (coordinates: 1.5 mm lateral to the bregma as decribed in fig.16 , 

0 mm behind and 3.0 mm ventral to the dura) [138] of 1x10^5 glioma cells (U251-HRE and U251-

pGL3) in 2 µl of PBS into 7-8-week-old female nude mice (Harlan Laboratories) at day 0. Cells 

were aspirated with a 10 µl Hamilton syringe just prior the injection. By pointing to the hole 

performed with a drill, Z axis was fixed to 0 and the syringe gently inserted into the brain until 

reaching the correct coordinate (-3 mm depth). Cells were injected at the speed of 1 µl every 

minute. The syringe was left for additional 5 minutes in the hole before removing it, to avoid cell lift 

in the path of the needle. The hole was closed using bone wax and the wound was closed with 

sterile autoclips. Following surgery, mice were monitored for recovery until complete wakening. 

 

 

 

 

Fig. 16:  Representative image of bregma and lambda coordinates in mouse brain 
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2.2 In vivo  imaging study design 

Different groups of animals were monitored by:  

-  BLI/FLI (n=25; CCD camera, IVIS Lumina and IVIS Spectrum-CT; PerkinElmer LifeSciences); 

- PET with 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), 3’-deoxy-3’-[18F]fluorothymidine ([18F]FLT), 

and [18F]fluoroazomycin-arabinofuranoside ([18F]FAZA) to study glucose metabolism, cell 

proliferation and tumor hypoxia, respectively (n=6; YAP(S)-PET II; I.S.E. s.r.l.);  

-  7T MRI (n=6, Pharmascan; Bruker Biospin). 

Starting from cell implantation, BLI scans were performed weekly until the end of the protocol (30 

days), while PET and MRI scans were carried out at intermediate (18-20 days) and late (28-30 

days) time points  

2.3 BLI and FLI studies  

Briefly, for the detection of bioluminescence, mice were anesthetized with 4% chloral hydrate v/v 

(Sigma Aldrich) and then injected intraperitoneally (i.p.) with 150 mg/kg of luciferin (Beetle Luciferin 

Potassium Salt; Promega). After 20 minutes of biodistribution, mice were placed in the light-tight 

chamber and the photon emission was then acquired for 10 minutes. Images were analyzed and 

scaled after completion of all acquisitions, using appropriate computer software (Living Image 

Software; PerkinElmer LifeSciences). The same region of interest (ROI) was applied on all the 

bioluminescent tumors. Data were expressed as average radiance(photons/second/cm2/steradian), 

which is a calibrated measurement of photon emission. This value was normalized to in vitro  basal 

luciferase average radiance measured in both cell lines. 

Animals were also acquired by 3D diffuse luminescence imaging tomography (DLIT), performed 

weekly using the IVIS Spectrum-CT, and by fluorescence imaging tomography (FLIT), performed 

only at the latest time point (30 days), after administration of the HypoxiSense680 fluorescent 

probe (PerkinElmer LifeSciences), a carbonic anhydrase IX (CAIX)-targeted fluorescent agent for 

in vivo imaging studies. Both acquisitions were supplemented with an integrated CT scan. 

24 h before the acquisition, the animals were intravenously injected with the HypoxiSense680 

probe (2 nmol in 100 µl of sterile PBS). The following day they were injected i.p. with 150 mg/kg of 

luciferin and, after biodistribution, submitted to DLIT and FLIT acquisition. Images were analyzed 

with Living Image® software (PerkinElmer LifeSciences) using volumetric ROI analysis. Data were 

expressed as average radiance for DLIT reconstruction and as radiance efficiency for FLIT. 
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2.4 MRI analysis 

MRI was performed on a Bruker Pharmascan system equipped with a 7.0 T horizontal magnet. 

Scans were acquired at intermediate and later time points after intracranial cell injection. 

Animals were anesthetized with gas (2% isofluorane), positioned prone on the animal bed and 

inserted into the radiofrequency coil (diameter of 38 mm) inside the magnet. Scout transverse and 

sagittal images were acquired to correct positioning of the ROI. Different MR sequences were used 

in order to optimize intracranial tumor visualization and contrast.  

Anatomical two-dimensional multi-slice turbo spin echo sequences (RARE; field of view, FOV: 

2.5x2.5 cm; matrix 256x256; 0.8-mm slice thickness; TR/TE: 4200/14 ms; TEeff: 42 ms; RARE 

factor: 8; 4 averages; acquisition time: 6' 43'') were run in both transverse and coronal orientations. 

Diffusion MRI studies, able to detect necrotic regions in tumors, were performed in the axial 

orientation with a diffusion-weighted imaging-echo planar imaging (DWI-EPI) sequence [FOV: 

2.5x2.5 cm; matrix 128x128; TR/TE: 3000/36 ms; 2 averages; 5A0, 3 directions, 3 b values per 

direction (b=400, 1100, 1800s/mm2; δ= 7 ms, ∆= 16 ms; acquisition time: 2’48”)]. 

2.5 PET analysis 

After MRI scanning, mice were also evaluated using a YAP-(S)-PET II small-animal scanner with 

[18F]FDG, [18F]FLT, and [18F]FAZA on consecutive days at intermediate and later time points. 

[18F]FDG, [18F]FLT and [18F]FAZA were prepared in the same facility for clinical use as indicated in 

the European Pharmacopeia, VII ed. All the radiopharmaceuticals injected had a radiochemical 

purity greater than 99%. Animals in fasting condition were injected in a tail vein with 4.41±0.22 

MBq of [18F]FDG, 4.28±0.24 MBq of [18F]FLT and 5.72±0.31 MBq of [18F]FAZA. Under light 

anesthesia with ether, the mice were positioned prone on the tomograph bed with the head 

centered in the tomograph FOV. The animals were positioned using a special polystyrene support 

in order to allow co-registration of the images obtained with the three radiotracers. Dynamic 

acquisitions with [18F]FDG and [18F]FLT started 60 minutes after injection and lasted 30 minutes (6 

scans of 5 minutes each), whereas scans with [18F]FAZA started 120 minutes after injection and 

lasted 15 minutes (3 scans of 5 minutes each). Throughout the scans the animals were kept under 

gas anesthesia with 2% isoflurane.  

PET images were acquired in three-dimensional mode and reconstructed using the expectation-

maximization algorithm. All the images were calibrated with a dedicated phantom, corrected for the 

isotope half-life, and then quantified with PMOD 2.7 software (Zurich, Switzerland). The radiotracer 

uptake of tumoral and background regions was measured using ROI analysis, as follows: circular 

ROIs were drawn on the whole tumor mass using the automatic isocontour tool of the PMOD 

software. Background regions were defined by manually drawing circular ROIs on three 
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consecutive transaxial slices on a contralateral control region (volume of ROIs: 0.5±0.1 mm3) for 

[18F]FDG and on the cerebellum for [18F]FAZA and [18F]FLT (volume of ROIs: 9.7±2.9 mm3). 

Radioactivity concentration was calculated as maximum standardized uptake value (SUVmax) 

correcting for injected dose and animal weight, according to the formula: SUV = (region of 

radioactivity/injected radioactivity)*animal weight. Uptake data were also calculated as tumor-to-

background ratio (T/B) dividing the SUVmax of the tumor by the SUVmean of the background region. 

PET images were shown as SUV images after correcting for injected activity and for body weight of 

animals. 

2.6 Immunohistochemistry (IHC) 

Following the last acquisition (at 30 days), the animals were sacrificed and their brains were 

collected, fixed in 10% neutral buffered formalin (Sigma Aldrich) and paraffin-embedded after 

dehydration with increasing concentrations of ethanol (75%, 85%, 95%, 100% 9 min each) and 

xylene rinse. 

Longitudinal sections (3-4 µm) were cut and stained with hematoxylin and eosin (H&E) for the 

morphological evaluation. The deparaffinized sections were immunohistochemically assessed 

using the Genomix i-6000 automated staining system (BioGenex). Heat-induced antigen 

unmasking was performed using either EDTA (0.05 M, pH8) or citrate (0.01 M pH6) solutions in a 

thermostatic bath for 35 minutes. After cooling, slides were washed in buffer and then incubated for 

1h at RT with the following antibodies: monoclonal anti-HIF-1α antibody (clone 54, dilution 1:200 in 

EDTA. BD Transduction Laboratories, San Diego, CA); monoclonal anti-CAIX antibody (ab15086, 

dilution 1:6000 1h in citrate pH6. Abcam); monoclonal mouse anti-human Ki-67 antigen (clone 

MIB-1, dilution 1:100 in citrate, Dako); anti-firefly luciferase antibody (ab498, Abcam). Reactions 

were revealed using the Novolink Max polymer detection system (Leica Biosystems), in 

accordance with the kit manufacturer’s instructions, with the polymer for 30 minutes and with DAB 

for 8 minutes.  

2.7 In vivo imaging after temozolomide treatment 

The antitumor effects of temozolomide treatment was analyzed in animals bearing U251-HRE-

mCherry tumours (n=5) respect to a control group (n=5). Experiments were repeated twice. 

The orthotopic model was obtained by the injection of 1x10^5 U251-HRE-mCherry in 2µl of PBS 

into 7-8-week-old female nude mice (Harlan Laboratories) at day 0, with same procedure 

described previously. Briefly, in acute regimen TMZ was administered once by oral gavages at the 

dose of 400mg/Kg at the day 21 after cell injection, whereas for chronic regimen TMZ was 

administered four times (single dose of 100mg/kg) on alternate days. Accordingly with tumour 
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bioluminescent signal increase, demonstrating lesion establishment, TMZ treatment began at 21 

days after cells injection. 

Before and after treatment mice were analyzed by BLI and FLI scan and monitored for the 

following days until the sacrifice. In addition, HypoxiSense680 and IntegriSense750 fluorescent 

(PerkinElmer) probe were injected i.v. at day 30 after injection, to in order study CAIX and α3vβ3 

integrine expression. Moreover, at day 20 (pre-TMZ administration), at day 23 (intermediate time 

point) and at day 28 (post-TMZ treatment), [18F]FLT PET scan on control and treated mice were 

performed, with the same procedure described previously in the longitudinal study. The animals 

weight was registered every day. 

2.8 Statistical analysis 

Both in vitro and in vivo experiments were repeated at least twice giving reproducible results. For in 

vivo analysis, 25 animals for BLI longitudinal analyses, 12 animals for PET and MR imaging and 10 

animals for TMZ treatments were considered. Data are presented as mean values ± standard 

deviation. Statistical analysis was performed using Prism 4 (GraphPad Software Inc., San Diego, 

CA, USA); one-way ANOVA (non-parametric) was performed, followed by Dunnett’s multiple 

comparison test. 
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RESULTS AND DISCUSSION 
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In this study, the GBM U251-HRE cell line properly engineered to express Luciferase reporter gene 

under control of the HRE sequences has been used. In this cell model, luciferase activity was used 

as a HIF-1α activity biomarker and, since HIF-1α is the main driver of molecular events induced by 

hypoxia, in this model luciferase activity has been used also as an indirect hypoxia biomarker.  

Firstly, the dependence of luciferase reporter gene expression from HIF-1α activity was 

demonstrated in vitro and in vivo by BLI and FLI. In detail, the U251-HRE cell line was 

characterized in vitro and in vivo in relation to the U251-pGL3 control cell line, in term of tumor 

growth, hypoxia establishment and HIF-1α activity. Subsequently, in order to validate optical 

imaging technique, preclinical imaging procedures potentially transferable to the clinical setting 

were used. In particular, in vivo studies with MRI and PET imaging were performed. 

 

1. IN VITRO CHARACTERIZATION OF LUCIFERASE ACTIVITY  IN RELATION TO  

HIF-1α MODULATION 
 

In vitro studies were performed both after HIF-1α induction and after pharmacological modulation 

using two engineered cell lines (chosen as the simplest model for studying HIF-1α activity in GBM): 

U251-HRE cells, expressing the luciferase reporter gene under the control of the HRE sequences, 

and U251-pGL3 cells, constitutively expressing the luciferase reporter gene as control [28-137]. 

1.1 DFX MODULATION OF LUCIFERASE ACTIVITY  

To understand the different luciferase expression profile in the two cellular models, luciferase 

activity was assessed in vitro in cell lysates, before and after treatment with the hypoxia mimetic 

DFX. In particularly, the aim was firstly to investigate the different luciferase response to DFX 

action and, secondly, to characterize DFX influence on HIF-1α stabilization and on luciferase 

reporter gene expression in both models. So, the cells were treated with DFX 100µM for 30 min, 

1h, 3h and 6h and, at the end of the treatment, Luciferase activity was measured by biochemical 

assay.  

Our results showed that only U251-HRE cells expressed the luciferase reporter gene in relation to 

the DFX-mediated HIF-1α nuclear accumulation. In detail, the luciferase activity was seen to 

increase after DFX treatment in U251-HRE cells, showing low luminescent signal at 30 minutes 

and 1 hour after treatment and, in contrast, an increasing signal between 3 and 6 hours after 

treatment. Conversely, luciferase activity did not change in U251-pGL3 cells after treatment with 

DFX, at each time point (Fig.17)  confirming that in this cell line the hypoxia mimetic treatment did 

not modulate luciferase profile. So, our preliminary data suggested how, in U251-HRE model, 
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Luciferase activity can be used to indirectly detect HIF-1α activity also as hypoxia biomarker. On 

the other hand, U251-pGL3 model can be used as control cell model since Luciferase expression 

is constitutive and completely independent upon HIF-1α transcriptional activity. 

 

 

 

 

 

 

 

 

Fig. 17:  In vitro  evaluation of luciferase activity in relation to DFX treatment in U251-pGL3 and 

U251-HRE cell models. All experiments were performed at 30 min, 1h, 3h and 6h after treatment. 

The control samples were comprised of untreated cells. Data are expressed as RLU (luciferase 

counts normalized to the amount of proteins quantified by Bradford assay). Data are the mean ± 

SE of three independent experiments. A p value ≤ 0.01 (**) was considered highly significant: DFX 

3h vs control p≤ 0.01 (**). 

 

Rapisarda et al. [28-137]. have already demonstrated that U251-HRE cells show low but 

detectable levels of luciferase activity in normoxic condition and that these levels increase under 

hypoxic conditions. On the contrary, U251-pGL3 cells express the same level of luciferase both in 

normoxic and hypoxic conditions. In accordance with Rapisarda results [28], we confirmed that, 

after hypoxia mimetic treatment, luciferase activity in U251-pGL3 cells was independent from HIF-

1α modulation, in agreement with the presence of a constitutive promoter driving luciferase 

reporter gene expression. On the other hand, in U251-HRE cells a modulation of luciferase activity 

was observed over time after DFX-mediated induction of the HRE promoter, likely due to the HIF-

1α stabilization and nuclear translocation. In detail, a peak of activity was detectable 3h after DFX 

treatment, followed by a moderate decrease at 6h. In our opinion, this moderate reduction of 

luciferase activity at 6h after DFX treatment could probably be due to transcription-dependent 

feedback regulation [139-140]. Indeed, Stiehl et al [141] have already demonstrated that HIF-1α 

mRNA can induce a negative feedback mechanism, decreasing HIF-1α stability, and this 
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phenomenon was also observed when cells were chronically exposed to hypoxic conditions. In 

addition, Mottet et al [142] suggested, on the basis of in vitro studies, that in the presence of 

prolonged hypoxia the PI3K/Akt pathway activity is reduced, influencing the regulation of glycogen 

synthase kinase 3 beta (GSK3β) activity on HIF1α. Indeed, reduction of Akt activity reduces the 

quantity of the regulatory form of GSK3β phosphorylated on Ser-9, and allows the Tyr-216 

phosphorylated form of GSK3β, already present in the cell, to reduce the stabilization of HIF-1α 

and thus its transcriptional activity. Although this process can be observed from 6h after HIF-1α 

induction, it is stronger at later time points (16h). The data herein reported show that DFX-

mediated HIF-1α induction is time-dependent [139,143] and suggest that the greatest effect of HIF-

1α is detectable between 3 and 6h after treatment, in line with its transcriptional activity.  

Proliferation assay (MTT) confirmed the absence of detectable differences between the two cell 

lines in terms of DFX toxicity and influence on cell proliferation (data not shown), confirming that 

the modulation of HIF-1α activity is actually due only to DFX effect.  

1.2 NUCLEAR DETECTION OF HIF-1α 

Luciferase biochemical assay showed the DFX-mediated modulation of the reporter gene after 

hypoxia simulation. To understand the influence of hypoxia mimetic treatment on HIF-1α activity, 

we firstly tested HIF-1α nuclear accumulation after DFX treatment. In detail, both cell lines were 

incubated with DFX 100 µM and they were analyzed through ICC with HIF-1α-specific antibody. 

Fig.18  showed no differences in translocation kinetics between the two cell lines, confirming a 

peak of nuclear translocation at 3h after DFX treatment and however an high nuclear HIF-1α 

presence until 6 hours after treatment. 
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Fig. 18:  ICC for HIF-1α both in U251-pGL3 and in U251-HRE cells, performed after DFX 

treatment. The cells were analyzed by optical microscopy at 20X original magnification 

 

These data reflects how the HIF-1α modulation, due to the DFX treatment, is comparable in both 

cell lines, even if in U251-pGL3 cells Luciferase activity does not change after DFX treatment since 

its expression is driven by a constitutive promoter, while, in U251-HRE cells, luciferase activity is 

strongly related to HIF-1α activity, since its expression is driven by a HRE-containing promoter. So, 

in U251-HRE cells, it can be affirmed that luciferase profile is tightly correlated with HIF-1α 

transcriptional activity. 

Moreover, this last result was also confirmed by a quantitative assay of HIF-1α in nuclear extracts 

performed in U251-HRE cells. The ELISA-based kit, presenting a specific affinity to HRE 

sequences, showed that HIF-1α translocates into the nucleus after DFX treatment (Fig.19)  with the 

same kinetics already observed in ICC, with a significant increase at 3 hours after treatment, 

confirming also the luciferase biochemical results. In summary, these results allow to estimate the 

HIF-1α time course activity and the relative peak between 3 and 6 hours, while after that, the 

regulatory feedback starts influencing HIF-1α degradation and the relative detectable activity.  
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Fig. 19:  Nuclear quantification of HIF-1α using an ELISA-based kit in U251-HRE cells after DFX 

treatment. Data are expressed as absorbance at 450 nm. Data are the mean ± SE of three 

independent experiments. DFX 3h vs ctrl **p<0.01. 

 

1.3 EFFECTS OF LY294002 AND FM19G11 ON LUCIFERASE A CTIVITY 

Our results suggested that only in U251-HRE cells, DFX can modulate HIF-1α-mediated Luciferase 

expression. To investigate in depth hypoxia process and HIF-1α related activity, in vitro  

experiments were performed only in this cellular model with different modulators of molecular 

pathways regulating HIF-1α activity.  

To establish whether luciferase activity can also be modulated by other intracellular pathways 

influencing HIF-1α activity but different from hypoxia induction, a pharmacological modulation with 

a PI3K inhibitor (LY294002) or a HIF-1α inhibitor (FM19G11) were performed in U251-HRE cells. 

There are, in fact, evidences in the literature suggesting that the PI3K/Akt signal transduction 

pathway plays an important role in hypoxia-induced stabilization of HIF-1α [65,76-79] and could 

therefore be extremely important as a potential therapeutic target in several tumor types. The 

effects of PI3K inhibitor (LY294002) and HIF-1α inhibitor (FM19G11), in living and lysated cells, 

were investigated on the basis of the pathway reconstructed in Fig.20  [140].  
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Fig. 20:  Schematic representation of the PI3K/Akt pathway and treatment targets. 

 

Briefly, LY294002 selectively inhibits PI3K, by blocking therefore Akt pathway and consequently 

HIF-1α activity, whereas FM19G11 directly represses HIF-1α accumulation by blocking VHL, 

necessary to promote preoteasomal degradation, and reducing significantly p300, a histone 

acetyltransferase required as a co-factor for HIF-transcription activation [144].  

Figures 21a and b show luciferase activity, as a result, of the transcriptional effect mediated by 

HIF-1α, after treatments with LY294002 and FM19G11, respectively. 

 

 

 

 

 

 

 

 

 

 

 

a) 



60 

 

 

 

 

 

 

 

 

Fig. 21:  a) U251-HRE cells underwent both single and double treatments with DFX (100 µM) 

and/or LY294002 (50 mM), for analysis at the time points previously mentioned. The dashed line 

indicates luciferase activity in untreated cells (ctrl). Data are expressed as RLU. Data are the mean 

± SE of three independent experiments. *p<0.05, **p<0.01, ***p<0.001. b) U251-HRE cells 

underwent both single and double treatments with DFX (100 µM) and/or FM19G11 (1 µM). The 

cells were analyzed as previously described. Data are the mean ± SE of three independent 

experiments. 

 

We observed that LY294002 treatment had no relevant influence at the early time points (30min 

and 1h), whereas at 3h, in the presence of DFX, LY294002 treatment was found to counteract 

hypoxia-mimetic mediated luciferase induction. Indeed, cells concomitantly treated with DFX and 

the inhibitor, compared with those treated with DFX alone, showed a reduction in luciferase 

activity. We hypothesize that, in the presence of DFX, LY294002 treatment, was able to reduce 

Akt-mediated HIF-1α stabilization and thus to produce a decrease in luciferase activity as can be 

seen at 3h after treatment. On the other hand, at 6h, both treatments (DFX alone and the double 

treatment) produced comparable luciferase activities. This might be explained by the difference in 

the timing of the triggering of the negative transcription-dependent pathway in the two different 

treatments, which depends on the HIF-1α mRNA level, found to be very high at 3h after treatment 

with DFX alone [139,143].  

On the other hand, FM19G11-mediated inhibition completely abolished DFX-mediated luciferase 

induction, even in the presence of DFX. Indeed, at each time point after FM19G11 treatment, the 

luciferase expression was strongly reduced both in single and even in the co-treatment FM19G11-

DFX. Even though DFX promotes HIF-1α accumulation in the nucleus, FM19G11 completely 

abrogate its activity, drastically abolishing DFX-mediated luciferase induction. Once more, these 

b) 
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data confirm the relationship between HIF-1α accumulation and luciferase activity. All these results 

were also obtained by CCD camera imaging of luciferase activity in living cells (Fig.22 ). 

 

 

 

   

 

 

 

 

 

 

Fig. 22:  Luciferase activity was analyzed in living U251-HRE cells by CCD camera after treatments 

with DFX (100µM), LY294002 (50mM) and FM19G11 (1µM). 

 

Indeed, CCD analysis showed the same results visualized through the biochemical assay: as 

regards LY294002 treatment, only at 3 and 6 hours after co-treatment with DFX, the DFX presence 

induced the restoration of luciferase activity. On the contrary, FM19G11 treatment completely 

abrogated DFX effect on luciferase activation both in single and double treatment highlightening 

the importance of HIF-1α presence for luciferase induction in U251-HRE model and the importance 

of the degradation pathway on HIF-1α activity. Finally, these results demonstrated that also CCD 

camera instrument could be used to assess bioluminescence variation due to different treatments 

also in living cells (Fig.22) . 

1.4 IN VITRO EVALUATION OF HIF-1α REGULATION BY DIFFERENT DRUGS 

Since it was not possible to use LY294002 for in vivo experiments, to understand the role and the 

interaction of PI3K/AKT and RAS/MAPK/MEK pathways on HIF-1α regulation, we tested in vitro  

two different MEKs inhibitors (TRAMETINIB and PD98059), and a dual PI3K/mTOR kinase 

inhibitor (BEZ235), alone or in combination, to understand their efficacy on our glioma model for 
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their use also in vivo experiments. Since the aim of this study was to analyse HIF-1α activity after 

treatment, the in vitro set of experiments was performed only in the hypoxia responsive model: the 

U251-HRE cell line. To better understand the different drugs and targets, the figure 23  

summarizes molecular targets of the different drugs used in these experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 23:  Schematic representation of drug activity in PI3K/Akt and Ras pathways. 

 

As regards Ras/MEK/ERK pathway, this molecular pathway was investigated comparing the 

activity of two different MEK inhibitors such as Trametinib and, one of the first MEK1/2 selective 

inhibitors, PD98059 [88-89]. Results (Fig.24a)  showed the higher action of Trametinib on HIF-1α 

activity, respect to the other one (PD98059) [90-91], in term of percentage of reduction of 

luciferase expression respect to control group (untreated cells). However MTT showed no cellular 

cytotoxicity after treatment suggesting that these single treatments were not sufficient to induce a 

reduction of proliferation (Fig.24b) . 
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Fig. 24:   a) PD98059 (10µm)  and Trametinib (10µM) treatments were performed on U251-HRE 

cells. Controls were represented by untreated cells. Results were calculated as RLU and 

expressed as percentage of fold reduction. Data are the mean ± SE of three independent 

experiments. PD98059 vs  CTRL *p<0.05; Trametinib vs CTRL**p<0.01.  

b) MTT assay performed in the same conditions of treatment. Data were represented as 

percentage of cell viability respect to control. 

 

 

Since Trametinib provided a stronger effect on HIF-1α mediated luciferase activity, it has been 

chosen as MEK inhibitor for further experiments. Indeed in the following set of experiments a 

comparison between Trametinib and the dual PI3K/mTOR kinase inhibitor, BEZ235, was 

performed.  

Figures 25a and b showed results obtained after in vitro U251-HRE treatment with BEZ235 and 

Trametinib. As can be observed, both treatments strongly abrogated HIF-1α mediated luciferase 

activity, respect to untreated cells, in term of percentage of luciferase activity respect to control, 

b) 

a) 
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whereas the co-treatment BEZ235-TRAMETINIB completely abolished luciferase activity in U251-

HRE cells, suggesting the addictive effect of the two different molecular pathways (Fig.25a) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25:  a) U251-HRE cells underwent single and co-treatment with BEZ235 (1µm) and Trametinib 

(10µm) Controls were represented by untreated cells. Results were calculated as RLU and 

expressed as percentage of fold reduction. Data are the mean ± SE of three independent 

experiments. BEZ235, Trametinib and co-treatment BEZ235-Trametinib vs CTRL **p<0.01. 

b) MTT assay performed in the same conditions of treatment. Data were represented as 

percentage of cell viability respect to control 

 

 

Figure 25b  showed that both the single and the co-treatment BEZ235-TRAMETINIB, did not 

resulted in a cell cytotoxicity as can be deduced by MTT assay, although HIF-1α mediated 

b) 

a) 
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luciferase activity was strongly reduced. Despite the absence of cell citotoxicity, these results 

suggested that both PI3K/Akt and MEK pathways have a strong influence on HIF-1α activity, as 

can be seen both in the single and in the co-treatment, highlightening the addictive action between 

the two molecular pathways, as showed by the co-treatment. In detail, Maira et al have 

demonstrated that the use of BEZ235 [144] induced a robust growth arrest in the G1 phase in U87 

cell line with no apoptosis induction suggesting that the inhibition of the PI3K pathway per se is not 

sufficient to drive cells into apoptosis, at least in these cellular model. This result could be 

extremely relevant for therapeutic approaches directed to the reduction of hypoxia-mediated 

molecular events, with the objective to overcome resistance and tumor progression correlated with 

hypoxia. In detail, using both inhibitors to block the two pathways, it could be possible to 

completely abrogate HIF-1α activity and hypoxia-correlated pathways since both PI3K/Akt and 

MEK pathways are often up-regulated in several types of cancer [145]. 

Indeed, there are some evidences in literature, that suggest the crucial role of the MAPK family for 

the regulation of tumoral progression, in addition to hypoxia establishment [88-89]. 

Mutations/amplification or intrinsic mutations of key components of these signaling pathways may 

occur in cancer cells, which result in the elevated or constitutive activation of various growth factor 

receptors. Particularly, the Ras/MEK/ERK and PI3K/Akt pathways are often activated by different 

mutations [89], such as the upstream Ras mutation, occurring in over 20-30% of human cancers 

[64]. Since Ras/MEK/ERK and PI3K/Akt pathway activity are deeply involved in survival and 

proliferative pathways, their aberrant regulation can contribute to uncontrolled cell growth and lead 

to malignant transformation[145]. 

However the lack of a strong cytotoxicity and the deep reduction of HIF-1α activity after treatments, 

suggesting that these treatments could provide a better efficacy in combination with other drugs.  
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1.5 IN VITRO TMZ TREATMENT  

Previous treatments have shown how different drugs can block different molecular pathways but 

producing a deep modulation of a single target. Now we tried to understand if a drug able to induce 

a significant cytotoxicity in glioma, could have any effect on HIF-1α activity. To this end, an anti-

neoplastic drug widely used for glioma treatment was evaluated in U251-HRE cell model. To 

estimate drug efficacy in U251-HRE model, since responsiveness to TMZ depends on the 

methylation of MGMT promoter, involved in DNA reparation after TMZ-induced mutation [94-96], a 

pyrosequencing analysis was performed to describe the methylation profile of MGMT promoter in 

our tumor model. This test showed that MGMT promoter results to be sufficiently methylated to 

produce a silencing of the MGMT gene expression (data not shown) [94].In this view, TMZ 

treatment on this cellular line has been performed since this model showed a relative sensitivity to 

treatment.  

Once confirmed U251-HRE sensitivity to TMZ treatment, acute and chronic TMZ regimen were 

tested. In the first one, the cells were treated with TMZ at the acute dose of 400 µM in a single 

dose, whereas in the chronic regimen cells were treated with a lower dose of 100 µM of TMZ 

repeated each day for a total of four doses. At the end of the treatment, the cells were lysated and 

analyzed for luciferase activity by luminometer to understand if TMZ treatment could modulate 

luciferase expression, at the same time cytotoxicity was tested through MTT assay in the same 

treatment conditions.  

Results obtained by luminometer were shown in figure 26 . As can be observed, both in the acute 

and in the chronic regimen, already 6 hours after TMZ addiction, a reduction of luciferase activity 

respect to control group was observe. Luciferase activity continued to decrease over time until 72 

hours of treatment (Fig.26 a.1- b.1) . To avert that luciferase reduction was due to a decrease of 

growth, we compared luciferase biochemical assay with MTT assay. MTT assay (Fig.26 a.3- b.3)  

registered no cytotoxicity after 6 and 24 hours of treatment, whereas after 72 hours a relative 

cytotoxicity of the drug was registered (65%). This result was extremely important because showed 

that TMZ treatment influenced HIF-1α-mediated luciferase activity at least in vitro  despite it did not 

influenced proliferation rate, as described by MTT. Indeed, HIF-1α mediated luciferase activity was 

reduced after treatments at each time points, even in acute and in chronic regimen, although cells 

remains viable, as confirmed by TMZ treatment and by MTT assay performed in the U251-pGL3 

control cell line (fig.26 a.2-a.4 and b.2-b.4, respectively).  

Summarizing, after TMZ treatment we observed an earlier HIF-1α reduction respect to the 

cytotoxic effect. For these reasons we supposed that HIF-1α activity could be used as early marker 

of therapeutic efficacy, but due to the manifold background of the anti-neoplastic treatment 

mediated events and HIF-1α activity regulation, this data have to be better investigated.  
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Fig. 26:  a.1) Acute (TMZ 400µM once) and b.1) chronic (TMZ 100µM administered four times) 

treatment regimens were tested on U251-HRE cells at different time points (6,24,48 and 72hours). 

On the right, acute (a.2) and chronic (b.2) TMZ administration on U251-pGL3 cells for 24h were 

showed, respectively. After treatment, cells were analyzed by luminometer. Data were expressed 

as percentage of luciferase activity reduction respect to untreated cells (CTRL). Data are the mean 

± SE of three independent experiments. **p<0.01 U251-HRE treated cells vs control. *p<0.05 

U251-pGL3 treated cells vs control  

Graphs below luciferase assay showed MTT assay performed after treatment on U251-HRE (a.3-

b.3) and U251-pGL3 cells (a.4-b.4), respectively. Data were expressed as percentage of cell 

viability respect to control. 

b) 

4. 

2. 

3. 

1. 
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2. IN VIVO STUDY OF LUCIFERASE ACTIVITY IN RELATION TO INTRAT UMORAL 
HYPOXIA 

In vitro studies showed that luciferase activity reflects HIF-1α accumulation in U251-HRE model, 

whereas in U251-pGL3 cells this activity was not influenced from HIF-1α transcription activity. In 

this context, to investigate if the same reporter induction could be visualized also in vivo, we 

performed experiments in orthotopic murine models obtained using both U251-HRE and U251-

pGL3 cells. The aim of these experiments was to compare the U251-HRE and U251-pGL3 models 

in vivo in a longitudinal study by optical imaging to assess luciferase activity modulation during 

tumor growth and in relation to HIF-1α activity, in particular during hypoxia establishment. Obtained 

data were, then, cross-validated with data obtained with different imaging modalities, such as PET 

and MRI, as described in figure 27. 

2.1  BLI ANALYSIS 

For BLI acquisition, each mouse was imaged once a week to monitor bioluminescence signal over 

time in order to understand the different luciferase behaviour in the two models. In orthotopic 

U251-pGL3 model, luciferase activity was found to be detectable immediately after injection and to 

progressively increase over time in relation to tumor growth, showing a linear trend for the entire 

period of observation. On the contrary, in U251-HRE orthotopic model, the luciferase activity 

linearity was not maintained to the late time point. Indeed, luciferase activity was very weak during 

the first days after cell injection, respect to U251-pGL3, whereas starting from day 18, luciferase 

activity showed a sudden increase, changing the slope of the expected linear progression (Fig.28-

29).  

 

 

 

 

 

 

 



70 

 

Fig. 27:  Time line of the study design: in red are described BLI analyses, performed once a week 

to monitor bioluminescence signal over time. In green are described MRI and PET analyses 

performed at intermediate time point (18-20 days) and at late time point (28-30 days). At day 30 

after cell injection FLI scan with HypoxiSense probe (in blue) was performed.  

 

 

 

 

 

 

 

 

 

 

Fig. 28 : 2D BLI images in U251-pGL3 and U251-HRE tumour models analyzed at 8, 18 and 30 

days after cell injection. Images are presented with the same scale bar. 

 

Analyzing these results it was hypothesized that the two cell lines had different luciferase linearity 

windows due to the different meaning of luciferase expression in the two cell lines. U251-pGL3 

cells showed an increase of luciferase activity proportional to cell proliferation while U251-HRE 

cells showed a bi-modal trend of luciferase expression where from day 18 (that is after hypoxia 

establishment), luciferase basal activity was found to be enhanced due to hypoxia induced HIF-1α 

transcriptional activity (Fig.28-29) . In summary, also in vivo the different meaning of luciferase 

expression can be observed in these two cell lines: it was related to cell proliferation in U251-pGL3 

cells and to HIF-1α activity in U251-HRE cells, suggesting that this latter model could be used for 

the in vivo study of HIF-1α mediated and hypoxia-related processes, and hypoxia-targeted 

treatments.  
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Fig. 29:  Graphical representation of luciferase activity over time in the two orthotopic models. ROIs 

were drawn on 2D images and the resulting luciferase activities, expressed as average radiance 

(p/s/cm2/sr), were normalized to basal luciferase activity for each cell line 

 

The suitability of U251-HRE cells for long-term study of hypoxia has also been confirmed in 

literature [137,139]. In fact it has been demonstrated that U251-HRE cells are able to maintain 

stable hypoxia-mediated luciferase activity for long periods of time, making this model suitable for 

HIF-1α activity investigation. 

Indeed, even though MRI showed slower growth kinetics in U251-HRE than in U251-pGL3-derived 

tumors (data not shown), in the U251-HRE models the trend line reporting the bioluminescent 

single quantification of luciferase activity over time showed a steep increase with respect to the 

linear signal observed in U251-pGL3 (Fig.29) , probably due to hypoxia establishment within the 

implanted tumor. In view of these findings and since the objective of this study was to investigate 

intratumoral hypoxia, subsequent studies were concentrated on U251-HRE cells. 
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2.2 FLI VALIDATION OF BLI RESULTS 

BLI analyses suggested that the luciferase activity in U251-HRE was regulated by hypoxia 

establishment and mediated by HIF-1α activity. To demonstrate this hypothesis, hypoxia 

establishment was investigated also through FLI analysis by using in detail the accumulation of the 

hypoxia probe HypoxiSense to demonstrate the correlation between Luciferase signal and specific-

probe accumulation (reporting hypoxia extent) in U251-HRE cells. Indeed, HypoxiSense, by 

binding selectively to CAIX, that is overexpressed in hypoxic tumor regions, provides specific 

information about regional tumor hypoxia.  

After HypoxiSense biodistribution, mice were acquired for FLI (FLIT) and BLI (DLIT) using a 3D 

modality with a CCD camera with an integrated CT system. Volumetric region of interest (ROI) 

analysis of the DLIT images allowed tumor location and dimension to be determined (mean volume 

= 11.97mm3 ± 3.1, depth = 2.3mm ± 0.1). The FLIT acquisition showed an extensive hypoxic area 

co-localizing with the bioluminescent signal (mean volume = 9.34mm3 ± 2.8), confirming that in 

U251-HRE cells luciferase activity was able to report on hypoxia extent, since it is driven by HIF-1α 

activity (Fig.30).  

 

 

 

 

 

 

 

 

 

 

 



73 

 

Fig. 30 : 3D and axial comparison of luciferase activity and HypoxiSense680 fluorescent probe 

uptake in a representative U251-HRE orthotopic mouse model. Scans were performed at day 30. 

 

Summarizing, by using HypoxiSense fluorescence imaging and luciferase bioluminescence 

imaging technologies, it is possible to image and quantify tumor sub-regions undergoing hypoxia-

related changes in a non-invasively manner. Moreover, we demonstrated that optical imaging, by 

using U251-HRE model, can provide a complete view of hypoxia establishment and progression in 

preclinical models. 

2.3. IN VIVO STUDY OF TUMOR FEATURES BY MRI AND NUC LEAR-BASED IMAGING (PET) 

Although the promising results obtained through optical imaging, actually this method does not yet 

have a role in human studies, so it is necessary to cross-validate optical imaging data with those 

obtained with MRI and PET, used routinely in the clinical practice. 

In this context, MRI provided high-resolution images for assessing tumor localization and features 

(volume, perfusion, presence of necrotic areas). Particularly, 30 days after cell injection, 

anatomical and diffusion MRI were performed in the biggest tumors, revealing internal tumor 

necrosis, a structural modification subsequent to hypoxia establishment. On anatomical RARE 

images (Fig.31) , U251-HRE tumors were delineated from normal brain tissue as isointense or 

slightly hyperintense, poorly demarcated and irregularly rounded areas.  

MRI diffusion experiments were performed to analyze the relative diffusion coefficient in necrotic 

and non-necrotic tumor regions. Figure 31  shows some examples of color-coded diffusion maps 

(DWI-EPI) (1-3) and the corresponding anatomical RARE images (2-4). At 20 days very few areas 

of internal necrosis were found and diffusion maps appeared mostly homogeneous (1-2); at 30 

days, the biggest tumors started showing internal necrotic regions, characterized by a higher 

diffusion coefficient (3-4).  
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Fig. 31:  Color-coded MRI diffusion maps (1,3) with corresponding anatomical RARE images (2,4) 

at 20 (1,2) and 30 days (3,4): tumors are encircled by white dotted lines on RARE images. Higher 

diffusion coefficient values are depicted as yellow or red areas. 

 

To complete in vivo studies of U251-HRE models and to better characterize glucose metabolic 

profile, hypoxia and tumour growth three radiolabelled tracers were used for PET imaging studies 

at 18-20 and 28-30 days after cell implantation: [18F]FDG for metabolic profile, [18F]FAZA for tissue 

hypoxia and [18F]FLT for cell proliferation . 

[18F]FDG PET studies revealed no significant increase in uptake either at intermediate (T/B = 1.27 

± 0.17) or at late time points (1.08 ± 0.06) (Fig.32) . On the contrary, U251-HRE animal models 

showed poorly hypoxic ([18F]FAZA T/B = 1.01 ± 0.09) but highly proliferative tumors ([18F]FLT T/B = 

1.33 ± 0.14) on the intermediate PET studies (18-20 days). At 30 days after cell injection, tumours 

showed hypoxic areas as indicated by [18F]FAZA uptake (T/B ratio: 1.38 ± 0.09) and the [18F]FLT 

T/B ratio increased significantly to 2.38 ± 0.15 (a 1.78-fold increase, p = 0.003). In U251-HRE 

injected mice, [18F]FAZA uptake within tumor lesions was detectable only in the acquisitions 

performed 30 days after cell injection (Fig.33) . The results were very similar to those obtained with 

FLI analysis, and therefore contributed to validate this cell model for the study of hypoxia 

establishment and progression also by PET. 
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Fig. 32:  Glucose metabolism in U251-HRE animal models by PET. Representative images of 

[18F]FDG uptake at intermediate and late time points in a U251-HRE mouse. Tumour uptake is the 

same as background. The tumour is delineated by white dotted lines. 

 

Unlike what was reported in rats using U251 cells [125], [18F]FDG uptake was found to be close to 

normal brain tissue levels (Fig.32) . This difference may be due to the limited spatial resolution of 

YAP-(S)PET, used for PET experiments, in detecting mouse brain lesions using tracers that, 

similarly to [18F]FDG, show high background uptake in the brain.  

For what concerns hypoxia study, only at the late time point [18F]FAZA PET uptake was detectable 

contrary to what was observed in bioluminescence hypoxia signal (Fig.33) [146]. This was due 

mainly to the different mechanism of action of optical and nuclear-based imaging. Indeed, the 

entrapping mechanism of [18F]FAZA radiotracer is dependent by pO2 in the cellular 

microenvironment. In normoxic conditions, [18F]FAZA diffuses along cell membrane, whereas only 

in hypoxia and when O2 is not available, [18F]FAZA is not re-oxidated and so remains accumulated 

into the cells. A different reasoning need to be done for bioluminescence, indeed its mechanism of 

hypoxia detection is based on HIF-1α binding to HRE sequences. Indeed, comparing 

bioluminescence and PET imaging, we could affirm that bioluminescence hypoxia signal was 

detected earlier than [18F]FAZA, probably because it detected an earlier hypoxia event, that is HIF-

1α nuclear accumulation and its transcription activity. [18F]FAZA uptake, instead, was regulated by 

pO2 intracellular level and by relative redox reaction, that probably constitutes a more late event in 

hypoxia establishment, since it depends only on intracellular pO2 [147]. 
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Moreover, it is important to consider the different resolution of the two imaging techniques. Indeed, 

probably PET imaging had a lower resolution not sufficient to detect small regions of intratumoural 

hypoxia. 

As regards [18F]FLT uptake, since it reflects tumoural proliferation, showing a very low background 

signal, it was clearly detectable from the early time point and increased over time, as also 

demonstrated by ex vivo correlation with the Ki67 marker [148]. 

 

 

Fig. 33:  Representative axial MRI, BLI and PET images in U251-HRE animal models performed at 

intermediate (18-20 days) and  late (28-30 days) time points. White arrows indicate tumors. 

Tumours are delineated by white dotted lines. 
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3. EX VIVO VALIDATION 

3.1. MORPHOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSES   

After in vitro and in vivo model characterization, to validate GBM features and imaging data, 

morphological and immunohistochemical analyses (IHC) were performed on explanted brains. Ex 

vivo H&E staining showed distinctive features of high-grade glioma (i.e. GBM), namely, markedly 

hypercellular proliferation of spindle and/or fusiform cells, with atypical and pleomorphic nuclei, 

high mitotic activity, prominent microvascular proliferation, and necrosis. Moreover, the U251-HRE 

cells showed an infiltrative pattern of invasion into normal brain parenchyma, illustrating the 

aggressiveness of these tumor cells [53](Fig.34) . 

 

 

 

 

 

 

 

 

Fig. 34:  H&E staining and IHC validation on ex vivo brain sections. a Ex vivo H&E staining shows 

hypercellular neoplastic tissue (1), infiltrating the brain parenchyma. Tumors are characterized by 

“glomeruloid capillaries” (2) and prominent microvascular proliferation (3); brisk mitotic activity (4-

5); nuclear atypia (6) and abnormal mitoses (7). 

 

IHC showed a strong positivity for hypoxia markers: nuclear HIF-1α and membrane carbonic 

anhydrase IX (CAIX) were observed, in keeping with the presence of hypoxia in the tumors. IHC 

showed a zonal pattern of HIF-1α and CAIX positive cells in U251-HRE cells, accordingly with the 

presence of hypoxia within the tumour: in fact HIF-1α and CAIX resulted differentially expressed at 

the micro-regional level, with a high level of  the two hypoxia marker in deeper regions of the 

tumour respect to more superficial areas (Fig.35) . For what concerns the proliferation marker Ki67, 
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IHC staining before treatment was strongly positive, reflecting the high proliferation index of tumor 

lesions. Finally, IHC for luciferase expression supported the results of the in vivo bioluminescence 

analysis. Indeed, positive cytoplasmic staining of luciferase was found to co-localize with HIF-1α 

nuclear positivity in adjacent sections (Fig.35) .  

These findings demonstrate in vivo imaging data as already reported. Indeed, Ki67 staining 

confirms the high proliferation index showed by [18F]FLT PET, confirming the aggressiveness and 

infiltrative pattern of this kind of tumors [148]. For what concerns hypoxia establishment, hypoxia 

markers, such as HIF-1α and CAIX, confirm [18F]FAZA PET results, underlying how hypoxia is a 

crucial features of GBM and how this feaature can be non-invasively studied by different imaging 

modalities. 

 

 

 

 

 

 

 

 

 

Fig. 35: IHC staining for hypoxia markers (HIF-1α  and CAIX), for proliferation marker (Ki67), and 

for luciferase expression. 

 

4. IN VIVO TEMOZOLOMIDE TREATMENT 

Once evaluated in vitro the effect of TMZ treatments on HIF-1α activity and cell toxicity, TMZ action 

was assessed also in vivo in mice bearing U251-HRE-mCherry orthotopic tumours. Mice were 

treated with acute or chronic TMZ, starting at 21 days after cells injection (after tumour growth and 

hypoxia establishment) in accordance to what observed in longitudinal BLI experiments described 

previously. The aim was to analyze by BLI the TMZ effect on HIF-1α activity, in relation to cell 

viability assessed by FLI (m-Cherry expression). Once more, two different TMZ treatments were 
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used: an acute single administration (400mg/kg) and a chronic treatment (4 doses of 100mg/kg) as 

described in figure 36 .  

 

 

 

 

Fig. 36:  Time line describing the BLI and FLI acquisitions (red), [18F]FLT PET (dark green)and 

HypoxiSense and IntegriSense (light blue) in relation to TMZ administration. In light and dark green 

chronic and acute TMZ administration were showed, respectively.  

 

 

Imaging data (Fig.37a)  showed the bioluminescent and fluorescent signal at three different time 

points from cell injection: 1) Pre-TMZ (day 20), 2) 2 days after TMZ first administration (day 23) 

and 3) 7 days after TMZ administration (day 28). Before TMZ administration, both the 

bioluminescent and the fluorescent signal were high, as expected because of the hypoxia 

establishment (HIF-1α transcription activity) and the high proliferation rate, respectively. Two days 

after TMZ treatment (at the end of acute treatment and after the first two doses of the chronic 

treatment), a significant reduction of the bioluminescence was observed, in particular as regards 

the acute treatment group, while m-Cherry fluorescence remained comparable to controls.  

On the contrary, a week after the beginning of the TMZ treatment, corresponding also to the end of 

the chronic treatment schedule, in both regimens, a strong reduction of bioluminescent signal as 

well as of the fluorescent m-Cherry signal was observed in comparison to the controls. 

Bioluminescent and fluorescent signal quantification also demonstrated these observations 
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(Fig.37b) . The different treatment scheduling and doses could account for the differences in 

bioluminescence reported for the two therapeutic regimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BLI FLIBLI FLI BLI FLI

BLI FLIBLI FLI BLI FLI

d20 d23 

C
T

R
L

d28 

Pre-TMZ
(d20)

2d post TMZ
(d23)

7d post TMZ 
(d28)

A
C

U
T

E
 

T
M

Z
C

H
R

O
N

IC
 

T
M

Z

MIN MAX MIN MAX

a) 

BLI in vivo  TMZ treatments
              (U251-HRE-mcherry)

0

5.0×106

1.0×107

1.5×107

2.0×107

pre-TMZ          2d after TMZ         7d after TMZ
(day 20)               (day 22)              (day 2 8)

A
ve

ra
ge

 r
ad

ia
nc

e 
(p

/s
/c

m
^2

/s
r)

   FLI in vivo  TMZ treatments
              (U251-HRE-mcherry)

0.0

2.0×1008

4.0×1008

6.0×1008

8.0×1008

pre-TMZ          2d after TMZ         7d after TMZ
(day 20)               (day 22)              (day 2 8)

Chronic TMZ

CTRL
Acute TMZ

A
ve

ra
ge

 r
ad

ia
nt

 e
ff

ic
ie

nc
y 

(p
/s

/c
m

^2
/s

r)

b) 



81 

 

 

Fig. 37:  a) BLI (luciferase activity) and FLI (mCherry expression) in U251-HRE-mcherry tumour 

bearing mice non treated (first row), treated with acute TMZ regimen (second row) or with chronic 

TMZ regimen (third row). Images showed results obtained before treatment and two or seven days 

after TMZ administration. Images were represented with the same scale bar. b) Images 

quantification of luciferase and mCherry activity over time in a representative mouse for each 

group , treated with acute or chronic TMZ. ROIs were drawn on 2D images to obtain resulting 

luciferase activity, expressed as average radiance (p/s/cm2/sr), and mCherry activity, expressed as 

average radiant efficiency (p/s/cm2/sr). 

 

 

A PET study performed on the same animals at the same time points reported in the figure 38 , 

showed that tumor proliferation was not reduced until mCherry signal started decreasing, 

corroborating our hypothesis about the role of HIF-1α activity as early biomarker of tumor response  

to TMZ treatment.  
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Fig. 38:  Images showed three representative mice injected with [18F]FLT proliferation radiotracer 

before and 2days and 7 days after TMZ treatment. A control and two treated mice were showed. 

Images were showed with the same scale bar. 

 

 

 

At the end of all treatments, mice underwent also a scan with two different fluorescent probes 

(Fig.39) : HypoxiSense and IntegriSense to assess hypoxia extent and tumour angiogenesis, 

respectively. In both acutely and chronically treated mice, fluorescence analysis showed only a 

modest HypoxiSense uptake, respect to controls, indicating the presence of only limited 

intratumoral hypoxic areas in treated-mice. At the same time, also IntegriSense showed a low 

accumulation in treated mice respect to controls, indicating a reduction of tumour angiogenesis 

following both acute and chronic treatment regimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 39 : Images showed three representative mice injected with HypoxiSense and IntegriSense at 

later time points (day 30). 
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These results were extremely significant showing the consequences of the treatment also in 

relation to HIF-1α modulation: firstly, TMZ treatment produced, an early reduction of 

bioluminescent signal regulated by HIF-1α activity. Secondly, mCherry signal, due to tumor cell 

viability, decreased only at later times, suggesting that as already described in vitro, the cytotoxic 

effect of TMZ treatment was detectable only some days after the administration. Finally, the 

reduction of HypoxiSense and IngetriSense uptake, demonstrated treatment efficacy. Moreover, 

the accumulation of the fluorescent probes showed that HypoxiSense uptake co-localizes with the 

IntegriSense probe, indicating that hypoxia was present in the inner portion of tumor. A more 

detailed study will be performed to assess by FLI hypoxia and angiogenesis, before and during 

TMZ treatment to validate their use as response biomarkers for TMZ treatment. 

TMZ treatment by inducing the formation of methylated nucleotides, could concurs to induce their 

degradation by increasing proteasome activity, resulting also in a faster HIF-1α degradation [94-

95]. In this scenario by reducing this transcription factor, Luciferase expression (in U251-HRE-

mCherry cells) and transcription of all the gene driven by HRE sequences would be reduced 

resulting in a decrease in angiogenesis (see Integrisense uptake results). Furthermore this 

mechanism could be the reason for the synergic effect of TMZ with other anti-angiogenic drugs 

such as bevacizumab acting on downstream targets respect to HIF-1α activity [125,149]. This is 

only an hypothesis, however future studies will be necessary to demonstrate this theory. 

In this view, HIF-1α, and its modulation after TMZ administration, could be used as early biomarker 

of TMZ efficacy after only 2 doses in the chronic regimen although a cytotoxic effect would not be 

detectable until after a week of treatment.  

Despite further studies have to be performed to understand in depth the mechanism of action of 

TMZ, the in vitro and in vivo results presented herein are in accordance reporting an early 

reduction of HIF-1α activity before the induction of a real cell toxicity. The dual bioluminescent-

fluorescent model U251-HRE-mCherry was very useful, showing a strong reduction of luciferase 

signal yet 48h after treatment, whereas m-Cherry fluorescent signal decreased only after a week. 

Since luciferase reporter gene is under control of HRE sequences (HIF-1α modulated), whereas 

fluorescent signal is under a constitutive promoter, we can hypothesise that TMZ, beyond its well 

known capacity of interfering with DNA replication, could have an indirect effect on HIF-1α activity, 

while fluorescence signal reported only on cell viability.  

The use of the two specific fluorescent probes (HypoxiSense and IntegriSense) constitutes only a 

first pilot evaluation of the possibility to use these variables as response biomarkers after TMZ 

treatment with a sensitive and highthroughput technique before its validation with translational 

imaging tecniques such as PET and MRI. 

In conclusion, this preliminary result, is extremely important because it opens the way to new 

hypothesis about TMZ mechanism of action, endorsing HIF-1α transcriptional factor as early 
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biomarker of TMZ efficacy, despite the molecular mechanism is not clear at the moment. Further 

studies need to be performed to understand the complete mechanism of action of TMZ.  
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CONCLUSIONS 
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This study suggests that the U251-HRE model, with luciferase activity as biomarker, can be used 

to evaluate HIF-1α activity in both in vitro and in vivo longitudinal studies geared at improving 

therapeutic approaches. Indeed, the objectives of the in vitro studies were the comprehension of 

molecular pathway influence in regulating hypoxia establishment using different modulators, and 

the relationship between HIF-1α induction and luciferase expression. In this view, our results 

showed that HIF-1α accumulation can be inducted by using hypoxia mimetic agents, such as DFX, 

and that this modulation was detectable only in U251-HRE cells [28,137,139] validating the use of 

this cell line for hypoxia studies and luciferase activity as a reliable HIF-1α specific biomarker in 

these cells.  

Moreover, our results showed the involvement of PI3K/Akt and MAPK pathways on HIF-1α activity, 

resulting in luciferase expression modulation and underlying, once more, the importance of these 

processes as potential therapeutic targets [30,64,65,84].  

Firstly, PI3K/Akt pathway was studied through LY294002 and BEZ235 treatment that acting on 

PI3K and mTOR were able to modulate Akt action and HIF-1α activity. The use of the inhibitors 

resulted in a reduction of HIF-1α-mediated luciferase activity in U251-HRE cells, suggesting an 

important role of this pathway on HIF-1α activity. Secondly, MEKs inhibitors such as TRAMETINIB 

and PD98059 were used to investigate the contribution of the Raf/MEK/ERK pathway in influencing 

HIF-1α activity. Different inhibitors were tested both as single treatments and as co-treatments to 

evaluate potential additive effects also of the two molecular pathways. Finally, a downstream 

regulator of HIF-1α, FM19G11, was used to understand the influence of degradation pathway on 

HIF-1α accumulation into the nucleus and transcriptional activity.  

These studies allowed to conclude that U251-HRE cells can be used to assess HIF-1α activity 

after treatments by Luciferase activity assessment. 

For what concerns in vivo studies, our results showed that our preclinical model, and the powerful 

imaging strategy proposed herein, can be useful for the early identification of hypoxic tumor 

regions and for the validation of specific treatments, accelerating the translation of preclinical data 

into clinical applications. Indeed, this study demonstrates that the U251-HRE orthotopic murine 

model may be proposed as a predictive and reliable tool to evaluate HIF-1α dependent processes 

in preclinical glioma models by BLI and FLI. Indeed, post-mortem analyses confirmed that the 

U251-HRE model recapitulates the salient features of human GBM in term of aggressiveness, high 

proliferation index and hypoxia and that Luciferase expression actually correlates with HIF-1α 

nuclear accumulation and CAIX expression in hypoxic regions.  

In particular, although optical imaging methods do not yet have a role in human studies, cross-

validating imaging results obtained with PET and MRI studies, have improved bioluminescence 

and fluorescence results. Indeed, optical imaging modality offered the possibility to indirectly study 

HIF-1α induction by monitoring luciferase activity. In addition, fluorescence scan for HypoxiSense 
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probe, confirmed the intratumoural hypoxia, validating BLI results. Supplementary, MRI showed 

the morphological features of tumours and diffusion studies gave information about the hypoxia 

microenvironment. On the other hand, PET provided information about glucose metabolism 

([18F]FDG) and proliferation ([18F]FLT), while hypoxia ([18F]FAZA) study confirmed BLI results in 

term of tumor hypoxia extent.  

By combining information obtained with different modalities, it is possible to understand, in a 

complete view, the tumoral features, progression potential and the instauration of intratumoral 

hypoxia as well as the response to different treatments, identifying also potential response 

biomarkers. 

In addition, a preliminary study with Temozolomide drug was performed on mice bearing U251-

HRE-mCherry orthotopic tumours. The use of the tumour expressing the two reporters showed the 

different timing in HIF-α activity reduction and cell toxicity due to the treatment, allowing the 

identification of HIF-1α activity as potential biomarker of tumour response to TMZ and the 

suggestion of a new indirect mechanism of action of this drug. For all these reasons, the 

development of non-invasive procedure for the study of HIF-1α activity in hypoxia 

microenvironment could be extremely important to improve therapeutic approaches and, maybe in 

the future, to stratify glioma patients basing on intratumoral hypoxia level to maximize toxic effects 

of the antineoplastic treatment on tumors also in multi-drug regimens. 

In conclusion, our data suggest that the U251-HRE model can be used to evaluate tumour hypoxia 

with multiple imaging modalities, with a view to opening up new avenues for the planning of 

personalized treatments. Translational molecular imaging modalities, indeed, offer the possibility of 

cross-validating preclinical optical imaging data with small-animal PET and MRI results, as a 

preliminary approach that may facilitate the transfer of the obtained results and of specific imaging 

procedures into the clinical setting [97,100,106]. 
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FUTURE PERSPECTIVE 
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In the near future, in vitro experiments will be focused at the clarification of the mechanisms and 

significance of HIF-1α regulation, after treatment with different inhibitors and drugs acting on 

PI3K/Akt and MAPK pathways and proteasome activity, both in vitro and in vivo. 

In this view, the U251-HRE-mCherry model will be used to evaluate the in vivo effect of TMZ 

treatment in association with other drugs acting for example in the blockage of angiogenesis at 

different levels, to better understand the molecular background influencing HIF-1α-mediated 

hypoxia establishment and tumour response. In addition, it will be necessary to in vitro understand 

the TMZ effect on HIF-1α regulation in term of molecular mechanism and cytotoxicity by assessing 

proteasome activity and the induction of different transduction pathways.  

Furthermore it will be assessed if a stratification of the individuals in term of HIF-1α activity level, 

could help in improving therapeutic protocols, with a view to opening up new avenues for the 

planning of personalized treatments.  

Finally, a cross-validation with different molecular imaging techniques will be performed with PET 

([18F]FLT and [18F]FAZA) in order to study proliferation and/or hypoxia before and after 

pharmacological treatments and with MRI (diffusion and perfusion studies). These studies will 

explore tumor vasculature and will be aimed at comparing the different imaging procedures in the 

characterization of tumors in relation to treatment and in view of a clinical translation of the 

obtained results. 
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