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    This book is dedicated to our patients, in particular to those 
affected by tumors with a very poor prognosis, as glioblastoma 
currently is, as research has unfortunately not provided 
favorable survival outcomes as of yet; to our mentors, 
who have oriented our lives toward professional 
and scientifi c commitments; and to our families, 
who have sustained our efforts in implementing this volume. 
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    Le vent se lève! … il faut tenter de vivre!  

 (Paul Valéry, Cimetière Marin, 1920) 

   Toward the end of 2013, Antonio Giordano suggested I should prepare for 
publication a book on radiobiology of glioblastoma, my main fi eld of scien-
tifi c interest. Initially, I had some qualms about the diffi culty in implementing 
such an issue and on its possible usefulness, given the tremendous accumula-
tion of knowledge on this subject in recent years and the present, modest 
impact of most of these disclosures on therapy outcome. Nevertheless, the 
idea appealed to me because many of the striking radiobiology experimental 
results presently achieved are not satisfactorily addressed by suitable clinical 
trials. A comprehensive coverage of the modern, mechanistic, pathobiology-
grounded radiobiology topics of possible clinical relevance through selected 
contributions seemed to be appropriate, considering the possible translational 
perspectives. Therefore, I decided to take up the challenge after ensuring the 
cooperation for this task with Antonio Giordano himself, as a prominent 
pathobiology scientist in oncology, and with Giovanni Luca Gravina, a radia-
tion oncologist and biologist of established reputation, both of whom have 
honored me with their friendship. 

 Glioblastoma patients may achieve, at most, median survivals of 12–15 
months and 25 % and 5 % 2- and 5-year overall survival rates, respectively, 
after current therapy. From a radiobiological point of view, the most relevant 
problem is the radiation resistance of glioblastoma, which in the vast majority 
of cases recurs in the primary site after radiotherapy. The empirically devel-
oped principles of radiation dose fractionation and modulation over time, for 
improved tumor control/normal tissue damage ratios, do not enable improved 
tumor control with radiation doses higher than 60 Gy, differently from most 
other cancers. Technology alone does not seem able to overcome this situa-
tion. The impressive progress in medical imaging and in radiotherapy facili-
ties, in fact, now safely provide a very precise tumor localization and radiation 
high-dose delivery in a few sessions, activating also cell-death pathways dif-
ferent from those involved in killing cancer cells with conventional sched-
ules, but the results of specially designed clinical trials have been 
disappointing. However, hallmarks in the framework of molecular classifi ca-
tion, genome-wide characterization, membrane receptors, epigenetic fea-
tures, signal pathways, and immune domain are shown to be inherently 
related to the prognosis of glioblastoma and, in some cases, are predictive of 
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a response to current postoperative therapy methods, including radiotherapy. 
Targeting or modulating these determinants by “biological” agents is a prom-
ising approach for improving radiation effectiveness, as documented in 
numerous preclinical disclosures. However, glioblastoma is a complex and 
elusive disease, and these attempts have been unsuccessful in the clinical set-
ting so far, probably due to molecular signaling redundancy, clonal selection 
(or emergence) of resistant phenotypes under treatment, or diffi culty in pen-
etrating blood–brain barrier by the drugs. In conclusion, further research is 
warranted, for a more fi tting, “individually featured” radiotherapy of glio-
blastoma with radiation optimization and enhancement grounded on pathobi-
ology knowledge, an approach which is more and more frequently 
implemented in other tumors. Translational aspects are relevant to this regard. 
Identifi cation of suitable markers should continue through the use of large 
database collections including pathological, biological, and clinical data to 
establish reliable correlations with advanced statistical methods, so that pre-
clinical research may select the most plausible working hypotheses for clini-
cal trial design. 

 I hope this book will contribute to this purpose or at least in facilitating 
communication among the involved professionals and researchers.  

  Siena, Italy     Luigi     Pirtoli   
 23 October 2015    luigipirtoli@gmail.com    

Foreword
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 There has been a clear-cut change in the mentality of oncologists in the last 
decades. Up to the end of the past century, in fact, any therapeutic approach 
to cancer could be assigned to one of the following two categories: treatment 
for defi nitive cure or otherwise palliation. In the former setting, the real pos-
sibility of achieving defi nitive healing of the disease sometimes justifi ed 
treatment-related side effects or damages of not negligible severity, whereas 
in the latter orientation—whose intent was a only a reasonable improvement 
in life expectancy and/or symptoms relief—a milder therapeutic conduct was 
more advisable. This scenario has been radically modifi ed by the rise of more 
effective and safer surgical, radiation, and drug therapies, with the conse-
quence that also in patients whose cancer could not be eradicated, it could be 
changed into a chronic disease in many cases with an approach more active 
than in the past, allowing survival times often exceeding the fateful 5-year 
threshold and a satisfactory quality of life. 

 Unfortunately, this is not the case of glioblastoma: with current therapies, 
one half of the affected patients decease within 1 year from the diagnosis and 
long-term survivors are extremely rare, amounting to no more than 5 % at 5 
years. But resigning to a palliation outcome is generally seen as inappropriate 
by the medical community and by the patients and their relatives. However, 
due to the frailty of the brain, surgical ablation is necessarily incomplete in 
most cases, and radiation therapy can be delivered only within precise dose 
and volume constraints. Even the most advanced radiotherapy technology 
scarcely impacts on tumor control, and associated chemotherapy may 
improve outcome only to a limited extent. Furthermore, relevant treatment- 
related damages may occur. So, much effort is presently made to enhance the 
effectiveness and safety of the available therapeutic tools. 

 One major determinant of therapy failure in glioblastoma, in fact, is its 
inherent resistance to radiation that, in light of the most recent radiobiology 
disclosures, can be appropriately considered as an “adaptive strategy” of the 
tumor against the radiation threat, which is more effective than in other can-
cers. The enormously improved knowledge of the natural history of glioblas-
toma in the fi elds of gene and mechanistic molecular biology, achieved in the 
last decades, seems to point the way to effectively cope with radiation resis-
tance, by specifi cally targeting its underlying molecular determinants. 
However, much research is still needed, as the fi rst clinical trials on molecu-
lar targeting agents have produced modest results. This may be due some-
times to working hypotheses not thoroughly verifi ed in the preclinical setting 
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but, in general, to the great complexity of the disease and the redundancy of 
its biological machinery. Another cause may be the insuffi cient communica-
tion between preclinical and clinical researchers. There is also the need of 
new translational tools, besides clinical trials, such as large database collec-
tion and advanced statistical methodology. 

 We collected in this book authoritative information by some authors of the 
highest repute, giving a context to, and focusing on, clinical, laboratory, and 
translational radiation biology research on glioblastoma and its related patho-
biology fi eld. Also subjects such as particle therapy, radiation tolerance of 
normal brain, immunology, and nanomaterial technology are dealt with, with 
special reference to their respective correlated radiobiology topics. Our intent 
was mainly to promote the reciprocal understanding and insight among 
researchers and professionals in radiation and medical oncology, pathology, 
biology, and medical physics, in order to improve cooperation among them. 
Glioblastoma, although relatively rare, is in the spotlight due to the extreme 
complexity of its biological machinery, which represents a challenge for 
research, due to the necessity to disclose multiple new targets suitable for 
innovative therapies and unconventional approaches. These investigations 
might elucidate aspects of relevant interest also in other neoplasms. We hope 
that the efforts and the time devoted to the accomplishment of this book have 
obtained a useful and stimulating state-of-the-art assessment for the readers.  

  Siena, Italy     Luigi     Pirtoli    
 L’Aquila, Italy      Giovanni     Luca     Gravina    
 Philadelphia, PA, USA     Antonio     Giordano     

Preface
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      Introduction and Background                     

     Luigi     Pirtoli     ,     Giovanni     Luca     Gravina    , 
and     Antonio     Giordano   

      Glioblastoma (GB) accounts for 54 % of primary 
brain tumors, with an incidence of about fi ve new 
cases for every 100,000 per year, and after aggres-
sive multimodal treatments, prognosis remains 
poor, with a 5-year Overall Survival (OS) rate 
barely reaching 5 %, as extensively documented 
in the section of this book dedicated to prognostic 
parameters of GB. Maximum achievable safe sur-
gical resection, and limited- volume radiotherapy 
(RT) with concurrent and sequential chemother-
apy (CHT) based on the alkylating agent 
Temozolomide (TMZ) [ 1 ], achieve 40, 15, and 
7–8 % OS rates, respectively at 1-, 2-, and 3-years. 
These present standards of treatment mostly stem 
from studies dating back to the seventies of the 

last century [ 2 ,  3 ], and progressively evolving 
through subsequent clinical trials. 

 A great deal of medical literature is dedicated 
to GB, with increasing frequency over time. Most 
recent articles on GB, in fact, begin with the 
statement that prognosis has not improved, 
despite the numerous research fi ndings on its 
underlying genomic and molecular mechanisms. 
This is due at least in part to the diffi culty in 
improving patient outcomes, given the elusive 
nature of this disease with respect to therapeutic 
innovations, including those in the RT domain. 
Radiation is one of the most used and useful tool 
against cancer, including GB, and knowledge of 
its mechanisms of action on biological substrates 
is of the utmost importance in oncology. 
Radioresistance of GB is one challenge for 
Radiation Biology (RB) that has emerged from 
the clinical setting, and important questions 
raised by clinical experiences are addressed by 
basic RB laboratory research. However, RB is a 
scarcely known discipline outside of the inner 
circle of the radiological science scholars, and we 
are convinced that a comprehensive and updated 
coverage of this subject is warranted, that is, the 
aim of this book. The researchers and the practi-
tioners studying GB in the domains of radiation 
and medical oncology, pathology, biology, and 
physics may profi t from reciprocal scientifi c con-
tributions collected in a lineup fi tting the present 
state-of-the-art. 

        L.   Pirtoli      (*) 
  Tuscany Tumor Institute ,   Florence ,  Italy    

  Unit of Radiation Oncology, Department of 
Medicine, Surgery and Neurosciences ,  University of 
Siena ,   Siena ,  Italy   
 e-mail: luigipirtoli@gmail.com   

    G.  L.   Gravina    
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 We dedicated the fi rst section of the book to 
RB topics emerging from clinical studies on 
GB. These include research regarding RT dose, 
volume and fractionation, CHT associated with 
RT, RT modalities alternative to the current pho-
ton irradiation, mathematical modeling of treat-
ment parameters, prognostic parameters and 
markers, and radiation tolerance of normal brain. 
The second part addresses preclinical research 
domains of particular relevance for GB. These 
include related basic experimental RB; immune 
system and GB microenvironment; genetic and 
epigenetic determinants in tumor initiation and 
progression; GB microenvironment in its rela-
tionship with hypoxia and glioma stem cell- 
related radiation resistance; cell-death pathways 
and radiation; miRNA manipulation in modify-
ing radiation resistance of GB; and nanoparticle 
research. The third and last section of the book 
deals with translational issues, specifi cally pre-
clinical models for GB RB, present attempts to 
correlate molecular RB with clinical RB, and the 
perspectives of large databases and ontologic 
models for the correlation of results derived from 
preclinical and clinical data. Many of these con-
tributions are unavoidably overlapping, refl ect-
ing contiguous fi elds of research and the scientifi c 
interests of the authors, who are often watchful 
for collateral disclosures infl uencing their work. 
In our opinion, this is an added value and not 
redundancy. 

    Prognostic Markers and Treatment 
Strategies 

 The largely incomplete information on tumor ini-
tiation and progression of GB and its almost uni-
versally fatal course have driven research for 
many years towards an analytic approach of both 
patient- and treatment-related prognostic factors 
conditioning life expectancy. Respectively, these 
include age, performance, and neurological sta-
tus, as well as extent of surgical resection, RT 
and CHT [ 4 ], which have been analyzed in the 
past in an attempt to identify parameters for the 
best benefi t/risk ratio of therapy. The traditional 
approach to biological and clinical radiation 

oncology investigation in this fi eld for a long 
time consisted mainly of mathematical modeling 
of in vitro and in vivo experimental results, or of 
data from clinical series. The vast majority of 
available reports show that RT acts as a prognos-
tic factor just as a dichotomic parameter: the 
related survival advantage exists, as compared to 
surgery alone, but this is not dose-dependent 
according to a continuous dose-effectiveness 
function above 60 Gy, as normally happens in 
solid tumors. A recent mathematical analysis of 
GB patients undergoing RT-CHT seems to theo-
retically indicate that increments of outcome 
might occur up to a tumor control probability of 
85 % with a RT total dose of 74 Gy in 30 daily 
fractions of 2.2 Gy each over 6 weeks [ 5 ]. This 
hypothesis needs to be confi rmed in a clinical set-
ting, but it is unlikely to deliver such an RT treat-
ment without increasing the probability of normal 
tissue complication beyond acceptable levels, 
even using the most advanced irradiation 
techniques. 

 Only recently, pathobiology research has 
unveiled information that is conceivably suitable 
for identifying prognostic parameters. We are 
aware, in fact, that GB is a biologically complex 
disease, and that patient- and treatment-related 
prognostic parameters may refl ect inherent tumor 
initiation and progression features, and different 
response to treatment. GB regrowth in the pri-
mary site, that is, in the full-dose RT region, is 
the most common failure of RT, even if it 
improves survival over surgery alone, as previ-
ously mentioned. 

 The recent assessment of the “genomic land-
scape” of GB [ 6 ], and the improved knowledge 
of signaling pathways, have led to great expecta-
tions from biologically targeted therapies, spe-
cifi cally monoclonal antibodies (mAb) and 
tyrosine-kinase inhibitors (TKI), as well as active 
and passive immune therapy [ 7 ,  8 ]. However, the 
numerous clinical trials undertaken on these 
grounds have generally yielded unsatisfactory 
results. Possible hypotheses for explaining these 
failures include molecular signaling redundancy 
and cross-talk; clonal selection (or emergence) of 
resistant phenotypes under treatment; preclinical 
studies mainly addressing tumor-initiating or 
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early growth factors and not late tumor progres-
sion mechanisms; diffi culty of the drugs in pen-
etrating the blood–brain barrier (BBB), etc. [ 9 ]. 
In addition, integrating the above-mentioned 
agents with radiation, as well as modern refi ne-
ments of imaging and radiation-dose delivery 
techniques, have not produced substantially 
improved outcomes. However, molecular radio-
biology, in general, has rapidly evolved over the 
last two decades, paralleling the improved 
knowledge of DNA damage and repair mecha-
nisms, intra- and intercellular signaling pathways 
and microenvironmental factors, as well as tumor 
profi ling biomarkers and molecular targeting 
[ 10 ]. GB, in particular, is presently the subject of 
much scientifi c discussion regarding ionizing 
radiation under this new perspective. The recent 
molecular classifi cation of GB TCGA (The 
Genome Cancer Atlas) addressed recurrent 
genomic abnormalities in GB, which resulted in a 
gene-expression/molecular classifi cation of GB 
into proneural, neural, classical, and mesenchy-
mal subtypes [ 11 ]. An aggressive postsurgical 
therapy (that is, RT with > 3 cycles of chemother-
apy, vs. a less intensive management), yielded a 
signifi cantly reduced mortality in the classical 
and mesenchymal subtype, a borderline impact 
on survival in the neural subtype, and no effect on 
the proneural subtype.  

    Inherent GB Radiation Resistance 
and Failure in Radiosensitizing GB 
by Targeting Key Signal Molecules 

 Radioresistance of GB is attributable to both 
intracellular and microenvironmental factors 
[ 12 ]. Radiation-induced cell death in solid tumors 
is mostly due to DNA double-strand break 
(DSB), and enhanced DNA DSB repair may 
occur and improve radiation resistance: the 
PI3K-Akt pathway, downstream of several mem-
brane receptors (particularly the erbB family 
members) may be activated and potentiate DSB 
repair after radiation, besides constitutively stim-
ulating tumor growth and invasion [ 13 ].  EGFR  
amplifi cation (present in about 40 % of GBs) pro-
motes resistance to RT in preclinical studies 
through the activation of DNA PKcs (DNA- 

dependent protein kinase catalytic subunit) lead-
ing mainly to nonhomologous end joining 
(NHEJ) DNA DSB repair. Furthermore, experi-
mental evidence indicates that the link between 
EGFR signaling and DSB repair occurs by the 
PI3K-Akt or MAPK (mitogen-activated PK) 
pathways [ 14 ]. A frequent (30–50 %) mutant 
form of EGFR is expressed in GB, specifi cally 
the EGFR variant III (EGFRvIII or ΔEGFR). Its 
deletion of the extracellular domain (exons 2–7) 
constitutively activates a high stimulation of the 
PI3K/Akt/mTOR pathway, and confers radiation 
resistance [ 15 ]. Some authors [ 16 – 18 ] have con-
sidered the relationship between increased cell- 
survival signaling by EGFR and  TP53  mutations 
and apoptosis. For a long time, in fact, apoptosis 
has been supposed to be the main type of pro-
grammed cell death (PCD) after anticancer treat-
ments, including RT [ 19 – 22 ]. However, evidence 
exists that other types of PCD are induced by 
CHT and RT, such as autophagy-related or type-
 II PCD, and regulated necrosis (including necrop-
tosis, type III PCD) [ 21 – 23 ] These pathways are 
not necessarily mutually exclusive, as previously 
believed. Even if autophagy is important in many 
cancers as a protective mechanism against radia-
tion [ 10 ], it can act both as a pro-survival mecha-
nism and as a pro-death mechanism, the latter 
observed in GB [ 24 ]. Autophagy-related cell 
death is one of the metabolic pathways inhibited 
by EGFR, which can act via mTOR or by direct 
inhibition of Beclin1, a cytoplasmic protein that 
induces autophagy by binding to the Vps34- 
Vps15 core [ 25 ,  26 ]. We could experimentally 
demonstrate, for instance, that combined EGFR 
and autophagy modulation impact on radiation 
and TMZ sensitivity (that is, clonal inhibition) in 
human GB cell lines [ 27 ]. Similarly, in patients 
undergoing RT and TMZ, low-EGFR- and high 
Beclin1-expressing GBs have a signifi cantly bet-
ter median survival, as compared to other ones 
showing high-EGFR and both high- and low- 
Beclin1 expression, after standard RT-TMZ [ 28 ]. 

 Some failures of mAb or of TKI against EGFR 
in achieving favorable results in clinical trials 
might be due, at least in part, to the lack of a con-
current inhibition of the downstream cell-death 
pathway’s activity. PI3K-mTOR and EGFR 
inhibitors, as well as PDGFR, VEGF, and p53 
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inhibitors, are the subject of very recent, exten-
sive, and thorough reviews (e.g., [ 9 ]). Some 
authors considered, in particular, the relation-
ships of these pathways with the related genomic 
signifi cant mutations [ 8 ], as identifi ed in TGCA 
of GB [ 6 ]. 

 However, these studies do not primarily 
address RT enhancement, but in general the 
effectiveness of biological targeting drugs, both 
as single- or dual-agents, or in combination with 
current RT-CHT schedules. From a radiobiologi-
cal point of view, further study is necessary: in 
fact, many trials associate “targeting” drugs with 
RT without previous preclinical in vitro and 
in vivo investigations exhaustively grounding 
their effectiveness as radiation enhancers on 
sound proofs-of-principle [ 12 ].  

    Glioma Stem Cells 

 Another main factor causing GB resistance to 
radiation therapy is its intrinsic composition 
including heterogeneous cell populations—that 
is, a cellular hierarchy deriving from glioma stem 
cells (GSCs) through multiple genetic and epi-
genetic events [ 29 – 31 ]: inducing quiescence, 
altered cell-cycle control, activation of the DNA- 
repair pathways and complex interactions with 
the tumor microenvironment. Irradiated GBs 
contain more GSCs than unexposed ones, thus 
suggesting that GSCs have a role in radiation 
resistance [ 32 ]. GSCs may also have a funda-
mental role in promoting tumor neo-angiogenesis 
[ 33 ,  34 ], as suggested by high VEGF expression, 
and by their possibility to differentiate into endo-
thelial tumor cells [ 35 ,  36 ] or pericytes [ 37 ]. 
Neo-angiogenesis may also depend on hypoxia- 
inducible factor (HIF)-mediated recruitment of 
bone marrow-derived cells restoring GB vascu-
larity damaged by radiation [ 38 ]. 

 Hypoxia, due to its general and well-known 
property of reducing the effect of radiation- 
induced reactive oxygen species (ROS) damage 
on DNA by restraining their combination with 
oxygen [ 39 ], has a relevant role in radiation resis-
tance of GB, which is a highly hypoxic tumor. 
Furthermore, specialized hypoxic sites (the so- 

called “niches”) composed of GB-associated 
stromal cells, immune cells, and non-cellular 
components provide signals promoting the GSC 
phenotype [ 40 – 43 ]. GSCs located in these niches 
usually express the CD133/prominin-1 marker, 
used for their identifi cation, enrichment, and as a 
prognostic marker. However, it is questioned 
whether glioma and normal brain stem cells can 
be univocally discriminated by CD133 positivity. 
Genome-wide-based analyses have demonstrated 
that GSCs express a multiple-gene signature, 
existing in GSCs but not in normal brain SCs, 
correlating with survival [ 44 ]. This report also 
shows that characteristic Hedgehog- and Wnt- 
pathway alterations, such as active β-catenin, 
were present only in GB GSCs. Interestingly 
β-catenin, as well as Gli-1 enhanced immunohis-
tochemistry expression level, negatively condi-
tioned GB patients’ survival after standard 
RT-TMZ in our experience [ 45 ]. 

 The clinical implications of the radiobiologi-
cal research on cancer SC are currently the sub-
ject of ongoing studies, both for predictive 
bioassays and for combination of novel systemic 
treatments with RT [ 46 ].  

    Epigenetic Events 

 Radiation and CHT resistance, as well as other 
features of the aggressiveness of GB, may result 
from epigenetic events, such as alterations in the 
gene methylation status, conditioning the radia-
tion or CHT effect in DNA gene sequence dis-
ruption and repair. Different DNA methylation 
alterations exist between radiation-sensitive and 
-resistant cells [ 47 ]. Furthermore, radiation may 
induce modifi cations, such as phosphorylation or 
changes in the methylation status of histones 
[ 48 ]. About half of GBs harbor somatic  mutations 
determining DNA methylation, histone modifi ca-
tion, and nucleosome positioning [ 49 ]. 

 Methylation of the O6-methylguanine-DNA 
methyl-transferase (MGMT) gene showed a sig-
nifi cant median survival benefi t for GB patients 
undergoing RT-TMZ, as compared to those with 
the same feature undergoing RT only (21.7 vs. 
15.3 months, respectively;  p  = 0.007). On the con-
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trary, the difference between the same treatment 
groups, out of nonmethylated-MGMT GB 
patients, did not attain statistical signifi cance, in 
206 patients included in an EORTC-NCIC trial 
[ 50 ]. A meta-analysis study on 2018 high-grade 
glioma patients included in 20 reports showed that 
MGMT gene silencing was signifi cantly associ-
ated with improved survival in patients undergo-
ing RT-TMZ; this advantage was less signifi cant 
in those receiving only RT, and null in those 
receiving neither TMZ nor RT [ 51 ]. However, 
causal interpretation of these results requires cau-
tion: a sample classifi cation only according to the 
methylated and nonmethylated status for a gene 
may be dependent on the relationship between the 
overall CpG island methylation, the CpG meth-
ylation at individual sites, and the effectiveness 
of gene silencing, that is dependent in turn on 
the location within the gene [ 52 ]. DNA methyla-
tion may also involve other epigenetic modifi ca-
tions of chromatin, and the methyl-CpG-binding 
domain (MBD) proteins connected with histone 
deacetylases (HDACs) and histone methyl-trans-
ferase (HMTs), functionally affecting the regula-
tion of transcription. Furthermore, these events 
may regulate HIF effects at the DNA and histone 
levels, as extensively reported by Cimini et al. in a 
dedicated section of this book. 

 Antiepileptic drugs may affect therapeutic 
outcome of GB patients undergoing current 
RT-TMZ schedules, by MGMT-independent 
mechanisms, and due to HDAC inhibition and 
the consequent histone acetylation that loosens 
up the chromatin structure, making DNA more 
accessible to anticancer drugs and enhancing the 
cytotoxic effect of radiation. This is the case of 
Valproic acid (VPA) [ 53 ], which also induces 
apoptosis independently of the p53 status [ 54 ], 
induces autophagy as a cell-death pathway in 
GB, and may increase the bioavailability of TMZ 
by reducing the clearance of the metabolite that 
methylates DNA. GB patients submitted to 
RT-TMZ and treated with VPA, in fact, have 
enjoyed a better survival benefi t, as compared to 
those not undergoing VPA medication or receiv-
ing other antiepileptic drugs in an EORTC/NCIC 
trial [ 55 ]. Further studies are warranted, in order 
to assess whether the activity of VPA in enhanc-

ing RT-TMZ in GB is mainly due to HDAC inhi-
bition, or to an increased TMZ bioavailability or 
to other bioeffects, as indicated above. Other 
antiepileptic drugs are presently under evaluation 
in this area of research, but the main interest at 
the moment is focused on TMZ- and not on 
radiation- enhancement, which, however, 
deserves consideration. 

 MicroRNAs (or miRs, small noncoding RNA 
sequences of an average of 23 nucleotides) may 
exert an epigenetic downregulation of target 
genes. Overexpression of miR-181a sensitizes 
U87-MG (malignant glioma) cells to radiation 
and downregulates mRNA and protein expres-
sion of BCL-2, a protein that regulates apoptotic 
cell death. MiRNA expression profi les after IR 
exposure in the U87-MG cells showed downreg-
ulation of miR-181a. Transient overexpression of 
miR-181a sensitized these cells to IR and led to 
downregulation of mRNA and protein level of 
BCL-2. BCL-2 is associated with radioresistance 
but also it plays a protective role against apop-
totic cell death and is frequently overexpressed in 
human tumor cells [ 56 ,  57 ]. Growth arrest and 
apoptosis, due to radiation, can be enhanced by 
inhibition of miR-21 in U251GBM cells through 
overriding G2-M arrest [ 58 ]. GB cell line radia-
tion resistance can be mediated through regula-
tion of cell-cycle genes, such as PDCD4 and 
hMSH2 by miR-21 [ 59 ]. There is sound preclini-
cal evidence showing that also many other miR-
NAs may modulate the radiation resistance of 
GB, conditioning downstream both the PI3K/Akt 
and the ATM/Chk2/p53 pathways, as reported by 
Comincini et al. in this book. These authors spec-
ulate that, given the short time in which a large 
number of radiobiological studies on miRNAs in 
GB have been published (that is, over the past 10 
years or so) it is reasonable to expect rapid and 
signifi cant clinical developments.  

    Immunity and Radiation Response 
of Glioblastoma 

 Differently from a former concept, brain is not 
immune-privileged, particularly if a breakdown 
of the BBB takes place, like in the case of GB, 
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which develops abnormal vasculature and tumor- 
associated infl ammation. Immunotherapy of GB 
has been developed, through passive (mAb, 
cytokine- mediated therapies and adoptive cell 
transfer) and active immunity agents (peptide- 
and cell-based approaches). Immunology sub-
jects and immunotherapy are dealt with in most 
recent updates on emerging strategies against GB 
[ 60 – 63 ] and many prospective phase-I to -III 
clinical trials are presently ongoing on this sub-
ject. However, the topic of an immunity-based 
approach to overcome GB refractoriness to radia-
tion is specifi cally addressed more rarely, both in 
laboratory and clinical experimental contexts. In 
this book, Cooper et al. deal specifi cally with 
radiation-induced immune response against GB, 
as well as with the interference of the brain/tumor 
microenvironment with effective antitumor 
immunity. Radiation may have several adverse 
effects on immunity, such as those systemically 
occurring during limited-volume, fractionated 
RT for GB, due to exposure to circulating lym-
phocytes. Over a complete RT course (60 Gy in 6 
weeks, 5 fractions of 2 Gy per week) lympho-
cytes may drop by 50 % of the baseline count 
[ 64 ] due to radiation-induced apoptosis. 
Immunosuppressive effects may also be due to 
TMZ- and steroid-induced leukopenia. 
Furthermore, the GB microenvironment itself 
may exert an immunosuppressive infl uence, and 
immune checkpoints may inhibit immune cell 
proliferation and activity. 

 These effects make it diffi cult to detect a pos-
sible antitumor immunity in the clinical setting 
and the role of radiation in its modulation. 
Preclinical experimental radiobiology approaches 
are therefore necessary, such as those undertaken 
in mice submitted to a focally collimated, stereo-
tactic single-fraction 10 Gy irradiation of an 
orthotopic tumor deriving from GL261 glioma 
cells, followed by activation of 4-1BB (or 
CD137, a member of TNF superfamily, a co- 
stimulatory molecule), and blockade of CTLA-4 
(or CD 152, Cytotoxic T-lymphocyte Antigen 4, 
an immune checkpoint downregulating the 
immune system) [ 65 ]. This triple-therapy sched-
ule achieved a median survival of 66.5 days, vs. 
22.5 days ( p  < 0.05) in mice undergoing only the 
4-1BB/CTLA-4 manipulation, and 24 days 

( p  < 0.01) in those submitted to irradiation alone. 
The primary tumor site showed increased CD4+ 
and CD8+ infi ltrating lymphocytes after triple- 
therapy; depletion by monoclonal Abs of CD4+ 
inhibited the antitumor effi cacy of triple-therapy, 
whereas depletion of CD8+ did not interfere with 
triple-therapy effi cacy and allowed a longer sur-
vival compared with controls. Long-term- 
surviving animals achieved also memory 
response and rejected a subsequent growth of 
GL261 glioma cells, implanted in the fl ank. Some 
clinical trials are presently ongoing, taking into 
account also similar co-signal balances in other 
animal-model experiments [ 66 ,  67 ], and adopting 
programmed cell death (PD-1) immune 
checkpoint- inhibiting monoclonal Abs, such as 
Pidilizumab and Nivolumab. However, RT exerts 
multiple favorable and sometimes unfavorable 
effects on GB, based on different domains of 
cell-mediated and humoral immunity, which 
need in-depth evaluation and are the subject of 
intensive research [ 7 ]. 

 Vaccination with DCs loaded with an 
 EGFRvIII  (a mutant form of  EGFR  present in 
about 30–40 % of GBs) specifi c peptide, induced 
immune response and a relevant improvement in 
prognosis out of a small series of patients [ 68 ]. 
This led to the development of a prospective trial 
in the adjuvant setting after chemoradiation [ 69 ], 
showing good results in a comparison with 
matched controls. The preliminary results of the 
ACT-III trial, addressing Rindopepimut (a vac-
cine consisting of the unique EGFRvIII peptide 
sequence conjugated with keyhole limpet hemo-
cyanin), delivered in conjunction with TMZ and 
after chemoradiation in GB, were published very 
recently [ 70 ]. This study raises remarkable 
 interest, due to a median overall survival of 21.8 
months and 3-year survival of 26 %, out of 65 
EGFRvIII+ GB patients, to a fourfold anti-EGFR 
antibody increase in 85 % of patients, and to the 
EGFRvIII+/EGFRvIII-conversion in 4/6 recur-
ring patients. These outcomes are under evalua-
tion in a random phase-III trial (ACT-IV). 
However, the above results derive primarily from 
investigating the subject of vaccine therapy 
against  EGFRvIII  in GB, with no particular 
radiobiological meaning. The subject of immu-
notherapy against  EGFRvIII  in conjunction with 
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radiation is stimulating, and not yet suffi ciently 
addressed in preclinical experiments that are suit-
able for specifi c therapeutic developments.  

    Evolving Radiation Techniques, 
Particle Therapy, and Immunity 

 The recent evolution of image tools (CT, MRI, 
radionuclide methods) and radiation therapy 
planning and dose delivering has generally pro-
vided high conformality in RT of GB. Ionizing 
particle beams, as compared to photons, have the 
peculiarity of more selective dose deposition at a 
defi nite depth (Bragg’s peak). Proton beam irra-
diation of GB has a better conformity index (CI, 
which is the ratio between the planned target vol-
ume of a tumor and the healthy tissue volume 
that receives a signifi cant dose as regards radia-
tion tolerance) compared to the most sophisti-
cated photon RT techniques presently available 
[ 71 ]. This may spare critical structures of the 
healthy brain from severe damage, thus allowing 
very high-dose irradiation of GB and possibly 
improving local tumor control. Heavy ion beams 
(e.g., carbon ions) add to this selective dose 
deposition, also producing the advantage of a 
high ionization density (expressed as Linear 
Energy Transfer, or LET). This achieves a high 
relative biological effectiveness (RBE), due to 
inactivating events very close to each other along 
particles’ paths, spaced out ranges comparable 
to the size of biological molecules like 
DNA. Therefore, more effects of charged parti-
cle irradiation are direct and irreparable, with a 
lesser dependence on parameters like dose frac-
tionation, oxygenation, stem cell resistance, etc., 
than X- or γ-ray photon irradiation. However, it 
is diffi cult to demonstrate the clinical benefi ts of 
ion- beam methods, mainly due to the very lim-
ited availability of dedicated facilities. 
Nevertheless, the present trend towards hypo-
fractionated photon RT, which derives from the 
selective, high- gradient linear-accelerator-based 
RT techniques and image-guided irradiation, 
might further develop in the near future with 
charged particles. 

 From a radiobiological standpoint, the focal 
RT high-dose deposition with stereotactic RT or 
particle therapy is attractive for many reasons. At 
very high doses, vascular radiation damage may 
become dominant, impairing tumor nutrient sup-
ply and oxygenation. Endothelial cell apoptosis 
steeply increases above fractions of 10 Gy [ 72 ], 
and a devascularizing effect becomes evident at 
image studies after doses of 18–24 Gy [ 73 ]. 
Further, radiation may induce cell necrosis in 
tumors [ 74 ] besides apoptosis and autophagy- 
related cell death, especially after high-dose 
delivery, and infl ammation response is always 
present in this case. Immunity is a main patho-
physiological domain involved in this context, as 
infl ammatory status may promote the antigen- 
specifi c immunity through DC maturation, inter-
nalization of apoptosis- and necrosis-derived 
tumor cell molecules, and presentation of anti-
gens to T cells, thus countering the poor immu-
nogenicity of clinically developed tumors [ 75 ]. 
The presence in the microenvironment, after irra-
diation, of the so-called DAMPs (damage- 
associated molecular patterns) [ 76 ], like ATP and 
the high-mobility group protein 1 (HMGB1), 
activates TLR4 (toll-like receptor 4) in CD8+ 
T-lymphocytes (shown to be correlated with 
radiation success). Calreticulin translocation to 
the cell surface (CRT) may in turn induce the 
capture of tumor antigens by dendritic cells (DC), 
which also mature due to HMGB1, thus initiating 
an immune response against the tumor [ 77 ]. In 
tumors characterized by systemic metastases, 
these processes are involved in the so-called 
“abscopal effect”, which is a regression effect 
beyond direct cytotoxicity of radiation on tumor 
cells, occurring on primary or metastatic sites 
after focal irradiation of a single tumor site 
(revised in [ 78 ]). However, many mechanisms 
are involved in radiation-induced immunity 
against cancer, which are the subject of intensive 
preclinical research for its enhancement also in 
the clinical setting, e.g., through vaccination, 
immunomodulation, and adoptive cell transfer 
for a synergic approach with RT. These studies 
are ongoing also for GB [ 77 ] and are the subject 
of a dedicated section of this book.  
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    The State-of-the-Art in GB 
Radiobiology, Related 
Pathobiology, and Their Clinical 
Relevance 

 It is becoming a truism to state that the progress 
made in clinical and molecular oncology and 
radiobiology has made it possible to switch from 
a population-based approach to a personalized 
treatment. The main advantage of combining 
information derived from both preclinical and 
clinical settings lies in the real opportunity of 
selecting specifi c molecular-oriented subjects, 
who will most likely benefi t from a particular 
treatment in accordance with their “molecular 
profi le”, or to select patients at risk of adverse 
events. For instance, the close integration 
between molecular biology and imaging may 
favor a reliable functional clinical evaluation of a 
number of biological events, previously identi-
fi ed only by pathology or laboratory assays, 
allowing a proper patient selection for the most 
effective therapeutic approach. 

 We now have a better understanding of the 
mechanisms sustaining the processes responsi-
ble, at the biological and clinical levels, for the 
aggressive radioresistant phenotypes of GB. At 
the same time, the important advances being 
made in our knowledge of biological processes 
might ground strategies for enhanced radiation 
response, as well as reduced toxicity of organs at 
risk. With particular regard to GB, progress in 
characterization, quantifi cation, and timing of 
biological processes might improve the growing 
body of current evidence in the diagnostic and 
therapeutic fi elds, such as imaging and RT. This 
hopefully will allow for both the identifi cation of 
subjects with specifi c molecular profi les and for 
this reason more responsive to ionizing radiation 
and strategies suitable for enhancing GB radia-
tion sensitivity in radioresistant phenotypes. 

 However, advances in molecular-based 
approaches presently have the most striking con-
sequences in an overwhelming amount of new 
drugs, able to modify cellular systems at the 
genetic, epigenetic, and signaling pathway levels 
in the preclinical setting, and in the introduction 
of a multitude of diagnostic tools able to monitor 

individual molecular and biological processes 
with improving sensitivity and specifi city. These 
achievements have dramatically augmented our 
understanding of the molecular bases of GB, and 
putatively should improve clinical outcomes, but 
this is not yet the rule. The presently available, 
enormous body of biological knowledge likely 
requires reliable processes for translation into the 
clinical setting. This might be a major challenge 
for the near future. In this regards, as previously 
stated, the aim of this book is to provide some 
selected contributions that might facilitate recip-
rocal understanding and communication among 
the main players in radiation research and clini-
cal management of GB.     
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          Radiotherapy: Clinical Historical 
Landmarks 

 External Beam Radiotherapy (EBRT) has been 
the cornerstone of the therapeutic approach to 
glioblastoma (GBM) for the last 50 years. In the 
1970s and early 1980s, data on level-I evidence 
data became available, thanks to several studies 
[ 6 ,  7 ], including the prospective phase-III trial 
conducted by the Brain Tumor Study Group 
(BTSG 6901) [ 8 ]. This study demonstrated the 
effi cacy of radiotherapy (RT) as postoperative 
treatment. Overall survival (OS) was better in the 
two arms including RT, compared with surgery 
alone or chemotherapy alone (BCNU) [ 8 ]. In 
addition, Walker et al. demonstrated a radiation 
dose–effect relationship in a series of 420 patients 
treated on Brain Tumor Cooperative Group pro-
tocols (BTCG), and the dose of 60 Gy was estab-
lished as the standard of care [ 9 ]. 

 The treatment of GBM dramatically changed 
after the encouraging fi ndings from a Phase-III 

joint EORTC-NCIC trial [ 5 ]. This trial, fi rst 
published by Stupp and colleagues in 2005 and 
then updated in 2010 with 5-year data, demon-
strated a remarkable improvement in median 
survival (MST) (14.6 months vs. 12.1 months) 
and 5-year OS (9.8 % vs. 1.9 %; HR, 0.63; 
 p  < .0001) with the use of concomitant 
Temozolomide (TMZ) and radiation with adjuvant 
TMZ [ 5 ,  10 ]. In this study, an acceptable additional 
toxicity was observed in the combined modality 
group; concomitant treatment resulted in grade 3 
or 4 hematologic toxic effects in 7 % of patients. 
The benefi t of TMZ was particularly striking in 
patients having the MGMT (O-6-methyl-guanine 
DNA methyltransferase) DNA-repair gene 
silenced by promoter methylation [ 11 ]. 

 In recent years, literature on the treatment of 
GBM has been characterized by different promis-
ing Phase-II trials unconfi rmed in subsequent 
Phase-III trials. 

 High-grade gliomas are a very interesting 
topic for radiation oncologists, but they still 
represent a frontier to be conquered.  

    Dose Escalation 
and Hypofractionation 

 GBM is considered one of the most radioresistant 
solid tumors in humans and has inherent radia-
tion resistance pathways [ 12 ,  13 ]. They are char-
acterized by an extremely high local failure rate 
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despite dose escalation, with local recurrence 
rates approaching 90 % [ 14 ,  15 ]. Resistance may 
also be induced by some biologic factors within 
the tumor and some tumor microenvironment 
features [ 16 ,  17 ]. Moreover, in few cases, the 
proper doses of radiation can hardly be delivered 
because of the limited dose tolerance of the sur-
rounding organs at risk. Further dose intensifi ca-
tion using higher radiation doses and altered 
fractionation were pursued, but failed to provide 
a clear clinical benefi t. 

 In the pre-TMZ era, Nelson et al. reported on 
the joint study of the Radiation Therapy Oncology 
Group (RTOG) and the Eastern Cooperative 
Oncology Group (ECOG). It randomized 253 
patients into two treatment groups: whole-brain 
irradiation (60 Gy) and 60 Gy plus a 10 Gy boost 
to limited volume. The median survival times 
were 9.3 months and 8.2 months respectively, 
with no additional benefi t for the group receiving 
the higher radiation doses [ 18 ]. Given these 
results, 60 Gy has been considered as the stan-
dard dose in postoperative radiotherapy and has 
been adopted in most clinical trials. 

 However, the poor outcome associated with 
standard therapy was conditioned by recurrences 
occurring within the irradiated fi eld. In their 
renowned paper of 1980, Hochberg and Pruitt 
reported the use of CT scans to determine that 
about 90 % of GBM recurrences occurred no far-
ther than 2 cm from the boundary of the primary 
tumor [ 19 ]. Those data were also confi rmed by 
Wallner and associates [ 20 ]. 

 For this reason, the role of radiation dose esca-
lation in the management of GBM has been the 
object of a larger clinical effort. In a multicenter 
phase-I trial (RTOG 98-03), dose escalation was 
conducted using 3D-conformal irradiation. Here, 
a four-step dose escalation strategy from 66 to 
84 Gy was studied, but no benefi t was detected in 
progression-free survival (PFS). In fact, even 
when a dose at 80 Gy was reached, 90 % of 
patients failed within the high-dose-region [ 21 ]. 
These data have been confi rmed in 2002 by a ret-
rospective study by Chan JL et al., where an 
infi eld recurrence rate of 80 % also in patients 
treated to 90 Gy was demonstrated. Chan et al. 
published the results of 34 patients with GBM 

treated using 3D conformal IMRT to a dose of 
90 Gy. At a median follow-up of 11.7 months, 
median survival was 11.7 months, and 1- and 
2-year survivals were 47.1 % and 12.9 %, respec-
tively, comparable to historical controls [ 22 ]. 

 In the post-TMZ era, dose escalation remains a 
crucial investigational option, as a pattern of fail-
ure, characterized by local progression or recur-
rence, still exists. Recently, an increase in survival 
in patients with GBM with no increment in the 
incidence of severe toxicity has been reported by 
some dose escalation studies using IMRT [ 23 , 
 24 ]. Direct dosimetric comparison of IMRT and 
3D-CRT has clearly shown that IMRT improves 
target dose conformity, reduces doses to organs at 
risk, and achieves comparable or slightly better 
target coverage [ 25 ,  26 ]. In a recent study, Tsien 
et al. demonstrated that doses of 66–81 Gy deliv-
ered by IMRT over 6 weeks, with concomitant 
and adjuvant TMZ, resulted in a lower infi eld 
recurrence rate in groups that received higher 
doses. PFS was 9.0 months (95 % CI, 6.0–11.7) 
and median OS was 20.1 months [ 23 ]. In a recent 
review by Badiyan et al. all the clinical studies 
carried out—between 2000 and 2012—using 
high-dose radiotherapy HDRT (>60 Gy) and 
TMZ and standard dose radiotherapy (SDRT) 
(60 Gy at 2 Gy per fraction) with TMZ were con-
sidered. OS and PFS rates for patients who 
received HDRT versus SDRT were 12.4 % versus 
13.2 % ( P  = 0.71), and 5.6 % versus 4.1 % 
( P  = .54), respectively. The result of Badiyan’s 
review was that clinical outcomes for patients 
with GBM do not seem to be improved by moder-
ate radiation therapy dose escalation above 60 Gy 
with concurrent TMZ [ 27 ]. These data were con-
fi rmed by large retrospective series [ 28 ]. 

 An advantage in cell-killing of intrinsically 
radioresistant cancer cells, like the ones in GBM, 
has been demonstrated in in vitro models of [ 24 , 
 29 ,  30 ]. More heavily hypofractionated treat-
ments have therefore been tested for dose escala-
tion to translate to the clinic this advantage in 
cell-killing. In the Iuchi study, few favorably 
selected patients were treated with a total dose of 
48–68 Gy (260 BEDGy3) and fractional doses of 
6–8.5 Gy. Patients treated with tumor BED rang-
ing from 80 to 140 Gy8, obtained the best results 
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and showed improved local control; local recur-
rence occurred in only 6/25 patients (25 %). 
These data and those reported by other groups 
testing the same strategy are however fl awed by 
the nature of the patient population treated 
(highly selected) [ 24 ].  

    Hyperfractionation 

 Hyperfractionated schedules were also used by 
some clinical trials. GBM cells are known to be 
relatively rapid proliferating cells and a greater 
number of daily fractions would increase the 
chance of radiating them during a more sensitive 
cell-cycle phase. Furthermore, GBM is a very 
hypoxic tumor: at smaller radiation doses per 
fraction, cell-killing is less dependent on oxygen, 
which could be an advantage, especially if the 
site of the most hypoxic areas is known in 
advance. Under these circumstances, in several 
groups hyperfractionated or accelerated regimens 
have been utilized as a means to escalate dose, 
using twice, three-times, and even four-times- 
daily fractionation [ 31 – 34 ]. Unfortunately, in 
most clinical trials, a statistical benefi t in terms of 
OS was not achieved even by the “low dose per 
fraction” strategy [ 31 ,  33 ]. Only in the study of 
Shin et al. was an improvement in survival using 
three fractions a day shown. In this study, 69 
patients were randomized to 61.4 Gy in 69 frac-
tions of 0.89 Gy over 4.5 weeks or to conven-
tional fractionation to 58 Gy in 30 fractions given 
once daily over 6 weeks. Median survival in the 
two groups was 39 and 27 weeks, respectively, 
and the 1-year survival rates were 41 % and 20 
%, respectively ( p  < .001) [ 34 ]. The prospective, 
randomized, phase-I/II RTOG 83-02 trial, exam-
ined dose escalation using twice-daily fraction-
ation. Patients were randomized to one or four 
different dose arms (64.8, 72, 76.8, or 81.6 Gy) 
using twice-daily fractions of 1.2 Gy. Initial 
results suggested the superiority of the 72 Gy 
hyperfractionated schedule but, in a subsequent 
Phase-III trial, no OS improvement was demon-
strated [ 35 ]. Patients also received chemotherapy 
with BCNU. In the fi nal report on all 747 patients, 
there were no signifi cant differences in MST 

between the treatment arms. Late toxicities were 
slightly increased with higher doses. [ 35 ]. In a 
phase-III trial (RTOG 9006), conventional radio-
therapy (60 Gy in 30 daily fractions) with hyper-
fractionated RT to 72 Gy in sixty 1.2 Gy fractions 
given twice daily were compared. No difference 
in OS was found [ 36 ]. Several other accelerated 
hyperfractionation regimens to doses over 70 Gy 
have been investigated, also without signifi-
cant improvements in survival [ 37 ]. Prados and 
colleagues used a hyperfractionation schedule of 
1.6 Gy twice daily to a total dose of 70.4 Gy, also 
to determine the activity of difl uoromethy-
lornithine (DFMO), a compound that inhibits 
sublethal and potentially lethal damage repair. 
Unfortunately, survival was not improved by 
either intervention [ 38 ] (Table  2.1 ).

       Stereotactic Radiosurgery 
and Stereotactic Radiation Therapy 

 Stereotactic Radiosurgery (SRS) and Stereotactic 
Radiation Therapy (SRT) are types of highly 
hypofractionated radiotherapy delivery. While 
achievability and effi cacy of the combination of 
conformal radiotherapy and SRS or SRT have, to 
date, been confi rmed in many retrospective stud-
ies, they have only been supported in some pro-
spective studies. Mehta and colleagues reported a 
2-year survival rate of 28 % in 31 patients treated 
with EBRT (54 Gy in 1.8 Gy/fraction) plus SRS 
boost (15–35 Gy,  m  = 18.75 Gy), which was sig-
nifi cantly superior to the 9.7 % in the previous 
RTOG study [ 39 ]. Loeffl er et al reported on 37 
patients with GBM treated with fractionated 
radiotherapy to 59.4 Gy followed by a STR boost 
to a median dose of 12 Gy. After a median fol-
low- up period of 19 months, a 76 % survival rate 
was reported [ 40 ]. A group of 115 GBM patients 
who received conformal radiation therapy and a 
stereotactic boost was described by Sarkaria and 
colleagues. The median survival time was 96 
weeks. It was questioned whether these results 
represented a real benefi t from SRS or simply the 
effect of a selection bias, since only smaller 
lesions, in patients with a good performance sta-
tus, showing a dimensional response after the 
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fi rst EBRT phase were usually selected for the 
SRS boost [ 41 ]. Subsequently, in an effort to 
delineate the role of SRS, a prospective multi-
center randomized phase-III trial (RTOG 93-05) 
was conducted by the RTOG to assess the effi -
cacy of SRS followed by standard adjuvant 
radiochemotherapy for newly diagnosed 
GBM. In this trial, 203 patients were randomly 
assigned to receive either 60 Gy of EBRT at 2 
Gy/fraction with BCNU or SRS prior to EBRT 
and BCNU. The tumor dose was volume- 
dependent, ranging from 15 to 24 Gy in compli-
ance with the established maximum safely 
tolerated doses. The median overall survival 
(OS) was 13.5 months for the SRS group and 
13.6 months for the standard treatment group at a 
median follow-up of 61 months. An improve-
ment of patient survival failed to be demonstrated 
by the study. Moreover, SRS was not related to a 
better quality of life, or neurologic function [ 42 ]. 

 GBMs are most commonly large, diffusively 
infi ltrative tumors with substantial surrounding 
edema, known to possibly harbor microscopic 
disease, reducing the likelihood of success of 
SRS. Currently the role of SRS in the adjuvant 
setting for GBM is not well defi ned. Although 
adjuvant treatment did not prove to be benefi cial, 
attention still remains focused on SRS for the 
treatment of recurrent GBM [ 43 – 45 ] (Table  2.2 ).

       Brachytherapy 

 Brachytherapy refers to the use of implanted 
radioactive material at the site of the tumor and is 
usually used for focal dose escalation. In this 
fi eld, it is well known that higher radiation doses 

may otherwise signifi cantly increase the risk of 
brain necrosis [ 46 ]. Both permanent and tempo-
rary radioactive implants have been placed in the 
brain of GBM patients. In most studies, including 
two prospective randomized trials [ 47 ,  48 ], high- 
dose rate implants (40–70 cGy/h) were used to 
treat GBM. This approach, however, was associ-
ated with a high incidence of radiation-induced 
changes, requiring treatment with steroids for 
almost all patients, and repeated surgery rates up 
to 50 %. Furthermore, no signifi cant survival 
benefi ts were achieved by this approach, 
 compared with standard treatment regimens [ 47 , 
 48 ]. Another technique is the application of low-
dose- rate implants (3–8 cGy/h). It has been dem-
onstrated that this approach was associated with 
only minimal permanent defi cits; radiation- 
induced changes were almost absent [ 49 ,  50 ]. 

 The results obtained in 56 patients with GBM 
treated with temporary 125I interstitial implants 
were reported by Prados and colleagues. Patients 
received EBRT (median, 59.4 Gy), in most cases 
with concomitant chemotherapy (hydroxyurea), 
followed by interstitial implant. Eight patients (14 
%) survived 3 years or longer, and 16 (29 %) sur-

   Table 2.1    Hyperfractionation   

 Authors  Dose fraction  Treatments/day  Total dose  Results 

 Shin et al. [ 34 ]  0.89  3  61.4 Gy  1-and 2-year actuarial survival rate is 
54 % and 21 %. 

 Curran et al. [ 35 ]  1.2  2  64.8, 72, 76.8 
or 81.6 Gy 

 Survival rates at 2 and 5 years were: 
21 % and 11 %, and 4 %, respectively 

 Nelson [ 36 ]  1.2  2  72 Gy  – 

 Prados et al. [ 38 ]  1.6  2  70.4  OS: 5.7 months 

 PFS 2.7 months 

   Table 2.2    SRS STR   

 Authors 
 EBRT 
(Gy)  Boost  Results 

 Mehta 
et al. [ 39 ] 

 54  SRS boost 
(15–35 Gy, 
 m  = 18.75 Gy) 

 1- and 2-years 
survival were 
38 % and 28 % 

 Loeffl er 
et al. [ 40 ] 

 59.4  STR boost to 
a median 
dose of 12 Gy 

 – 

 RTOG 
93-05 [ 42 ] 

 60  SRS boost 
(15 to 24 Gy) 

 the median 
survival was 
13.5 months 

M. Buglione et al.



19

vived 2 years or longer. A second operation was 
necessary in 50 % of the patients to remove symp-
tomatic localized necrosis produced by the 
implant. Prolonged steroid use was necessary in 
many patients [ 51 ]. Brachytherapy was used by 
Laperriere et al. as a boost to conventional radio-
therapy in patients with GBM. Patients were ran-
domized to EBRT (50 Gy in 25 fractions) alone 
( n  = 69) or EBRT plus a temporary stereotactic 125 
I implant delivering a minimum peripheral tumor 
dose of 60 Gy ( n  = 71). Median survival was not 
signifi cantly different in the two arms (13.8 vs. 
13.2 months;  p  = .49) [ 47 ]. The results of the 
BTCG—NIH Trial 8701 reported by Selker et al. 
support these fi ndings. In this randomized, pro-
spective trial, 299 patients with newly diagnosed 
GBM received surgery, EBRT, and chemotherapy 
(BCNU) with or without an interstitial radiother-
apy boost with 125 I. Survival was not prolonged 
by treatment with an interstitial boost, compared 
with conventional treatment [ 48 ] (Table  2.3 ).

       Radiation Volume and the Changing 
Delineation Concepts 

 Over the years, the approach of radiotherapy to 
GBM has evolved. At fi rst, the entire brain vol-
ume was covered by means of large opposed lat-
eral fi elds. In 1989, Shapiro et al. published data 
from BTCG trial 8001, where the randomization 

was altered during the trial to compare partial 
brain irradiation (PBI) with whole-brain radio-
therapy (WBI). No differences in OS or changes 
in the patterns of failure were observed [ 52 ]. 
Accordingly, WBI is generally not needed to 
treat GBM. Nowadays, two main practice guide-
lines for the defi nition of the volumes and for the 
dose prescription are enforced: the EORTC and 
the RTOG. 

 In EORTC, a single-phase technique is favored, 
consisting of 30 daily fractions of 2 Gy. The gross 
tumor volume (GTV) is defi ned as the region of 
enhancement in preoperative T1 magnetic reso-
nance imaging (MRI) in patients who underwent 
biopsy, while in the patients who underwent 
resection (total/subtotal) GTV corresponds to 
tumor bed plus any residual enhancing tumor . 
This is expanded by 2–3 cm to create the clinical 
target volume (CTV). The planning target volume 
(PTV) encloses the CTV with a margin of 0.5–0.7 
cm, depending on the technique used (3D, IMRT, 
or others). In RTOG, on the other hand, a cone-
down technique is favored, using two different 
volumes. The GTV in RTOG protocols is simi-
larly defi ned as in EORTC advice, while the CTV 
is created including the edema shown on the CT/
MRI scan (T2/FLAIR hyperintensity). This is 
then expanded 2.0 cm to create the PTV1 and it is 
treated using a total dose of 46 Gy in 23 fractions. 
The PTV2 is smaller, including GTV with a mar-
gin of 2.5 cm (without edema) plus margins 
related to set up error. PTV2 should be treated 
with an additional 14 Gy in 7 fractions (total 
cumulative dose 60 Gy). The mentioned guide-
lines to PTV margins defi nition are controversial. 
The extent of the treated brain volume is associ-
ated with the potential development of neurotox-
icity; the incidence of these side effects might be 
reduced by a decrease of the treated volume [ 53 ]. 
RT margin reduction is especially important in 
treatment regimens that incorporate hypofraction-
ation schedules. Nevertheless, margin reductions 
could be associated with an increased risk of mar-
ginal misses. The pattern of failure in 62 consecu-
tive patients treated with 60 Gy and concurrent 
TMZ (97 %) was analyzed by McDonald et al. A 
mean PTV1 margin ranging between 1.05 and 
1.3 cm off the GTV was selected, and patients 

   Table 2.3    Brachytherapy   

 Authors 
 EBRT 
(Gy)  Boost  Results 

 Prados et al. 
[ 51 ] 

 median 
59.4 

 temporary 125I 
interstitial 
implants 

 2-years 
survival 
rate 29 % 

 Laperriere 
et al. [ 47 ] 

 50  implant 
delivering a 
minimum 
peripheral 
tumor dose of 
60 Gy 

 Median 
survival 
was 13.8 
months 

 Selker et al. 
[ 48 ] 

 50  temporary 
stereotactic 
125I 

 The 
median 
survival 
was 9.7 
months 
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were treated with a total PTV boost margin of 
1 cm or less. Radiographic tumor progression 
developed in 43 of 62 patients at 12 months, with 
a median time to progression (TTP) of 7 months. 
It was observed that through the use of limited 
margins, only 5 % and 2 % of patients had respec-
tively a marginal failure and distant failure, with a 
median follow-up between 12 and 15 months. 
These data support the notion that limited GTV–
CTV margins for GBM do not lead to an increase 
in local failures [ 54 ]. 

 Minniti et al compared relapse patterns in 105 
patients planned using the EORTC technique of 
GTV delineation, encompassing the resection 
cavity and any residual tumor detected in postop-
erative T1-weighted MRI with a 2-cm margin to 
create the CTV. CTV–PTV margin was 3 mm. 
All the patients were treated with conformal 
radiotherapy (60 Gy in 30 fractions) plus con-
comitant and adjuvant chemotherapy (TMZ). 
The patients were retrospectively rescheduled, 
when the disease relapsed, using the RTOG 
guideline and the target radiation coverage 
(EORTC vs. RTOG) of the site of recurrence was 
directly compared. No signifi cant difference 
between the two techniques, in the fraction of “in 
fi eld” relapses, was documented; however, a sig-
nifi cantly greater volume of healthy brain tissue 
demonstrated to be treated using the RTOG two- 
phase technique [ 15 ]. 

 It was demonstrated by Brandes et al. that 
patients with MGMT methylation developed 
fewer recurrences in or close to the radiotherapy 
treatment fi eld, suggesting a clinically evident 
radiosensitizing effect of TMZ [ 55 ]. Further 
studies are needed to highlight the relationship 
between individual molecular variations and 
patterns of relapse, in order to develop future 
individualized radiotherapy plans.  

    Radiation Volume and the Use 
of Advanced Imaging Techniques 

 Treatment failure for GBM is mainly caused by 
the invasion of GBM cells into the normal tissue 
brain. Nowadays, conventional imaging is not 
able to detect the actual extent of the tumor. Even 

the higher spatial resolution of MRI failed to 
allow direct visualization of the tumor margins. It 
has been shown, by some postmortem studies, 
that approximately between 20 and 27 % of 
GBMs have limited invasion (less than 1 cm 
from the edge of the gross tumor), 20 % have 
more extensive invasion (more than 3 cm from 
the gross tumor), and 8 % show disseminated 
spread [ 56 ,  57 ]. These groups should be treated 
differently; however, at present, GBM cannot be 
treated according to the extent of microscope 
invasion. The potential of biomarkers for tumor 
invasion imaging is an active fi eld of research. 
Biological images are needed in Radiotherapy 
both to spare normal brain tissue and to better tar-
get GBM microscopic extension into the brain 
parenchyma. Biologic imaging could be referred 
to as a way to depict physiologic, metabolic, and 
functional processes, also to noninvasively mea-
sure the biologic features of tumors or normal tis-
sues. Signifi cant information on cellular 
proliferation, angiogenesis, hypoxia, and meta-
bolic activity could be supplied to radiation 
oncology by functional and molecular imaging 
techniques (diffusion and perfusion MRI, mag-
netic resonance spectroscopy (MRS), and posi-
tron emission tomography (PET)). 

 MRS can provide biochemical changes in the 
brain tissue, particularly when tumors are pres-
ent. On MRS, the chemical composition (metab-
olites) of normal brain tissue can be differentiated 
from the tumor tissue. The metabolites detect-
able with proton MRS include, among others, 
N-acetylaspartate (NAA) and choline-containing 
compounds (Cho), and could act as potential 
biomarkers for tumor activity. Cho is a mem-
brane component that refl ects the metabolism of 
cellular membrane turnover; NAA is a marker 
for neuronal density that is decreased in tumors 
due to neuronal loss. GBM shows an increase in 
the Cho/NAA ratio due to a marked high reso-
nance in the spectral region of Cho and a low 
NAA resonance [ 58 ]. These data could be sig-
nifi cant for radiation oncology to defi ne the CTV 
in GBM. Ken et al. published a phase-II trial that 
integrates in 16 patient 3D MRS images in the 
treatment planning process for GBM, to guide 
the treatment delivery. A simultaneous boost 
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technique (SIB) with intensity-modulated radio-
therapy (IMRT) was chosen to simultaneously 
deliver higher doses (72 Gy) to “high-risk” sub-
volumes; the GTV2 was defi ned as the MRS 
abnormality (Cho/NAA ≥ 2.00). No difference 
in the pattern of recurrences was described [ 59 ]. 
In another prospective Phase-II trial, Einstein 
et al. reported the results of 35 GBM patients 
treated with defi ning high-risk tumor volumes 
using postoperative MRS (elevated Cho/NAA 
ratio in excess of 2:1) to deliver a SRS boost 
(single fraction of 15–24 Gy). All patients 
received in addition EBRT to a total dose of 
60 Gy in 2 Gy daily fractions. Mean Survival 
Time was 20.8 months, and it equalled the his-
torical control. In this study the local control was 
not specifi cally analyzed [ 60 ]. MRS is nowadays 
performed to differentiate brain tumor recur-
rence from radionecrosis [ 61 ]. 

 PET is an imaging modality widely used in 
oncology for clinical staging, monitoring of treat-
ment effi cacy, and follow-up to detect disease 
recurrence. Conventional (18)F-FDG-PET is of 
limited relevance for GBM imaging, due to high 
levels of glucose uptake by normal brain and the 
resulting unfavourable signal-to-noise ratio. In 
contrast, 11C-methionine (MET) and 
18F-fl uoroethyl-L-tyrosine (FET) are more help-
ful in brain tumor imaging than 18F-FDG [ 62 ]. 
In 2012, Piroth et al. published a prospective 
phase-II study in which they used postoperative 
FET-PET to defi ne the CTV receiving a boost 
dose up to 72 Gy at 2.4 Gy per fraction with 
IMRT technique. OS and PFS were 14.8 months 
and 7.8 months, respectively. In this study the 
authors demonstrated that postoperative tumor 
volume in FET-PET has an independent signifi -
cant infl uence on DFS and OS of patients with 
GBM [ 63 ]. 

 Although some interesting results have been 
achieved by using sophisticated imaging modali-
ties applied to radiation treatment planning, it has 
not been possible to develop dose escalation pro-
grams that are able to overcome GBM radioresis-
tance. However, better ways to defi ne the target 
volume could be identifi ed by past research pro-
grams and others now in progress, thanks to a 
more accurate “anatomic” localization of the 

tumor biological features. This is particularly 
relevant to the association of radiation and target 
therapies to treat a very heterogeneous neoplasm 
like GBM.  

    Molecularly Targeted Therapies 
and Radiotherapy 

 Combinations of different “biologically active” 
drugs with radiotherapy provide alternative strat-
egies to improve the OS in GBM patients. The 
main research strategies addressed the possible 
role of EGFR and VEGF inhibitors. 

 The  epidermal growth factor receptor  ( EGFR ) 
is considered one of the most attractive therapeu-
tic targets for GBM. The gene encoding EGFR is 
amplifi ed in approximately 40 % of GBMs, espe-
cially in the classical subtype (80 %) [ 64 ]. EGFR 
tyrosine kinase inhibitors (TKIs), gefi tinib and 
erlotinib have been used in patients with recur-
rent GBMs, but only minimal activity and no OS 
benefi t have occurred [ 65 ,  66 ]. A Radiation 
Therapy Oncology Group (RTOG) phase-I/II 
trial (RTOG 0211), including 147 patients with 
newly diagnosed GBM, investigated the combi-
nation of gefi tinib and radiotherapy followed by 
gefi tinib maintenance until the time of relapse. 
PFS was 5.1 months and OS was 11 months, 
which is comparable to historical controls receiv-
ing radiotherapy alone [ 67 ]. A Phase-II trial by 
Qaddoumi studied the role of Erlotinib during 
and after RT in children with newly diagnosed 
high-grade gliomas. 41 patients were enrolled, 21 
with GBM; the 2-year PFS was 19 months. The 
outcome was not improved by the use of erlotinib 
during and after RT [ 68 ]. 

 Most of the drugs evaluated in clinical trials 
interfere with the  vascular epidermal grown fac-
tor  ( VEGF ) pathway, blocking directly the recep-
tor or using monoclonal antibody directed against 
VGEF (bevacizumab). GBM blood vessels are 
structurally abnormal, contributing to an adverse 
microenvironment characterized by a low oxy-
gen tension; VEGF inhibitors “normalize” struc-
turally and functionally abnormal tumor 
vasculature. Radioresistance is promoted by this 
microenvironment and the delivery of chemo-
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therapy is impaired [ 69 ]. Two major phase-III tri-
als were performed, one by the RTOG 
(RTOG-0825) in the USA [ 70 ] and one, 
AVAGlio, mostly run in Centres in Europe [ 71 ]. 
In both studies, in newly diagnosed GBM, a stan-
dard “Stupp” regimen was compared to the asso-
ciation of bevacizumab and TMZ plus RT. The 
results from both trials were presented at the 
2013 Meeting of the American Society of Clinical 
Oncology and subsequently published. PFS was 
signifi cantly prolonged in both trials and the 
quality of life was preserved in the AVAGlio 
trial, but not in RTOG-0825. Unfortunately, OS 
was not improved. Upon subgroup analysis, it 
was not possible to identify specifi c subgroups of 
patients who particularly benefi tted from bevaci-
zumab. Therefore, at present, the use of bevaci-
zumab is approved by the Federal Drug 
Administration (FDA) as a monotherapy only in 
recurrent GBM. The approval was based on dem-
onstration of durable objective response rates 
observed in two single-arm Phase-II trials, 
AVF3708g and NCI 06-C-0064E [ 72 ,  73 ]. 
Furthermore, bevacizumab could play an impor-
tant role in the therapy for CNS radiation necro-
sis. As a matter of fact, radiation necrosis can be 
considered an ongoing process from endothelial 
cell dysfunction to tissue hypoxia and necrosis, 
accompanied by the release of a vasoactive pro-
tein, like the vascular endothelial growth factor 
(VEGF) that can lead to progressive blood–brain 
barrier dysfunction and brain edema [ 74 ]. 

 Vatalanib is an oral TKI that specifi cally tar-
gets TK signalling of VEGFR. In a Phase I/II trial 
performed by EORTC, 19 patients with newly 
diagnosed GBM were treated with vatalanib in 
combination with standard treatment. The 
planned randomized phase-II trial was discontin-
ued right at the start due to industry decision not 
to further develop this agent [ 75 ]. 

 Sorafenib is a small molecular inhibitor of 
several tyrosine protein kinases (VEGFR and 
PDGFR) (tyrosine kinase inhibitor or TKI) and 
Raf kinases. A Phase-I dose escalation trial was 
conducted to evaluate the safety and effi cacy of 
sorafenib in combination with standard treatment 
(RT + TMZ) in patients with newly diagnosed 
GMB, or in combination with hypofractionated 

stereotactic RT alone in patients with recurrent 
GMB [ 76 ]. 

 Apart from EGFR and VEGF blockade, other 
biological pathways aroused the interest of clini-
cal researchers as possible targets for the associa-
tion of radiotherapy and targeted therapy. 

 Farnesyltransferase inhibitors (FTIs) have 
been shown to have radiosensitizing properties in 
preclinical models [ 77 ]. The combination of RT 
and FTI (tipifarnib) was studied in a phase-II 
clinical trial; the association of tipifarnib with 
radiotherapy showed promising OS results, but 
no increase in TTP compared to historical data 
[ 78 ]. 

 Cilengitide is a novel small molecule that 
selectively blocks the activation of the ανβ3 and 
ανβ5 integrins and has been studied in 
GBM. Integrins are a family of cell surface recep-
tors that play different important roles in most 
biological cells’ activity. The ανβ3 and ανβ5 
integrins are overexpressed in GBM cells and in 
tumor vasculature. Integrins, in addition to 
VEGF, are key mediators of angiogenesis and 
tumor growth. Unfortunately, the results of two 
large phase-III trials showed that the addition of 
cilengitide to RT and TMZ for the treatment of 
newly diagnosed GBM does not improve PFS 
and OS compared to RT and TMZ alone [ 79 ,  80 ]. 
The considerable radiochemoresistance of GBM 
cells is underlined by these clinical data, and the 
possible presence of a particular subpopulation 
of cells responsible for local recurrence is also 
suggested. 

 The use of immunotherapy with radiotherapy 
is one of the modern challenges. No clinical data 
for GBM have been produced yet by this approach, 
but it is certainly an exciting future research fi eld. 
For example, researches and ongoing clinical 
studies are being conducted to evaluate the role of 
the programmed death-1 (PD-1)/PD-ligand1 (PD-
L1) pathway in cancers. It has been demonstrated 
by recent preclinical data that a combination of 
radiosurgery with immunotherapy with anti-PD1 
blockade produces long-term survivors in GBM-
challenged mice [82]. Ionizing radiation is a 
potent immune-modulator through several mech-
anisms: the increased availability and reliability 
of new drugs that modulate the immune response 
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could represent, in the next future, a powerful 
synergistic approach. Table  2.4 .
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         Introduction 

 Glioblastoma (GBM) is the most common primary 
brain tumor in adults. The standard treatment is 
surgery followed by radiotherapy plus concomi-
tant and sequential temozolomide. Despite multi-
modality treatment, the prognosis is still poor and 
the median overall survival (mOS) among patients 
with newly diagnosed glioblastoma is in the range 
of 12–15 months. Outcome for recurrent GBM 
(rGBM) is even worse with a mOS of 6 months 
with conventional salvage therapies. 

 Several microenvironmental factors infl uence 
the residual tumor cells after surgery, making 
them acquire the traits of cancer stem cells (high 
self-renewal capacity and DNA-breakage repair 
capacity). These cells are able to resist to radio-
chemotherapy, to proliferate and, lastly, to result 
in the recurrent disease. A growing body of data 
indicate a crucial role for intercellular communi-
cation in the tumor-stroma interface in GBM 
development and therapy refractoriness [ 1 ]. 
Cross-talks between microglia or endothelium 

and glioma contribute to tumor growth and inva-
sion. Recently, several targeted agents have been 
developed as potential inhibitors of molecular 
genetic and signal transduction pathways 
involved in the resistance to radiation therapy- 
induced damage, including those of VEGF 
(Vascular Endothelial Growth Factor), EGFR 
(Epidermal Growth Factor Receptor), integrin 
signaling, and mTOR (mammalian target of 
rapamycin) signaling. Some of these agents have 
been tested in clinical studies in association with 
radiotherapy. In this chapter, we provide a brief 
overview of the clinical series with the most 
important targeted agents against glioblastoma, 
focusing on the experiences in which they are 
used together with radiotherapy. Moreover, hypo-
thetical causes for failures of targeted therapies 
for glioblastoma are listed.  

    VEGF Antagonists 

 Blocking of proangiogenic mechanisms may 
improve the radiotherapy effi cacy. GBM angio-
genesis is driven mainly by VEGF signaling 
through its tyrosine kinase receptor VEGFR2/
KDR. Blockade of VEGF with bevacizumab (a 
humanized monoclonal antibody against VEGF) 
was associated with good response rates in clini-
cal trials in patients with rGBM. 

 Positive outcomes have been obtained with the 
addition of bevacizumab (BEV) to  radiotherapy 
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in the recurrent setting (see Table  3.1 ). 
Radiotherapy technique varied from single ses-
sion radiosurgery to conventionally fractionated 
radiotherapy. Median survival ranged between 
8.4 and 34.2 months. The majority of these tri-
als are retrospective; all of them included patients 
with other high-grade gliomas (HGG) and some 
of them included also patients with relapsing low-
grade gliomas (LGG). Rate of severe toxicity was 
inferior to 15 % of the cases. The ongoing RTOG 
1205 trial aims to confi rm the advantages of the 
addition of BEV to re-irradiation in the relapsing 
GBM in a prospective setting.

   Based on these clinical experiences, two 
phase-III trials for assessing the role of bevaci-
zumab in addition to standard radiotherapy and 
temozolomide in newly diagnosed patients were 
opened (RTOG 0825 trial [ 9 ] and AVAGLIO 
trial [ 10 ]). Both these trials found signifi cant 
improvement in terms of progression-free sur-
vival (PFS) (RTOG 0825 trial: bevaci-
zumab + standard therapy arm: median PFS 10.7 
months; standard therapy: median PFS 7.3 
months; AVAGLIO trial: bevacizumab + stan-
dard therapy arm: median PFS 10.6 months; stan-
dard therapy: median PFS 6.2 months) but both 
of them failed in demonstrating advantages in 
terms of overall survival (RTOG 0825 trial: bev-
acizumab + standard therapy arm: mOS 15.7 
months; standard therapy: mOS 16.1 months; 
AVAGLIO trial: bevacizumab + standard therapy 
arm: mOS 16.8 months; standard therapy: mOS 
16.7 months). 

 The reasons why anti-VEGF therapy failed 
in improving overall survival are still under 
investigation. A study on autoptic specimens of 
patients treated with cediranib, a pan-VEGFR 
tyrosine kinase inhibitor, showed a change in 
growth pattern of rGBM after antiangiogenic 
treatment [ 11 ]. The recurrence after anti-VEGF 
treatment is not characterized by a second wave 
of angiogenesis because tumor endothelial cells 
expressed molecular markers specifi c to the 
blood–brain barrier, indicative of a lack of 
revascularization despite the discontinuation of 
therapy. In addition, lower tumor cellularity, 

decreased pseudopalisading necrosis, and blood 
vessels with normal molecular expression and 
morphology were found. So, this study demon-
strated that, rGBM after antiangiogenic therapy, 
instead of switching to alternative angiogenesis 
pathways, exhibit a more infi ltrative phenotype. 
A reasonable hypothesis is that anti-VEGF ther-
apy could be effi cient in blocking tumor growth 
due to neoangiogenesis but it is not effi cient in 
blocking tumor growth due to the co-opting of 
preexisting vessels or due to the generation of 
new vessels through the colonization of circu-
lating endothelial cells, in a process called “vas-
culogenesis”. Preclinical evidence pointed 
toward a key role for treatment-induced recruit-
ment of protumor bone marrow–derived cells 
(BMDCs) [ 12 ]. These cells may differentiate in 
endothelial progenitors and produce new ves-
sels. The recruitment of BMDCs into the tumor 
is mainly mediated by the interaction between a 
chemokine called SDF-1 and its receptor, 
CXCR4 [ 13 ]. The pharmacological inhibition of 
this interaction is possible through a drug called 
AMD3100. The ongoing trial NCT01339039 is 
currently testing this agent in addition to BEV 
in recurrent HGG. Among myeloid BMDCs, 
tumor- associated macrophages (TAMs) have 
been shown to mediate escape from antiangio-
genic therapy in preclinical models. TAMs may 
promote tumor progression and spread despite 
vascular targeting. Lu-Emerson et al. examined 
the role of macrophages in patients with recur-
rent glioblastoma, comparing autopsy brain 
specimens from patients with recurrent glio-
blastoma who received antiangiogenic treat-
ment with brain specimens from patients who 
did not receive antiangiogenic therapy [ 14 ]. 
Among the antiangiogenic-treated patients, an 
increase of macrophages both in the tumor bulk 
and infi ltrative areas was shown. Of note, an 
increased number of macrophages correlated 
with poor overall survival. These data suggest 
that among bone marrow-derived cells, TAMs 
may represent a potential biomarker of resis-
tance and a potential therapeutic target in recur-
rent glioblastoma.  
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    EGFR Antagonists 

 EGFR represents an attractive molecular target in 
patient with HGG because overexpression of this 
receptor is present in 40–50 % of patients with 
GBM. EGFR signaling results in an increase in 
GBM cell invasion, infi ltration, and proliferation 
and lead to inhibition of apoptosis and induction 
of angiogenesis [ 15 ]. Furthermore, the presence 
of EGFRvIII mutant (a pathological variation of 
EGFR with a constitutively activated extracellu-
lar domain) has been demonstrated in glioma 
stem cells and it defi nes HGG with a worse prog-
nosis [ 16 ], whereas high EGFR expression is an 
independent prognostic factor in GBM treated 
with standard therapy [ 16 ,  17 ]. Moreover, EGFR 
overexpression in GBM correlates with radiore-
sistance [ 17 – 19 ]. 

 EGFR signaling can be inhibited with small- 
molecule tyrosine kinase inhibitors such as erlo-
tinib (Tarceva) and gefi tinib (Iressa) or with 
targeted monoclonal antibodies (mAb) such as 
cetuximab and nimotuzumab. 

 Erlotinib is a inhibitor of EGFR tyrosine 
kinase with antitumor activity in lung and pan-
creatic cancer. In preclinical studies in GBM cell 
lines, this agent had activity against cell lines that 
harbor the EGFRvIII mutant receptor [ 20 ], 
whereas in phase-I or -II studies erlotinib was 
shown to have some antitumor activity in rGBM 
[ 21 ,  22 ]. 

 In the recent years, two phase-II studies tested 
erlotinib together with TMZ and radiotherapy in 
newly diagnosed GBM, obtaining confl icting 
results. 

 Prados et al. [ 23 ] reported about the addition 
of erlotinib to RT + TMZ in a phase-II trial that 
enrolled 65 patients: the median survival of 19.3 
months was better than that reported for histori-
cal controls. On the contrary, Peereboom et al. 
[ 24 ] did not confi rm the effi cacy of erlotinib in 
combination with the standard regimen of con-
current RT and TMZ in 27 patients with newly 
diagnosed GBM enrolled in a phase-II trial. 
Authors concluded that erlotinib was not an effi -
cient agent (median PFS 2.8 months, median OS 
8.6 months) and had an unacceptable toxicity 

(four treatment-related deaths) that caused early 
closure of the trial. 

 The RTOG 0211 [ 25 ] trial tried to determine 
the effi cacy of gefi tinib in combination with 
radiotherapy for newly diagnosed 
GBM. Treatment consisted of daily oral gefi tinib 
during the radiotherapy and after radiation treat-
ment for 18 months or until progression. Gefi tinib 
did not add any advantage in terms of survival: 
median survival of these patients was similar to 
that in a historical control cohort treated with RT 
alone. 

 The use of cetuximab, a chimeric IgG mono-
clonal antibody that targets the extracellular 
domain of the EGFR, is supported by preclinical 
models. This agent seems to be more effi cient in 
inhibiting the EGFRvIII mutant as compared 
with small EGFR inhibitors. The capability of 
crossing the blood–brain barrier is demonstrated 
by some phase-I trials that showed the presence 
of these mAb within resected glioma tissues. 
Belda-Iniesta et al. [ 26 ] showed long-term 
responses for cetuximab in three cases of recur-
rent glioblastoma. Neyns et al. [ 27 ] conducted a 
phase-II trial in which patients were stratifi ed 
according to the amplifi cation status of the EGFR 
gene. This trial showed not only the absence of a 
signifi cant correlation between outcome and 
EGFR amplifi cation status but also that cetux-
imab has a low activity in patients with relapsing 
HGG [only 5 out of 55 patients (9 %) had a dura-
ble disease control (longer than 9 months) and 
improved overall survival]. 

 Given the synergistic effect of EGFR inhibition 
with cetuximab and RT, further investigations of the 
use of cetuximab in association with radiotherapy in 
the treatment of newly diagnosed GBM are needed. 
Interim results of a phase I/II study of chemoradia-
tion therapy with temozolomide and cetuximab in 
patients with newly diagnosed GBM [ 28 ] showed 
promising outcome in terms of PFS (PFS at 6 
months = 81 %, PFS at 12 months = 37 %), as well 
as overall survival (OS at 12 months = 87 %). 

 Some recent studies reported confl icting 
results obtained with nimotuzumab, a humanized 
monoclonal antibody against EGFR, used in 
combination with RT ± TMZ. Wang et al. [ 29 ] 
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did not fi nd any advantage in terms of survival in 
26 patients with newly diagnosed GBM treated 
with nimotuzumab, RT, and TMZ, whereas 
Solomon et al. [ 30 ] found a survival gain after 
combining nimotuzumab and radiotherapy in a 
series of 35 HGG. Nimotuzumab showed a trend 
towards effi cacy in the subgroup of MGMT non- 
methylated GBM patients when tested in 142 
patients enrolled in a phase-III trial for newly 
diagnosed glioblastoma, in addition to standard 
radiotherapy and temozolomide [ 31 ]. 

 Some predictive factors for response to tyro-
sine kinase inhibitors have been identifi ed for 
other types of cancer (mutations in the tyrosine 
kinase pocket [ 32 ], EGFR copy-number [ 33 ], 
Akt activation [ 34 ]). Unfortunately, prospective 
trials did not show such a relationship in glioblas-
toma. In a phase-II trial of gefi tinib in patients 
with relapsing GBM [ 35 ], EGFR protein expres-
sion and gene status and EGFRvIII protein 
expression were not associated with response or 
survival. Similarly, EGFR copy-number, Akt 
activation, and protein expression did not have a 
predictive role in another prospective trial that 
tested the use of gefi tinib in recurrent HGG [ 36 ]. 
No association has been found between the 
expression of EGFRvIII and PTEN in GBM 
patients by Gallego et al. [ 37 ] who performed a 
prospective trial and showed that erlotinib had 
minimal effi cacy also in patients with high pro-
tein expression for EGFRvIII and PTEN. EGFR 
amplifi cation and EGFRvIII expression did not 
have any impact on the response rate to erlotinib 
in the 26034 trial by EORTC [ 38 ]. 

 In conclusion, EGFR inhibitors have shown 
only moderate clinical activity when used as sin-
gle agents in patients with GBM. Defi nition of 
molecular biomarkers as determinants to EGFR 
inhibitors response in GBM is crucial in order to 
select patients who might benefi t from therapy: 
further prospective trials with standardized meth-
ods for assessment of molecular markers are 
strongly required. 

 The poor effi cacy of EGFR inhibitors can also 
be explained with the fact that glioblastoma has a 
very complex signaling network that is not only 
driven by EGFR. Since alternative kinase signal-
ing pathways may be activated in GBM cells, the 

inhibition of a single tyrosine kinase inhibitor 
may not be suffi cient to signifi cantly block down-
stream oncogenic signaling.  

    Inhibition of Integrins Signaling 

 Integrins are a family of cell–cell and cell–extra-
cellular matrix adhesion molecules mediating the 
interaction of tumor cells with their microenvi-
ronment. Hereby, integrins transmit molecular 
signals infl uencing processes involved in tumor 
angiogenesis and invasion such as cell shape, 
survival, proliferation, and migration. Moreover, 
integrins have a role in the regulation of apopto-
sis because integrin-mediated adhesion promotes 
cell survival [ 39 ]. 

 In particular, αvβ3 and αvβ5 integrins, 
involved both in angiogenesis and cell migration 
and proliferation, are expressed at low levels in 
normal cells and overexpressed in some malig-
nancies such as melanoma, breast, prostate, and 
pancreatic cancer cells [ 40 ,  41 ]; therefore, integ-
rins have been considered as a promising thera-
peutic target [ 42 ] because their patterns in cancer 
cells differ from those of their parent tissues, 
potentially allowing selective targeting. 

 In glioblastoma, overexpression of αvβ3 and 
αvβ5 integrin is well documented as well 
[ 43 – 45 ]. 

 Integrin inhibitors are expected to normalize 
the tumor vasculature through an antiangiogenic 
mechanism, and they are also expected to 
enhance the effects of radiation therapy and che-
motherapy [ 46 ]. 

 In the preclinical glioma models and in vivo 
studies, integrin antagonists were shown to 
induce apoptosis of glioma cells and effi ciently 
enhance the effect of radiotherapy [ 47 ,  48 ]. 

 Abdollahi et al. [ 49 ] tested the interaction of 
radiotherapy and integrin antagonist, showing 
that the radiosensitivity of endothelial cells was 
enhanced by the concurrent administration of the 
integrin antagonist. 

 For those reasons the combination of integrin 
antagonists and radiotherapy was thought to rep-
resent a rational approach in glioma treatment. 
Cilengitide is an inhibitor of both integrin 
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 receptors αvβ3 and αvβ5 [ 50 – 52 ] competitively 
blocking binding of integrin ligands and it was 
tested for the treatment of newly diagnosed and 
recurrent glioblastoma. Objective and durable 
responses in patients with glioblastoma were 
shown in phase-I [ 53 ,  54 ] and -II trials. Reardon 
et al. [ 55 ] conducted a phase-II trial to assess the 
effi cacy of cilengitide in 81 patients with relaps-
ing glioblastoma, obtaining a PFS at 6 months of 
10–15 % and a median OS ranging between 6.5 
and 9 months. Two years later, the authors 
reported updated results on survival, showing a 
4-year survival rate of 2.4 in patients treated with 
the lower dose, and 10.0 % in patients treated 
with higher dose of cilengitide [ 56 ]. More 
recently, similar outcomes in terms of PFS were 
obtained by Gilbert et al. [ 57 ]. 

 In 2009 Nabors et al. reported a phase-II ran-
domized trial evaluating lower (500 mg) and 
higher (2000 mg) doses cilengitide plus standard 
temozolomide and radiotherapy in newly diag-
nosed glioblastoma patients; they showed a 
median survival of 18.9 months [ 58 ]. 

 The addition of cilengitide to radiotherapy 
and temozolomide in patients with newly diag-
nosed glioblastoma was shown to improve the 
outcome in patients with methylated MGMT 
gene promoter in a phase-I/II trial [ 59 ], suggest-
ing a synergy between cilengitide and temozolo-
mide chemotherapy in chemosensitive tumors. 

 Unfortunately, the promising activity of cilen-
gitide was not confi rmed in a recently published 
randomised phase-III trial: the addition of cilen-
gitide (dose of 2000 mg intravenously twice 
weekly on days 1 and four concomitantly to 
radiotherapy and standard temozolomide, fol-
lowed by maintenance cilengitide, for non- 
progressive patients, up to 18 months) did not 
signifi cantly improve outcome in the enrolled 
545 patients with newly diagnosed glioblastoma 
with methylated MGMT gene promoter [ 60 ]. 
This trial was limited to patients with methylated 
MGMT promoter, based mainly on a slightly 
increased cilengitide activity in this subgroup 
compared with patients with unmethylated 
MGMT promoter [ 61 ]. Neither progression-free 
survival nor overall survival was signifi cantly 
prolonged, and the authors stated that an HR of 

1.02 for overall survival suggests absence of any 
activity. 

 The reasons why the phase-III trial failed in 
confi rming the antitumor activity of cilengitide 
that was shown in phase-I and -II trials may be 
various. 

 First of all, unfavorable pharmacokinetics of 
the drug may partly explain these negative 
results. A different schedule of administration 
of the drug may be more effi cient: for example 
a continuous administration may be more 
appropriate to fulfi ll a proper antiangiogenic 
pressure considering the short serum half-life 
of cilengitide (about 2–4 h) [ 60 ,  61 ]. Indeed, 
low doses of cilengitide have been even reported 
to have proangiogenic activity in experimental 
tumor models, by contrast with inhibition at 
higher doses [ 62 ]. 

 Second, some errors in the assessment of the 
imaging with overestimation of the results could 
be done in the previous trials because cilengitide 
might induce some normalization of the blood–
brain barrier, suggesting a false response [ 60 ]. 

 Third, it is noteworthy that the phase-II trials 
conducted in glioblastoma did not have a control 
group without cilengitide and this could be an 
important point to explain why the positive 
results noted in phase-II trials did not translate 
into the fi ndings of the phase-III trial. 

 Finally, the restriction to patients with methyl-
ated MGMT promoter is not based on robust data 
and it may worsen the results, since a phase-II 
trial showed that cilengitide activity was irre-
spective of MGMT status. [ 63 ].  

    Mammalian Target of Rapamycin 
Inhibitors 

 Changes in genomic, transcriptional, and post-
transcriptional levels of proteins and protein 
kinases and their transcriptional factor effectors 
contribute to the inherent resistance of cancer to 
radiotherapy and chemotherapy [ 64 ]. The phos-
phatase and tensin homologue deleted in chro-
mosome ten (PTEN)/phosphatidylinositol 3′ 
kinase (PI3K)/Akt/mammalian targets of 
rapamycin (mTOR)/nuclear factor kappa B 
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 (NF- kB) and other signaling cascades play a crit-
ical role in the transmission of signals from 
growth factor receptors to regulate gene expres-
sion and prevent cell death [ 65 ]. In particular, 
PI3K/Akt and mTOR could be considered as a 
single pathway interacting with many other path-
ways. The activity of the PI3K/Akt and the 
mTOR pathway is often constitutively upregu-
lated in tumors as a result of excessive stimula-
tion by growth factor receptors, as well as 
mutation in the PTEN tumor suppressor gene 
regulating the PI3K-dependent activation of Akt 
signaling [ 66 ]. 

 Mammalian target of rapamycin is a serine/
threonine kinase ubiquitously expressed in mam-
malian cells and is a key protein evolutionarily 
conserved, indeed embryonic mutations in 
mTOR proved to be lethal. In normal cells, 
mTOR is controlled by positive and negative 
upstream regulators. Positive regulators include 
growth factors and their receptors, such as the 
members of the human epidermal growth factor 
receptor (HER) family and associated ligands, 
and vascular endothelial growth factor receptors 
(VEGFRs) and their ligands, which transmit sig-
nals to mTOR through the PI3K/Akt. Negative 
regulators of mTOR activity include PTEN that 
inhibits signaling through the PI3K/Akt pathway 
and the tuberous sclerosis complex (TSC) 1 
(hamartin) and TSC2 (tuberin). Another negative 
regulator, LKB1, is in an energy-sensing path-
way upstream to TSC. Mammalian target of 
rapamycin activity is carried out by two distinct 
complexes: mTORC1 and mTORC2. The 
mTORC1 complex is made up of mTOR, Raptor, 
mLST8, and PRAS40. It is extremely sensitive to 
rapamycin and thus represents the target of fi rst 
generation mTOR inhibitors. It also activates 
S6K and inactivates 4EBP1, leading to protein 
translation and cell growth. The mTORC2 com-
plex is composed of mTOR, Rictor, Sin1, and 
mLST8. It is less sensitive to rapamycin and its 
role in normal cell function and oncogenesis has 
not been well clarifi ed. However, it is known to 
activate Akt, thereby promoting cell proliferation 
and survival. The canonical pathway of mTOR 
activation depends on mitogen-driven signaling 
through PI3K/Akt, although alternative non-Akt- 

dependent activation through the RAS/MEK/
ERK pathway is now recognized [ 66 ]. Altogether 
mTOR activation leads to increased synthesis of 
multiple proteins. These include several that have 
been implicated in the pathogenesis of multiple 
tumors, e.g., cyclin D1, which allows progression 
of cells through the cell cycle and HIF, which 
drive the expression of proangiogenic growth 
factors such as VEGF. 

 The genomic characterization of glioblastoma 
defi ned several molecular aberrations and copy- 
number changes [ 67 ] opening the possibility of 
using novel agents that target specifi c pathways 
regulating glioblastoma growth and resistance, in 
combination with the standard therapeutic plat-
form (i.e., radiotherapy and temozolomide). 

 In vitro and in vivo data suggested that mTOR 
inhibitors may modify the activation of PI3K/Akt 
pathway infl uencing the expression of cell-cycle 
regulatory or anti-apoptotic proteins. In particu-
lar when used in combination with radiation, pre-
clinical studies have demonstrated that mTOR 
inhibitors can enhance glioblastoma response to 
radiation by affecting both tumor vasculature and 
tumor cell viability through different mecha-
nisms: activation of apoptosis, induction of cell 
cycle arrest and upregulation of autophagy [ 68 –
 70 ]. In addition, combined radiation and mTOR 
inhibitor treatment decreases tumor vessels den-
sity and blood fl ow in vivo [ 71 ]. 

 Rapamycin (sirolimus) is an antifungal agent 
with immunosuppressive properties, that showed 
a broad anticancer activity [ 72 ]; sirolimus ana-
logs, with a more favorable pharmacokinetic 
(i.e., temsirolimus, everolimus, and ridaforoli-
mus), are mTOR inhibitors used as anticancer 
agents. All these drugs are small-molecule inhib-
itors that function intracellularly, forming a com-
plex with the FK506-binding protein-12 
(FKBP-12) that is then recognized by mTOR. The 
resulting complex prevents mTOR activity, lead-
ing to inhibition of cell-cycle progression, sur-
vival, and angiogenesis. All mTOR inhibitors 
affect only mTORC1 and not mTORC2 [ 73 ]. 

 Several phase-II clinical trials evaluating the 
use of mTOR inhibitors for the treatment of 
recurrent glioblastoma were published, whereas 
only some phase-I trials to assess the feasibility 
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of association of mTOR inhibitors with radio-
therapy and temozolomide in newly diagnosed 
glioblastoma were conducted. 

 The NCCTG dose-escalation phase-
I trial (N027D) analyzed the integration of 
Temsirolimus (CCI-779) with radiotherapy and 
temozolomide, in patients with newly diagnosed 
GBM [ 74 ]. The fi rst patients were treated with 
Temsirolimus combined with radiotherapy/
TMZ followed by adjuvant Temsirolimus and 
TMZ. After excessive infectious toxicities, and 
based on preclinical studies with mTOR inhibi-
tors that show signifi cant radiosensitizing effects 
in animal models, the trial design was modi-
fi ed and Temsirolimus was delivered only dur-
ing concurrent RT/TMZ, followed by adjuvant 
TMZ monotherapy. The recommended phase-II 
dose and schedule of i.v. temsirolimus in newly 
diagnosed GBM patients is 50 mg/week com-
bined only during concomitant radiotherapy and 
temozolomide. 

 The NCCTG phase-I trial N057K enrolled 18 
patients with newly diagnosed GBM [ 75 ]. All 
patients received weekly everolimus 
(EVEROLIMUS) in combination with standard 
chemoradiotherapy, followed by Everolimus in 
combination with adjuvant temozolomide. 
Everolimus at 70 mg/week is the recommended 
phase-II dosage for use in combination with stan-
dard chemoradiotherapy in GBM. With a median 
follow-up of 8.4 months (range 1.8–15.9), 10 of 
18 patients had a progression of disease. 

 In the recurrent setting, temsirolimus [ 76 ,  77 ], 
sirolimus [ 78 ], and everolimus [ 79 ] were tested 
in single arm phase-II trials. In two of these stud-
ies mTOr inhibitors were associated with EGFR 
antagonists. Poor outcome in terms of PFS were 
reached (6-months-PFS ranging from 2 to 8 %) 
while median OS ranged from 4.4 to 8.5 months. 

 Recently a new generation of compounds, 
the so-called “dual PI3k/mTOR inhibitors”, 
seems to inhibit not only PI3K class-I isoforms, 
but also mTORC1 and mTORC2; in theory this 
combined activity would lead to the strongest 
inhibition of the whole PI3K/mTOR pathway 
[ 80 ]. In particular NVP-BEZ235, a dual PI3K/
mTOR inhibitor seems to inhibit the DNA dam-
age response (DDR). Ionizing radiation induces 

DNA double- strand breaks (DSBs) [ 81 ] that can 
be either repaired through the error-prone non-
homologous end joining (NHEJ) pathway or the 
error-free homologous recombination pathway, 
in which the phosphoinositide 3-kinase (PI3K)-
like kinases, DNA-PKcs (DNA-dependent 
protein kinase catalytic subunit) and ATM 
(ataxia- telangiectasia mutated), respectively, are 
centrally involved [ 82 ,  83 ]. NVP-BEZ235 seems 
to potently inhibit both ATM and DNA-PKcs, 
thereby attenuating both homologous recombi-
nation and NHEJ and resulting in unprecedented 
radiosensitization in a panel of glioblastoma cell 
lines [ 84 ]. NVP-BEZ235 can cross the blood–
brain barrier (BBB) and in vivo studies have 
shown its effi cacy in controlling tumor growth in 
both subcutaneous and orthotopic tumor models, 
when administered in combination with ionizing 
radiation [ 85 ]. Thus, these novel agents target-
ing PI3K/Akt/mTOR seem to be promising for 
improving clinical results in glioblastoma. 

 In the case of mTOR inhibitors, the poor per-
meability of the BBB for most mTOR inhibitors 
may justify the failure in the few clinical experi-
ences in patients with glioblastoma. Molecular 
screening for potentially high-yield subsets of 
tumors, such as those with PTEN mutations, may 
be needed to identify optimal tumors to treat.  

    Conclusions 

 Unfortunately, to date, most promising agents 
have failed to signifi cantly improve the clinical 
outcome in patients with glioblastoma. These 
repeatedly failed efforts underscore the complex-
ity of this tumor type, and warrant improved pre-
clinical models and further clinical trials. Since 
in the GBM cells, multiple pathways are coacti-
vated and, in addition, several tumor suppres-
sor genes are lost, probably only combinations 
of targeted agents may work. As an example, a 
phase-II trial of radiation therapy, temozolomide, 
erlotinib, and bevacizumab for initial treatment 
of glioblastoma was recently published [ 86 ]. This 
combination was well tolerated and signifi cantly 
improved PFS (mPFS 13.5 months) but, again, the 
overall survival did not improve. In  conclusion, 

S. Scoccianti et al.



37

much remains to be learned regarding the opti-
mal combination of multi-pathways-targeted 
therapies with standard chemoradiotherapy, but 
maybe investigation of combined target inhibi-
tion will lead to the improvement of the poor 
results observed with a single-target approach.     
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          Introduction 

 Glioblastoma Multiforme (GBM) accounts for 
more than 50 % of all primary malignant brain 
tumors in adults [ 1 ,  2 ]. More than 30 years of 
clinical trials have been conducted but only 
recently the standard treatment has been defi ned 
for primary GBM. The introduction of temo-
zolomide (TMZ) allowed a survival improve-
ment in newly diagnosed GBM. Nowadays the 
standard treatment for naive GBM includes the 
surgical resection followed by radiotherapy and 
concurrent plus adjuvant chemotherapy (CT) 
with temozolomide [ 3 ]. The prognosis remains 
dismal with a long-term survival of 2–5 % at 5 
years and a median overall survival of around 14 
months [ 3 ]. Local failure continues to be the 
main cause of mortality and research trends are 
focusing on genomic and/or molecular analysis 
to improve outcomes.  

    Chemoradiation Therapy: Primary 
Treatment 

 Chemoradiation therapy, following surgery when 
indicated, is the main modality in the treatment 
of newly diagnosed GBM. A multidisciplinary 
approach is encouraged to defi ne an individual-
ized therapeutic plan. This section describes the 
evolution of the standard care and investigation 
trends in radiotherapy, chemotherapy, and in 
combined approaches. 

    External Beam Radiation Therapy 

 More than six decades of clinical trials investi-
gated the use of RT in the treatment of malignant 
gliomas. Between the 1970s and the 1990s, the 
fi rst randomized trials demonstrated the survival 
benefi t of a postoperative radiation therapy [ 4 ]. A 
conventionally fractionated total dose of 60 Gy to 
a limited fi eld of the brain is currently considered 
as the standard of care. 

    Conventional Postoperative Radiation 
Versus No Radiation 
 Since the mid-1970s, patients with malignant 
gliomas have been randomized to receive postop-
erative RT; fi ve out of six trials [ 5 – 10 ] reported a 
statistically signifi cant survival benefi t favoring 
postoperative RT compared with best supportive 
care (BSC) only or single- or multi-agent CT 

mailto:silvia.chiesa.md@gmail.com


42

without radiation (RR 0.81; 95 % confi dence 
interval 0.74–0.88,  p  < 0.10). (Table  4.1 )

   In a randomized study (90 % GBM), the Brain 
tumor Study Group (BTSG 6901 [ 7 ], BTSG 7201 
[ 8 ]) demonstrated a signifi cant median survival 
benefi t in postoperative RT compared with BSC 
( p  = 0.001), with BCNU alone ( p  = 0.013) or with 
others nitrosoureas ( p  = 0.0003) without benefi t 
with concomitant chemotherapy. 

 On the contrary, the Scandinavian 
Glioblastoma Study Group [ 9 ] observed the 
superiority of postoperative irradiation using 
bleomycin agent. The median overall survival 
reported in these randomized trials ranged from 
5.75 to 11.2 weeks. This fi nding suggested that 
further studies were required.  

    Radiation Volume 
  Whole brain  irradiation was the main modality 
employed in early clinical trials. Since the begin-
ning of 1990s, with better tumor localization due 
to the computed tomography and magnetic reso-
nance imaging (MRI), the advent of conformal 
radiotherapy and the knowledge that high doses 
of whole brain irradiation induced neurocogni-
tive impairment with slowly progressive demen-
tia, studies were carried out to explore the impact 
of  partial   brain  radiation on survival [ 11 ,  12 ] and 

on patterns of failure [ 13 – 15 ]. The Brain Tumor 
Cooperative Trial 8001 [ 12 ] and the study pub-
lished by Kita et al. [ 11 ] did not observe any sta-
tistically signifi cant differences between whole 
brain and focal volume irradiation. One addi-
tional small randomized trial observed not only 
equivalent outcomes but also a signifi cant lower 
toxicity in long-term survivors who received 
focal irradiation [ 16 ]. 

 Several studies have been conducted to evalu-
ate the pattern of treatment failure in high-grade 
gliomas. Some authors [ 14 ,  17 ,  18 ] studied the 
 patterns of recurrence  after WBRT and observed 
that 95 % were within the resected area or within 
3 cm of the presurgical tumor margin. These data 
were the same in case of a partial brain irradia-
tion [ 15 ,  19 ,  20 ]. For clinical target volume 
(CTV), some investigators correlated peri- 
tumoral edema with the infi ltrating tumors cells 
[ 3 ,  11 ,  12 ,  17 ] and recommended edema plus 
2 cm margins, as reported in several RTOG stud-
ies [ 21 – 24 ]. Others, upon observing that recur-
rences were mainly central, in fi eld or marginal 
(80–90 %) and only 10–20 % outside the irradi-
ated fi eld [ 25 ,  26 ], recommended the use of a 
margin of 2–3 cm around the enhancement area. 
Table  4.2  shows the two CTV’s strategies in par-
tial brain irradiation. The MDACC experience 

   Table 4.1    Post-operative radiotherapy versus no radiotherapy in randomized studies- modifi ed by Laperrière [ 4 ]   

 Study [ref]  Treatment 
 Dose (Gy)/no. 
Fractions 

 No pts 
randomized  Target volume 

 Median 
survival 
(weeks) 

 P value 
overall 
survival 

 RR for 1 
year 
mortality 

 Shapiro et al. 
[ 5 ] 

 CT  -  16  WB  30  NR  1.13 

 RT + CT  60  17  44.5 

 Andersen 
et al. [ 6 ] 

 Surgery  –  57  NR  15  <0.005  0.86 

 RT  45/25  51  23 

 Walker et al. 
[ 7 ] 

 Surgery  –  42  WB  14  0.001  0.79 

 RT  50–60/25–35  93  36 

 Walker et al. 
[ 8 ] 

 CT  –  111  NR  31  0.003  0.85 

 RT  60/30–35  118  37 

 Kristiansen 
et al. [ 9 ] 

 Surgery  –  38  Supratentorial  23  NR  0.69 

 RT+/−CT  45/25  80  47  Signifi cant 

 Sandberg- 
Wollheim 
et al. [ 10 ] 

 CT  –  87  WB  42  0.028  0.70 

 RT + CT  58/27  84  62 

   RT  radiotherapy,  CT  chemotherapy,  NR  not reported  
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[ 27 ] showed that CTV delineation based on a 
2-cm margin did not seem to alter the central pat-
tern of failure for patients with GBM. Mc Donald 
et al. [ 28 ] found that use of total planning target 
volume (PTV) margins of less than 1 cm resulted 
in 93 % in fi eld failures, further indicating that 
there was likely to be no recurrence detriment of 
a reduced margin. In most cases, the target vol-
umes are defi ned according to RTOG or EORTC 
guidelines (Table  4.2 ).

       Radiation Total Dose and Fractionation 
 In GBM, the recommended radiation dose to the 
CTV is 60 Gy in  conventional fractionation  (30–
33 fractions). In poorly performing patients or in 
elderly patients with particularly poor prognosis, 
a hypo-fractionated accelerated course is effec-
tive and allows the completion of the treatment in 
2–4 weeks. Fractionation schedules include 34 
Gy/10 fr, 40.05/15 fr, or 50 Gy/20 fr [ 29 ,  30 ]. 
The standard of care over time is the result of fi rst 
studies demonstrating a survival benefi t for doses 
beyond 60 Gy and further experiences failed to 
demonstrate a real advantage of dose escalation 
regimens. The results of three randomized trials 
performed by BTSG (BTSG 6601 [ 31 ], 
BTSG 6901 [ 7 ], BTSG 7201 [ 8 ]) were pooled in 
a large study on 621 patients demonstrating a sur-
vival improvement with higher doses (45vs 50vs 
55vs 60 Gy with a median survival of 3.4-7-8- 
10.5 months, respectively). A Medical Research 
Council (UK) large randomized trial further con-
fi rmed the standard dose of 60 Gy in 30 fractions, 
compared to 45 Gy in 20 fractions. The conven-
tional fractionation to 60 Gy correlated with a 
statistically signifi cant benefi t of median survival 
from 9 to 12 months ( p  = 0.007). The joint study 

of the RTOG/ECOG randomized 626 patients 
and failed to show any advantage of 70 Gy over 
60 Gy [ 32 ]. 

 Some authors investigated other approaches 
to  altered fractionation  considering some radio-
biological aspects such as shorter overall treat-
ment time, reduced neoplastic cell repopulation 
or more favorable cell cycle phase redistribution 
with better radiobiological effects.  Hyper - 
 fractionated  schedules, increasing the chance of 
irradiating neoplastic cells in the more radiosen-
sitivity phase of cell cycle and obtaining a less 
oxygen dependent cell killing, were evaluated in 
six randomized studies (Table  4.3 ). None of the 
studies, except Shin et al. [ 35 ], observed any sig-
nifi cant survival benefi t for the experimental arm.

   A valid alternative could be a  hypo - 
 fractionation  scheme based on low α/β ratio of 
GBM suggested by experimental [ 52 ,  53 ] and 
clinical trials [ 43 ,  54 ]. This shortened regimen is 
considered an appropriate treatment option for 
most malignant glioma patients with poor prog-
nosis, such as the elderly, or those with poor per-
formance status. Kleinbeg et al. [ 43 ] reported a 
study of 219 patients treated with 51 Gy in 17 
fractions in 5.5 weeks with similar survival 
results to standard regimens in poor prognostic 
groups with less patient effort and cost. Other 
hypo-fractionated regimes are 30 Gy in 6 frac-
tions, 30 Gy in 10 fractions, 36 in 12 fractions, 
37.5 in 15 fractions, and 42 in 14 fractions. On 
the contrary in analyzing 108 randomized 
patients, Glinski et al. [ 44 ] demonstrated a sur-
vival advantage of a hypo-fractionated regimen 
consisting of three courses of treatment separated 
by a 1-month interval in 44 patients with GBM 
(23 vs. 10 % at 2 years,  p  < 0.05). 

    Table 4.2    Guidelines for treatment volume delineation   

 Guidelines  Phase  Treatment volume  Total dose/fractionation 

 RTOG  Phase I/II  Contrast enhancing lesion + peri-tumoral edema + 2 cm 
margin to PTV 

 46 Gy/2 Gy 

 Phase II/II  Contrast enhancing lesion in preoperative MRI + 2.5 cm 
margin to PTV 

 14 Gy/2 Gy 

 EORTC  Phase I/I  Contrast enhancing lesion + 2 or 3 cm margins to CTV  50–60 Gy/1.8–2 Gy 

   PTV  planning target volume,  CTV  clinical target volume  
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 The  accelerated  RT aim, limiting the overall 
treatment time, reduces the chance of cell repop-
ulation during the treatment. The EORTC’s study 
[ 39 ] randomized 340 patients to receive conven-
tional radiotherapy or 30 Gy in 1 week adminis-
tered by 3 fractions of 2 Gy per day with an 
interval of 4 h. The results demonstrated only the 
feasibility without an increased toxicity or a sur-
vival benefi t. The same results were reported by 
RTOG 8302 trial [ 41 ] where 305 patients were 
randomized to receive 48 or 54.4 Gy in 30 or 34 

fractions with a low toxicity rate in accelerated 
radiation. 

 Alternative fractionation schemes were also 
used to design  dose escalation  approaches. The 
total radiation dose that may be delivered to brain 
tumors is limited by normal tissue toxicity but 
technical advances in radiotherapy have become 
prevalent over the last years: intensity-modulated 
radiotherapy (IMRT) and volumetric modulated 
arc therapy (VMAT) allow the delivery of steep 
dose gradients at the target volume, reducing 

   Table 4.3    Overview of altered fractionation studies   

 Study 
 Radiotherapy dose/no 
fractions  no patients 

 Median survival altered 
fractionated RT ± vs. 
conventional RT (weeks)  Signifi cance 

 Hyper-fractionation 

 Payne et al. [ 33 ]  36–40Gy/60  NR a   48 b   NS 

 Shin et al. [ 34 ]  50 Gy/50  35  56 vs. 39  NS 

 Shin et al. [ 35 ]  61.4 Gy/69  43  39 vs. 27  0.007 

 Ludgate et al. [ 36 ]  47.6 Gy/63 + 10 Gy/5  42  46 vs. 32  NS 

 Deutsch et al. [ 37 ]  66 Gy/60  154  45 c  vs. 43 c   NS 

 Scott et al. [ 38 ]  72 Gy/60  NR d   44 vs. 49  0.44 

 Accelerated 

 Horiot et al. [ 39 ]  30 Gy/15/1 week +30 
Gy/15/1 week 

 NA  NA  NR 

 Brada et al. [ 40 ]  55 Gy/34 twice/daily  211  40  NS 

 RTOG 8302 [ 41 ]  48–54.4 Gy/30 or 34 
twice daily 

 305  42  NS 

 Chen et al. [ 42 ]  60 Gy/10  16  66  NR 

 Hypo-fractionated 

 Kleinberg et al. [ 43 ]  30 Gy/10 + 21 Gy/7  219  20–32  NR 

 Glinski [ 44 ]  20 Gy/5 × 2 
courses + 10Gy/5 e  

 108  68  NS  P  < 0.05 f  

 Bauman 1994 [ 45 ]  30 Gy/10  29  24  NR 

 Ford et al. [ 46 ]  36 Gy/12  32  16  NS 

 Hoegler and Davey [ 47 ]  37.5 Gy/15  25  32  NR 

 Slotman et al. [ 48 ]  42 Gy/14  30  36  NR 

 Accelerated hypo-fractionated 

 Prados, et al. [ 49 ]  70 Gy/44  231  41 vs. 42  NS 

 Massaccesi et al. [ 50 ]  70 Gy/25  40  68  NR 

 Iuchi et al. [ 51 ]  68 Gy/8 to PTV1  46  20  NR 

   a The number of patients randomized per treatment group is not reported; the total no of randomized patients is 168 
  b Median overall survival for the whole sample 
  c Median survival is reported considering the evaluable patients (282: 142 for hyper-fractionated RT and 140 for con-
ventional RT) 
  d A total of 172 patients were randomized but the number for treatment group was not reported 
  e The three courses were separated by 1-month intervals 

  NR  not reported,  NS  not signifi cant,  NA  not available,  PTV  planning target volume  
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exposure to adjacent normal tissues and allowing 
highly conformal radiotherapy [ 55 ,  56 ]. Dose 
escalation protocols to test the feasibility and the 
benefi t are increasingly becoming a fi eld of inter-
est, although randomized studies did not demon-
strate any advantage over conventionally 
fractionated doses. Using hyper-fractionated 
regimen, Scott et al. [ 38 ] administered 72Gy, 
while Deutsch et al. [ 37 ] delivered 66 Gy without 
any signifi cant advantage. In a phase III trial, 
Prados and colleagues [ 49 ] delivered an acceler-
ated hyper-fractionated schedule of 70.4 Gy at 
1.6 twice daily observing the same survival as the 
conventional dose patients. The RTOG investi-
gated dose escalation strategy testing four differ-
ent hyper-fractionated arms to total dose of 64.8, 
72, 76.8, and 81.6 [ 21 ]. The late toxicity increase 
for higher doses and the most effi cient dose level 
of 72 Gy was employed in further studies (RTOG 
90-06 [ 38 ]), but no superiority was demonstrated 
compared to conventional schedule of 60 Gy. 

 Since the advance of IMRT in the 1990s, vari-
ous studies have evaluated the possibility of 
escalating the biological effective dose (BED) 
investigating the clinical feasibility of IMRT 
with altered fractionation schedules. An 
improvement in the BED is feasible using a 
 simultaneous integrated boost  administered with 
 IMRT technique  or using fractionated stereotac-
tic radiosurgery to escalate the dose to the target 
volume, to minimize adjacent tissue dose and 
maximize radiobiological parameters of total 
dose and dose per fraction. The feasibility of this 
strategy concomitant to chemotherapy has been 
demonstrated. Chen et al. [ 42 ] reported an 
acceptable toxicity when 60 Gy are delivered in 
IMRT 6 Gy fraction within 2 weeks (BED for 
GBM of 119.4 Gy, equivalent dose in 2 Gy per 
fraction-EQD2 for normal brain 108.9 Gy). Iuchi 
and colleagues [ 57 ] delivering a BED higher 
than 90 Gy achieved an excellent local control 
rate. Morganti et al. in an Italian phase I dose 
escalation study demonstrated the feasibility of 
an accelerated IMRT plus temozolomide. The 
dose to tumor bed plus margins was escalated 
from 60 Gy to 62.5, 65, 67.5, and 70 Gy (BED of 
92.8 Gy) with no grade >2 of late neurotoxicity 
after a median follow-up of 25 months [ 50 ,  58 ]. 

Chan et al. [ 59 ] and Lee et al. [ 20 ] collected 
results of dose escalation protocols and reported 
a feasibility of the intensifi cation of local radio-
therapy without any change in the pattern of fail-
ure, primarily central or “in fi eld.” 

  Radiosurgery  has been used for local irradia-
tion in both new and recurrent GBM, with sev-
eral modalities to escalate the dose to the primary 
or recurrent disease. Because at least 80 % of 
gliomas fall within 2 cm of the primary high dose 
level local radiation and because radiosurgery 
allows a highly local conformal irradiation, sev-
eral authors investigated the use of radiosurgery 
as a boost after external beam radiotherapy in ret-
rospective studies [ 60 ,  61 ]. Sarkaria et al. [ 60 ] 
retrospectively pooled the data from the Joint 
Center for Radiation Therapy, from the University 
of Wisconsin, and from the University of Florida, 
of 115 patients treated with a combination of sur-
gery, external beam radiation therapy (54 or 59 
Gy), and linac-based radiosurgery (12 or 13.8 
Gy). An improvement of 2-year median survival 
( p  = 0.01) was observed mainly in worse prog-
nostic classes. 

 The promising results of a better survival than 
for the historical controls heavily infl uenced the 
following prospective studies, focused primarily 
on brain metastases and recurrent malignant 
brain tumors [ 62 ]. In the pre-temozolomide era, 
the fi rst prospective trials exploring radiosurgery 
or fractionated stereotactic (FSRT) boost were 
performed by RTOG Group. In the RTOG 9305 
[ 63 ], 203 patients were randomized to receive or 
not receive postoperative radiosurgery and 
EBRT (60 Gy) plus BCNU; the lesion size was 
within 4 cm and the radiosurgical dose ranged 
from 15 to 24 according to RTOG 9005 [ 62 ]. 
The phase II prospective trial RTOG 0023 [ 64 ], 
exploring a concomitant schedule of FSRT of 5 
or 7 Gy per fraction to obtain a total dose of 70 
or 78 Gy followed by standard BCNU schedule. 
Both of the two prospective trials failed to dem-
onstrate a survival advantage of SRS or FSRT 
and the debate still remains open. From the 
advent of IMRT, the interest in radiosurgery has 
slowly decreased even if some prospective expe-
riences with promising results in temozolomide 
era were reported [ 65 ]. 
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  Brachytherapy  has been also investigated to 
escalate the dose because of its rapid dose 
decrease outside the high dose volume and of its 
relative sparing of normal tissues. Two random-
ized trials have been completed for newly 
GBM. Laperrière et al. (1998) [ 66 ] randomized 
140 patients to EBRT delivering 50 Gy in 25 
fractions over 5 weeks or EBRT plus high activ-
ity  125 I implanted to an additional peripheral dose 
of 60 Gy. The BTCG performed a second ran-
domized trial [ 67 ] (BTDG8701) involving 270 
patients receiving EBRT plus BCNU followed 
by 60 Gy with  125 I brachytherapy or without. 
Both studies failed to demonstrate a signifi cant 
survival advantage of brachytherapy in newly 
malignant gliomas. 

 Nowadays the standard treatment is conven-
tional RT with a total dose of 60 Gy. Hypo- 
fractionated protocols using high precision 
techniques such as IMRT or volumetric arc ther-
apy should be confi rmed by prospective random-
ized studies.   

    Chemotherapy 

 Optimal chemotherapy for GBM is still unclear 
despite the standard regimen with Temozolomide 
(TMZ). Temozolomide has emerged as a major 
advance to improved patients survival. The Phase 
III 26981 trial, performed by EORTC/NCIC, 
demonstrated that concurrent (75 mg/m 2 /day for 
<7 week) and adjuvant (150–200 mg/m 2 /day on 5 
days every 28 days for at least 6 maintenance 
cycles) chemoradiotherapy with TMZ conferred 
a 2.5-months survival benefi t if compared to 
radiotherapy alone [ 3 ]. 

 Before this study, the addition of chemother-
apy to primary radiotherapy was investigated in 
several studies. Two meta-analysis [ 68 ,  69 ], 
including a large Medical Research Council trial 
[ 70 ], suggested only modest improvement in sur-
vival. Lipophilic alkylators have been the fi rst 
successful drug able to cross the blood–brain bar-
rier (BBB) and to damage DNA in order to kill 
the cycling of malignant cell population. 

  Nitrosourea  has been used since the 1960s in 
several clinical trials. The BTSG 6901 [ 7 ] 

employed BCNU (80 mg/m 2 /day for 3 days every 
6–8 weeks) alone or in combination with RT 
compared with BSC or radiotherapy alone. The 
BCNU allowed for a better overall survival than 
the BSC but no signifi cant advantage compared 
to radiotherapy alone. Another large intergroup 
cooperative study [ 32 ] compared two chemora-
diation regimens and the use of BCNU resulted 
as being better tolerated and conferred a higher 
overall survival. 

 The PCV schedule of procarbazine, lomustine 
and vincristine, established in the 1970s, remains 
a major component of clinical practice and was 
investigated in several clinical trials, demonstrat-
ing a survival of adjuvant administration. A ran-
domized trial [ 71 ] reported a doubling of median 
survival with PCV regimen compared to BCNU 
in malignant gliomas which previously received 
60 Gy of RT plus hydroxyurea. 

  Temozolomide  is a lipophilic alkylating drug 
that methylates of O-6 position of guanine pre-
venting tumor cell proliferation, leading to the 
double strand breaks. It is able to penetrate the 
BBB, and it undergoes a spontaneous degrada-
tion at physiological pH to 3-methyl (triazen- 
1- yl) imidazole-4-carboxamide (MTIC). The 
DNA-repair enzyme O-6-methylguanine DNA 
methyl-transferase (MGMT) confers resistance 
to alkylated agents, therefore the methylation of 
the MGMT promoter, which inactivates tran-
scription of the gene, predicts drug sensitivity 
[ 72 – 76 ]. Temozolomide was not initially devel-
oped for glioblastoma, but has attracted the inter-
est of researchers after the observation of generic 
phase I trials. The promising results of preclinical 
studies [ 76 ,  77 ], conducted on glioma cells which 
used Temozolomide as radiosensitizer, and the 
employment of TMZ in recurrent patients, were 
followed by the landmark demonstration of 
improved outcome when used in combination 
with RT, suggesting an additive or synergistic 
interaction, as reported previously in the phase II 
study [ 3 ] and successively in the phase III ran-
domized trial performed by EORTC and 
 NCI- Canada (NCI-C) [ 3 ,  78 ]. Median and 
2-years overall survival were better if compared 
with RT alone (12.1 vs. 14.6 months and 26 % vs. 
10,  p  < 0.001 respectively). 
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 Several questions remain regarding the opti-
mal dosing schedule in combination with radio-
therapy, the optimal number of adjuvant cycle 
and the role of concomitant or adjuvant TMZ, 
although there is some indication that adjuvant 
TMZ is more important than the low-dose con-
comitant treatment [ 79 ]. 

 In order to optimize the deployment of this 
clear leader,  alternative dosing schedules  have 
been explored. A phase III trial tested  dose - dense  
(dd) and metronomic dosing in the post- 
chemoradiation adjuvant phase. Another phase 
III trial RTOG 0525 [ 80 ] was designed to com-
pare two adjuvant TMZ schedules, dd vs. stan-
dard dose (sd) in order to prolong MGMT 
depletion with a major dose intensity. However, 
intensifi ed TMZ schedules are not superior to 
standard dose in clinical trials. 

 In the post-TMZ era, other phase III trials 
tested the use of nitrosourea and cisplatin or 
nimustine (ACNU) and CDDP. The promising 
therapeutic role of a combination of hydro-
philic agents such as platinum and lipophilic 
drugs as nitrosourea in GBM patients [ 81 ,  82 ] 
and platinum’s recognized role as a known 
radiosensitizer were investigated in a phase III 
trial using BCNU and CDDP with a signifi cant 
1.5-month improvement in overall survival 
with the intention to treat analysis, not con-
fi rmed considering only eligible patients. The 
rather small benefi t and the increased toxicity 
as ototoxicity prevents further application of 
the combined regimen [ 83 ]. 

 The use of a neo-adjuvant ACNU-CDDP fol-
lowed by RT and TMZ in a Korean study was 
terminated prematurely due to hematologic tox-
icities [ 84 ], while the association with procarba-
zine was terminated in a Japanese study due to its 
failure in effi cacy and safety when compared 
with ACNU alone. 

 The use of an aggressive combination of 
multiple conventional cytotoxic drugs does not 
correlate with superiority in survival outcomes, 
while presenting a high risk of serious side 
effects. 

 The standard chemotherapy remains TMZ, 
concomitant to conventional RT to 60 Gy and 
adjuvant for 6–12 cycles.  

    Target Therapies 

 Advances in genomics have signifi cantly 
improved our knowledge of the molecular fea-
tures of glioblastoma, and allowed for its classifi -
cation into molecular subtypes [ 85 – 87 ]. This has 
translated into the development of prognostic and 
predictive biomarkers, and the identifi cation of 
specifi c targets for potential treatments. 

 Targeted cancer therapies are drugs or other 
substances that block the growth and spread of 
cancer by interfering with specifi c molecules 
involved in tumor growth and progression 
pathways. 

 Angiogenesis is a signifi cant, complex and 
critical process in GBM [ 88 ]. Pathologically, 
malignant gliomas are characterized by endothe-
lial proliferation and neovascularization. The 
 anti - angiogenic agents  are perhaps the most 
developed and studied, and the assessment of 
their use alone or in combination with a cytotoxic 
agent in the setting of progressive glioblastoma is 
a fi eld of investigation and the use in GBM is 
supported by evidence: GBM is a highly vascu-
larized tumor [ 89 ]; the vascular normalization 
theory assumes that there are normal vessels 
among the aberrant ones that leads drug adminis-
tration [ 90 ]; the steroid like effect of VEGF (vas-
cular endothelial growth factor) inhibition, 
because VEGF normally increases the vascular 
permeability; the activation of malignant cells by 
VEGF activity. 

 The VEGF is the best described and the most 
infl uential growth factor.  Bevacizumab  is a 
humanized monoclonal antibody to VEGF-A. Its 
development has been convoluted. It has been 
investigated in naive glioblastoma, concomi-
tantly with TMZ and RT. AVAglio [ 91 ] and 
RTOG 0825 [ 23 ] trials failed to demonstrate a 
signifi cant survival benefi t. The progression-free 
survival (PFS) seems to have increased, while the 
results in terms of quality of life are controver-
sial, showing worse condition and decline in 
 neurocognitive function in RTOG trial and a 
good stable performance status in AVAglio 
study. Overall, the current data cannot justify the 
use of Bevacizumab in the fi rst-line setting of 
GBM treatment [ 92 ]. 

4 Chemoradiotherapy: Radiation Total Dose and Fractionation



48

 Even if prospective and randomized studies 
have been performed, the advantage of target 
therapies still remains open to discussion and 
debate.   

    Chemoradiation Therapy: 
Treatment at Progression or 
Recurrence 

 GBM is an aggressive disease and, despite stan-
dard of care therapy, it relapses in 90 % of 
patients. The optimum management for recurrent 
glioma has not been established. A variety of 
treatment such as repeated surgery, high preci-
sion radiotherapy techniques, chemotherapy, and 
supportive care should all be considered in multi-
disciplinary setting in order to carry out an appro-
priate and personalized treatment. Given the 
biological complexity of GBM predictive 
response in recurrence remains diffi cult to defi ne. 
Median overall survival and PFS at 6 months 
remain the best end point available for assessing 
therapeutic outcome. 

    Repeated Surgery 

 Surgery should be considered in selected patients 
with progressive or recurrent GBM. Studies on 
repeated surgery do not show a consistent benefi t 
when compared with no reoperation [ 93 – 96 ] but 
a more favorable prognosis is associated with a 
younger age (<70 years), a smaller tumor volume 
(<50 cm 3 ), and a preoperative KPS greater than 
80 % [ 97 ,  98 ], especially when surgery is fol-
lowed by systemic adjuvant therapy [ 99 – 101 ]. 

 The repeated surgery could be considered in 
selected cases.  

    Radiation Therapy 

 Radiotherapy offers a local, non-systemic treat-
ment alternative that should be considered at the 
time point of recurrence. 

 A  conventional regimen  is indicated in the 
case of secondary malignant gliomas not previ-

ously irradiated. In the setting of re-irradiation, 
there is a lack of prospective trials. Based on ret-
rospective series, repeated radiotherapy remains 
a palliative option for selected patients. 

 A KPS >60 %, a tumor size of up to 40 mm, 
and a time to progression > 6 months from sur-
gery are the eligibility criteria for a repeated radi-
ation treatment [ 102 ]. It is well established that 
local failure is the most common pattern of recur-
rence and that the risk of treatment-related side 
effects increases with target size as well as a RT 
escalation dose. 

 In the setting of previous partial brain irradia-
tion and recurrence within the volume irradiated 
with a high dose, it is not advisable to administer 
another conventional course of irradiation to the 
recurrence site plus margins. 

 Over recent years conventional RT has 
improved and the advent of modern high preci-
sion techniques, such as stereotactic radiosurgery 
(SRS) or fractionated  stereotactic radiotherapy  
(FSRT) or hypo-fractionated stereotactic radio-
therapy (HFSRT), as well as the improvement in 
imaging modalities, has enabled the radiation 
oncologist to accurately describe the target vol-
ume and to individually defi ne the optimal 
treatment. 

  SRS  is a highly conformal, noninvasive tech-
nique, in which the total dose is delivered in a 
single fraction. Radiation therapy oncology 
Group (RTOG) 90-05 [ 62 ] demonstrated in 
recurrent brain tumors or in brain metastasis that 
SRS is safe and feasible and established the max-
imum tolerated dose for single fraction as follow-
ing: 24 Gy, 18 Gy, and 15 Gy for tumors < 20 
mm, 21–30 mm, and 31–40 mm in maximum 
diameter. Unacceptable CNS toxicity was more 
likely in patients with larger tumors, whereas 
local tumor control was most dependent on the 
type of recurrent tumor and the treatment unit. 
Several studies confi rmed its feasibility but that it 
should be reserved for smaller lesions. 

 In an experiment carried out in Minnesota 
[ 103 ] for 26 GBM treated with 20 Gy, 31 % of 
patients presented severe toxicity and 14 % a 
necrosis with an 8 months as median survival 
rate. At Harvard University [ 104 ] 13 Gy were 
delivered in 86 GBM with a 22 % of side effects. 
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Combs et al. [ 105 ] do not report any toxicity in 
32 GBM treated with 17 Gy. The higher rate of 
severe effect reported in the fi rst study might be 
due to the largest treatment volume (28 cm 3  vs. 
10.1 and 10 cm 3 ). 

 In  FSRT , the therapeutic dose is divided into a 
number of conventional fractions, exploiting the 
radiobiological advantage of fractionation and 
reducing the treatment side effects. It should be 
used for small lesions and therefore could be 
used as alternative to SRS, but it is also safe in 
the case of larger volumes. 

 Cho et al. [ 106 ] confi rmed the major feasibil-
ity of FSRT compared with SRS; delivering 
2.5 Gy in 15 fractions to 15 GBM and registering 
8 % of toxicity instead of 30 % as delivering 
17 Gy in single fraction. A large patient series of 
172 patients was evaluated in the University of 
Heidelberg by Combs et al. [ 107 ] observing a 
median overall survival of 21 months. 

 The  HFSRT  technique can exploit the radio-
biological advantage of fractionation and of 
accelerated treatment, reducing the overall treat-
ment time which is a relevant issue in this setting 
of patients. Shepherd et al. [ 108 ] observed a 
higher risk of brain impairment for doses >40 
Gy, testing a total dose range of 20–50 Gy at 
5 Gy for fraction with 36 % of steroid-dependent 
toxicity and 6 % of reoperation. Hudes et al. 
[ 109 ] published the result of a dose escalation 
study from 24 to 35 Gy in median fraction of 
3 Gy to 20 patients with no toxicity, no repeated 
surgery, and median survival of 10.5 months. 

 It is noteworthy that the choice between SRS, 
FSRT, and HFSRT appears to provide a reason-
able median overall survival of approximately 
6–12 months as reported in Table  4.4 . The choice 
should be personalized, depending on the size 
and location of the lesion, its link with effected 
area of the brain, as well as the risk of side effects 
according to the previous radiation dose.

    IMRT  is another modern technique that allows 
a better dose conformity and sparing of the organ 
at risk, but requires a longer preparation time and 
increasing of the dose inhomogeneity into the 
target and the distribution of low doses around 
the target volume. 

 Therefore, IMRT has been investigated in 
small series of patients [ 131 ], and no dose limit-
ing toxicity was observed at 35 Gy in 10 fractions 
after previous 60 Gy [ 109 ] and a good tolerance 
has been reported with 6 × 5 Gy [ 131 ]. 

 Another technique that has been used in recur-
rent lesion smaller than 6 cm is the interstitial 
 brachytherapy  using high activity iodine 125 
( 125 I) or iridium-192 ( 192 I). Seed implants can pro-
duce inhomogeneous radiation dose distribution 
with 64 % of repeated surgery for radionecrosis. 
The  125 I seeds can be used for permanent or tem-
porary implants: permanent implants with a low- 
dose rate reduce the complication rate and allow 
for the same results as temporary high activity 
implants [ 132 ,  133 ]. Permanent brachytherapy 
produces a total dose rate of between 100 and 
400 Gy and 50–65 Gy are applied over 4–12 days 
with median overall survival of 10.5–12 months 
[ 132 – 134 ]. With the use of temporary brachy-
therapy, a median overall survival from 9.1 to 
12.3 was observed. 

 A novel alternative and temporary brachyther-
apy technique is the intracavitary low dose rate 
called Glia-site brachytherapy. Here a balloon 
catheter is placed in the resection cavity and used 
as a spherical source of low dose rate radiation. 
However, no conclusion can be reached regard-
ing this device, and studies combining temozolo-
mide and fractionated RT have been planned 
within the New Approaches to Brain Tumor 
Therapy (NABTT) CNS consortium. 

  Hyperthermia  is an additional potential 
modality of treatment, which consists in increas-
ing the antitumor action of chemotherapy and 
radiotherapy when the temperature is between 44 
and 46 °C. The best evidence is reported in a ran-
domized trial performed by Sneed et al. [ 135 ] in 
which 79 patients with focal tumor were random-
ized to brachytherapy with or without 
 hyperthermia; a better survival was observed in 
the group receiving hyperthermia (31 % vs. 15 % 
at 2 years). 

 The use of  proton therapy  is reported in a few 
limited studies and selected cases, which are not 
considered suffi cient to establish defi nitive 
evidence. 
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 Nowadays re-irradiation is a valid palliative 
option in recurrent gliomas. The advance of tech-
niques and technology allows for personalized 
treatment in selected cases but its use needs to be 
investigated in further studies.  

    Chemotherapy 

 A broad range of chemotherapy agents have been 
and are being evaluated in the setting of recurrent 
GBM in monotherapy or combined trials. 

   Table 4.4    Studies of patients with recurrent gliomas treated with stereotactic radiotherapy   

 Study  Median dose  No patients  Median OS (mo)  Toxicity 

 SRS 

 Chamberlain et al. [ 110 ]  13.4 × 1  20  8  – 

 Cho et al. [ 106 ]  17 × 1  46 (27 GBM)  11  22 % 

 Combs et al. [ 111 ]  15 × 1  32  10  – 

 Hall et al. [ 103 ]  20 × 1  35  8  31 % with reoperation 

 Shrieve et al. [ 104 ]  13 × 1  86  10.2  22 % reoperation rate; 
48 %risk of reoperation 

 Biswas et al. [ 112 ]  15 × 1  18  5.3  RN in 1 pt 

 Kong et al. [ 113 ]  16 × 1  65  13  RN in 22 % 

 Patel et al. [ 114 ]  18 × 1  26  8.4  RN in 1 pt 

 Sirin et al. [ 115 ]  16 × 1  19  9.3  No gr > 3 

 Elliot et al. [ 116 ]  15 × 1  16  12.9  RN in 2 pt 

 Skeie et al. [ 117 ]  12.2 × 1  51  12  908 % 

 Lederman et al. [ 118 ]  6 × x1  88  7  12 % reoperation 

 Larson et al. [ 119 ]  15 × 1  14  8.8  NR 

 Cuneo et al. [ 120 ]  18 × 1  16  4  RN in 19 % 

 Park et al. [ 121 ]  16 × 1  11  12  9 % 

 FSRT 

 Cho et al. [ 106 ]  2.5 × 15  15  7.1  8 % 

 Combs et al. [ 107 ]  2 × 18  59  8  RN in 1 pt 

 Niyazi et al. [ 122 ]  2 × 18  22  5.8 (all pts)  G3 in 1 pt 

 Hundsberger et al. [ 123 ]  2.67 × 15  8  9 (all pts)  RN in 1 pt 

 HFSRT 

 Hudes et al. [ 109 ]  30/3 Gy/fr  19  10.5  0 % 

 Shepherd et al. [ 108 ]  20–50/5 Gy/fr  29  11  36 % 

 Patel et al. [ 114 ]  36/6 Gy/fr  10  7.5  – 

 Kim et al. [ 124 ]  25/5 Gy/fr  4  7.6 (all pts)  RN in 1 pt 

 Minniti et al. [ 125 ]  30/6 Gy7fr  38  12.4 (all)  G3 in 7 % 

 Combined with BVZ 

 Fogh et al. [ 126 ]  35 /3.5 Gy/fr  105  10  G3 in 1 pt 

 Gutin et al. [ 127 ]  30/6 Gy/fr  20  13  G3 in 3 pts 

 Cuneo et al. [ 120 ]  18 × 1 or 25/5 Gy/
fr 

 33  11  RN in 5 % 

 Torcuator et al. [ 128 ]  18 × 1 or 36/6 Gy/
fr 

 18  7  – 

 Park et al. [ 121 ]  16 × 1  11  18  – 

 Mckenzie et al. [ 129 ]  30/6 Gy/fr  30  8.6 (all pts)  RN in 3 pts 

 Cabrera et al. [ 130 ]  18 × 1  8  14.4  G3 in 1 pt 

   SRS  stereotactic radiosurgery,  FSRT  conventionally fractionated stereotactic radiotherapy,  HFSRT  hypofractionated 
stereotactic radiotherapy,  RN  radionecrosis,  NR  not reported  
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 Several studies have evaluated the effi cacy and 
safety of  TMZ , albeit few of the trials were con-
ducted as prospective randomized controlled 
design. A randomized prospective phase II study 
demonstrating the signifi cant superiority of TMZ 
over procarbazina with a PFS at 6 months of 21 % 
compared to 8 % ( p  = 0.008) [ 136 ]. Other pro-
spective single arm studies [ 137 ,  138 ] were car-
ried out to test the standard dosing of TMZ but, 
given the incomplete success and occasional 
observation, alternative dose regimens were 
explored. After Stupp et al. [ 3 ], a protracted  dose- 
dense  (dd) temozolomide was investigated in the 
randomized study BR12 carried out by Brada 
et al. [ 139 ] without a survival or PFS benefi t com-
pared with a standard dose. Abacioglu et al. [ 140 ] 
tested TMZ 100 mg/m 2  for 21 consecutive days in 
a 28 day cycle, observing modest activity and a 
manageable toxicity. The DIRECTOR trial [ 141 ] 
evaluated 2 dose-intense regimens of TMZ (120 
mg/m 2 /day 1 week on/1 week off vs. 80 mg/m 2 /
day 3 week on/1 week off) in patients experienc-
ing a fi rst relapse after at least 2 cycles of TMZ, 
no earlier than 180 days after fi rst surgery and no 
earlier than 90 days after completion of radiother-
apy. The data is currently being processed. 

 The three-arm trial by Brada et al. compared 
different schedules of TMZ, sd or dd, to PCV 
schedule in chemotherapy-naive patients [ 139 ]. 
The sdTMZ is superior to PCV in terms of qual-
ity of life and more effective than ddTMZ in 
terms of survival. 

 TMZ  rechallenge  with a variety of metro-
nomic schedules was employed in several studies 
[ 142 – 147 ], including 40–100 mg/m 2 /day given 
for 21–365 consecutive days, as well as alternat-
ing 1 week on/1 week off. It resulted in a PFS-6 
rate of 23–58.3 % with a median OS rate of 5.1–
13 months. The RESCUE study [ 145 ] examined 
the benefi t of TMZ rechallenge based on the 
TMZ free interval and it observed that those who 
experienced early progression obtained the most 
benefi t from this schedule with a PFS6 of 27.3 % 
and a median OS of 3.6 months when progres-
sion is made while receiving TMZ and before 6 
cycle adjuvant TMZ. 

 A  one week on – one week off  regimen was 
investigated by Wick et al. obtaining a response 

rate of 10 % and a PFS-6 rate of 44–48 % without 
substantial hematopoietic adverse events. The 
problem with these studies is that no patient had 
received prior chemotherapy. 

 Considering the small number of patients in 
most studies and the wide range of TMZ regi-
mens tested, there was no evidence that one met-
ronomic schedule was better than another in 
terms of safety; however, compared with the 
standard 5 of 28 day regimen, the dose-dense 
schedule is associated with an increased inci-
dence of lymphocytopenia [ 148 ]. 

 Over the last years phase I and II studies have 
investigated the advantages of using TMZ in 
 combination  with cisplatin, fotemustine, inter-
feron, irinotecan, or procarbazine/lomustine/vin-
cristine or target therapies but no single 
combination has clearly emerged as more effec-
tive than just TMZ alone. 

 Since the approval of TMZ in 1999,  nitro-
soureas  (carmustine, lomustine, nimustine, pro-
carbazine), which were previously employed in 
the fi rst-line treatment of GBM, were moved into 
the second line therapy, and used alone or in 
combination regimens for recurrent disease. The 
effi cacy and the feasibility of nitrosoureas are 
similar, although carmustina is related with a 
higher non-hematological toxicity. The PFS at 6 
months ranged from 13 to 24.5 % and median OS 
ranged from 5.1 to 11.1 months considering the 
use of carmustine alone [ 149 – 151 ], lomustine 
[ 152 – 154 ], or fotemustine [ 155 – 158 ]. 

 Other chemotherapeutic agents have been 
examined and others are currently being investi-
gated but the data available is not conclusive for 
a standard treatment of recurrent GBM. 

 A standard chemotherapy in recurrence has 
not been established yet. Similar results could be 
obtained by using both old and new drugs.  

    Target Therapies 

 The  anti - angiogenetic agents  are the most devel-
oped and studied target therapies in recurrent GBM. 

  Bevacizumab (BCZ)  has been approved by 
FDA in recurrence setting after the promising results 
of two studies. The fi rst prospective randomized 
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phase II study by Friedmann et al. [ 159 ] provides 
a well-documented superiority in terms of PFS at 
6 months and median OS (42.6 % and 9.2 months) 
of BCZ alone or in combination with irinotecan 
when compared with standard cytotoxic agents 
( p  < 0.0001) [ 160 ,  161 ]. The adding of irinotecan 
did not increase the outcome rates. The second 
report by Kreisl et al. (2009) [ 162 ] described the 
experience of BVZ alone in 48 patients with a 
PFS-6 rate of 29 % and an overall response rate 
of 35 %. 

 Further prospective analysis of combined 
regimes with cytotoxic agent did not show any 
clear benefi t over BVZ alone, while the timing 
and the dosage still remain to be established. 

 Unfortunately, toxicities of this regimen 
require discontinuation and seem to be associated 
with substantial and rapid tumor progression 
[ 163 – 165 ]. 

 The anti-angiogenetic agents remain the most 
investigated therapies, but the effi cacy needs to 
be confi rmed by further prospective trials.  

    Combined Modality Therapies 
with Radiotherapy 

 To optimize the treatment results obtained by re- 
irradiation, the addition of chemotherapy may 
offer some specifi c benefi t. However, the com-
bined approach might be less tolerated and it 
should be considered with caution. 

 Some investigators explored the association 
of conventional or hypo-fractionated radiother-
apy with lomustine (CCNU) [ 166 ] concurrent to 
34.5 Gy at 1.5 Gy for fraction, with CDDP [ 167 ] 
concurrent to hypo-fractionated RT (35–42 Gy at 
3.5–6 Gy for fraction), or with paclitaxel receiv-
ing 18–36 Gy at 4–9 Gy/fr [ 118 ], or with topote-
can treated with 30 Gy in 6 fractions [ 168 ]. The 
median overall survival ranged from 7 in the case 
of paclitaxel to 13.7 months when radiotherapy 
was concurrent to lomustine and CDDP. 

 Another combined modality is the association 
with target therapies, especially anti- angiogenetic 
drugs. The paradoxical angiogenetic effect of 
radiotherapy by the up-regulation of hypoxia factor 
might be modulated by the use of anti- angiogenetic 
agents. The combination of Bevacizumab (BVZ) 

and SRS or HFSRT seems to provide a survival 
benefi t and to reduce adverse radiation effects if it 
is compared with other exclusive modalities, 
although no prospective trials directly compare 
RT with BVZ versus BVZ alone. 

 A prospective trial of HFSRT and BVZ at 
Memorial Sloan Kettering Cancer Center [ 127 ] 
reported the feasibility of the combined treatment 
with a median overall survival of 12 months. The 
feasibility was also reported also by Cabrera et al. 
[ 130 ] in a group of 15 patients with recurrent 
GBM, showing maximal grade 3 toxicity in only 
1 patient. A retrospective study [ 120 ] comparing 
the SRS alone and the combination with BVZ 
showed a signifi cantly higher survival benefi t, 
although these patients received several drugs 
after SRS, and a lower rate of radionecrosis. 

 The RTOG 1205 is currently randomized in 
patients with recurrent GBM to receive BVZ 
alone or in combination with HFSRT and the 
overall survival is the primary end point. 

 Alternatively, several authors have proposed a 
novel combined palliative regimen with low 
doses of fractionated radiotherapy (LD-FRT) as 
chemo-potentiator. In vitro studies demonstrated 
a low dose hypersensitivity (<1 Gy) in some gli-
oma cell lines that was not predicted by the linear 
quadratic model, with an increased cell kill per 
unit dose [ 169 ,  170 ]; preclinical studies [ 171 , 
 172 ] demonstrated a synergistic effect between 
LD-FRT and multiple chemotherapeutic alkylat-
ing agents. Recurrence during TMZ received 
CDDP (30 mg/mq on days 1,8,15), fotemustine 
(40 mg/mq on days 2,9,16) and concurrent 
LD-FRT 0.3 twice daily concurrent, while recur-
rence after 4 months from the end of adjuvant 
TMZ was treated by TMZ (150–200 mg/m 2  on 
days 1–5) concomitant with LD-FRT 0.4 twice 
daily. The combined regimen resulted feasible 
and median PFS and overall survival were 5 and 
8 months, respectively [ 173 ,  174 ].   

    Elderly 

 The elderly are a heterogeneous population and 
the optimal treatment depends on performance 
status, functional, cognitive, and physiological 
conditions. Elderly patients who have a good 
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performance status favored a maximal safe resec-
tion [ 175 – 178 ]. The survival benefi t of adjuvant 
treatment compared with BSC alone has been 
demonstrated by a series of prospective and retro-
spective trials, without any signifi cant compro-
mise of quality of life or neurocognitive function. 

 The phase II ANOEF trial (Association des 
Neuro-Oncologue D’Expression Française trial) 
showed the feasibility of TMZ as alternative to 
BSC, while a randomized and a prospective sin-
gle arm trial demonstrated the signifi cant advan-
tage of RT (50 Gy in 28 fractions [ 179 ] or 30 Gy 
in 10 fractions [ 45 ]). 

 The choice between RT and TMZ should be 
based on the assessment of the MGMT promoter 
methylation status: patients with MGMT methyl-
ated tumors obtain the major advantage from 
treatment with TMZ [ 30 ,  180 ]. The optimal dose 
and fractionation remain to be defi ned. 

 Some randomized trials [ 29 ,  30 ] agreed that 
hypo-fractionated RT is not inferior to standard 
RT in respect to survival and quality of life with 
a better safety profi le and a signifi cant survival 
advantage in patients older than 70 years (7 vs. 
5.2 months  p  = 0.02) [ 30 ]. 

 Some studies have demonstrated a survival 
benefi t in the elderly treated with combined treat-
ments of RT and concurrent and adjuvant TMZ, 
that might be considered in selected patients with 
good performance status [ 181 ]. Its use might be 
limited by the high incidence of radiation induced 
neurological toxicity [ 182 ]. 

 The hypo-fractionated RT in combination 
with TMZ might be an alternative. The study 
reported a median OS of 12.4 months administer-
ing 40 Gy in 15 fractions over 3 weeks [ 179 ]. 
Data from the recently closed multicenter, ran-
domized EORTC26062/22061-NCIC-CTG C.6 
trial [ 183 ], that explored the advantage of hypo- 
fractionated RT with or without concomitant and 
adjuvant TMZ. 

 Therefore, elderly patients with good perfor-
mance status might be candidates for maximal 
resection followed by combined radiation and 
chemotherapy. A monotherapy strategy with 
temozolomide or hypo-fractionated RT should be 
considered in fragile, elderly patients with poor 

performance status and limited life expectancy 
depending on MGMT promoter methylation.  

    Research Trends 

 Numerous therapeutic strategies for both newly 
and recurrent GBM are still undergoing. Several 
research trends can be identifi ed to highlight the 
future trends. New microsurgical assistant sys-
tems such as intraoperative MRI and fl uorescence- 
guided resection need to be validated. Unpublished 
and ongoing phase III trials are investigating new 
delivery technique in RT such as IMRT plus TMZ 
(NCT01507506), or the combination of standard 
RT with other chemotherapeutic agents such as 
lomustine (NCT01149109), or BCNU and 
O6-benzylguanine (NCT00017147) and are test-
ing altered fractionations in short course RT in 
elderly patients (NCT01450449). Optimal usage 
of modifi ed TMZ schedules, target agents against 
growth factors or small module kinases or immu-
notherapy in association with standard radio-che-
motherapy are being studied to balance feasibility 
and effi cacy as well as individualized treatment 
depending on biomarkers stratifi cation. 

 Gene therapy, photodynamic therapy, and 
novel therapeutic modalities are all modern and 
interesting fi elds of investigation. Low voltage, 
intermediate-frequency alternating electric fi elds 
(AEFs) are a novel anti-cancer modality for the 
treatment of GBM approved in April 2011 by the 
FDA. Pilot studies [ 184 ] have demonstrated that 
electric fi elds of 100–300 kHz can infl uence 
tumor cell division and promising but as yet 
unconfi rmed results have been reported in a 
phase III trial by Stupp et al. [ 185 ] carried out 
using the NovoTTF device. 

 In the last 10 years clinical practice is leading 
to a personalized medicine. Some authors propose 
a patient-specifi c accelerated failure time (AFT) 
survival model, resulting from 721 newly diag-
nosed patients with glioblastoma, in order to cal-
culate the incremental survival advantages 
associated with incremental changes in extent of 
surgical resection (EOR), while also taking into 
account age, Karnofsky performance status, and 
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adjuvant therapy with radiotherapy and/or TMZ 
[ 186 ]. The predictive accuracy improves by 21.5–
25.9 % over current extent of surgical resection 
(EOR)-threshold-only models, determining the 
personalized relationship between survival and 
EOR during the management decision making 
process, before surgery or before adjuvant ther-
apy. Studies based on different population- based 
datasets will be conducted in order to develop pre-
dictive models that allow physicians to share deci-
sions with patients regarding a wider concept of 
personalized treatment.     
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         Introduction 

 New technology, advanced imaging, rapid diagno-
sis and improvements in neurosurgical science 
have led to a better tumour delineation resulting in 
an increased number of patients considered tumour 
free, at least immediately following the treatment, 
while maintaining all neurological functions [ 1 ]. 

 Radiotherapy, non-invasive and among the 
techniques used to fi ght cancer probably the safest 
one remains the most effective, both curative and 
palliative for almost 50 % of all patients suffering 
from solid tumours. 

 The application of modern technologies such 
as computer-controlled linear accelerators or 
3D-tumour imaging as well as new techniques in 
the irradiation procedure, e.g. conformal radia-
tion or the intensity modulated radiation therapy 
(IMRT) allows to reduce collateral damage to 
healthy tissue surrounding the tumour [ 2 ]. 

 In conventional radiotherapy protocols, 
60–70 Gy of high energetic X-rays are usually 
delivered to the tumour. To spare healthy tissue 
around, the dose is often given in 2 Gy of daily 

fractions for almost 7 weeks, providing the pos-
sibility for the normal tissue to recover between 
the fractions, thus reducing the collateral effects. 
The dose delivered depends on tumour type, 
localization and the patient’s genetic background 
sensitivity to specifi c treatments [ 3 ]. 

 However, even after the advantageous radia-
tion therapy, tumours, especially those known to 
be radioresistant such as glioblastoma multi-
forme, may relapse a certain time following ther-
apy. Recurrent tumours, apart from their 
radioresistance, are characterized by malignancy 
and aggressiveness of the primary tumour [ 4 ] 
pointing to a selection of resistant and invasive 
cells by the preceding treatment. 

 At very high dose, radiation is completely 
tumoricide; however, the delivery of such high 
doses in a target volume is impossible due to 
the inevitable increased dose deposited in the 
surrounding healthy tissues and/or organ at 
risk. 

 Charged particle therapy is considered as 
cutting edge technique in radio-oncology. Cancer 
patients are treated with a focused beam of accel-
erated ions targeted directly in the tumour instead 
of photons. Despite its various advantages, 
particle therapy per se and the constructions of 
centres to conduct it are relatively expensive. 
Nevertheless, the last 20 years of application of 
e.g. carbon ion therapy show that despite the high 
price to build a carbon ion facility the advantages 
of this treatment are indisputable [ 5 ]. 
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 On the other hand, 50 centres for cancer treat-
ment with protons are currently maintained in the 
world and more than 100,000 patients have been 
already treated. 

 Carbon ion centres instead are located in few 
countries, i.e. six centres in Asia (most of them in 
Japan) and two in Europe (Heidelberg Ion-Beam 
Therapy Center (HIT) in Heidelberg, Germany 
and Centro Nazionale di Adroterapia Oncologica 
(CNAO) in Pavia, Italy.) 

 The striking feature for charged particles in 
therapy as compared to conventional photon irra-
diation is the inverse dose-deposition distribu-
tion. While the photon irradiation releases most 
of the energy at their entrance in the tissue 
(entrance channel), charged particles release the 
maximum of their dose at the distal end of their 
path through the matter.

   When a particle traverses the matter, it pro-
gressively decreases its kinetic energy and depos-
its a dose along the path by ionizing atoms. The 
dose deposition along the path is referred to as 
the linear energy transfer (LET) which increases 
with the deceleration of the particle. Almost at 
the end of its path, where its speed is rather low 
the particle releases the maximum of its energy, 
the maximum of the cross section resulting in the 
Bragg peak. 

 Although the energy deposition is very high at 
the end of the particle’s path, the Bragg peak is 
rather narrow and thus a superimposition of many 
peaks, a so-called spread-out Bragg-peak (SOBP), 
is necessary to homogeneously distribute the dose 
in whole tumour volume (Fig.  5.1 ).

   An SOBP is produced essentially in two dif-
ferent ways. 

 The passive scanning applies a beam with a 
fi xed energy attenuated later by varying the thick-
ness of a range shifter hence permitting the deliv-
ery of particles with different energies along the 
tumour (passive modulation, Fig.  5.2 ).

   The second option, the active scanning com-
prises an SOBP produced by varying the initial 
energy the beam-extraction energy directly act-
ing in the accelerated phase (active modulation, 
Fig.  5.3 ).

   In the active modulation, a Dose Delivery 
System (DDS) is necessary. This system has to be 
implemented with the spot scanning technique. 

The treatment plan divides the target volume into 
slices that are intern subdivided into spots or vox-
els (volumetric pixel or volumetric picture ele-
ments). Every single voxel then is irradiated sepa-
rately using a pencil beam for each spot, Fig.  5.3 . 
The beam positioning is achieved using orthogo-
nal magnets for the X and Y dimension [ 8 ]. 
Passive modulation was used from 1994 on at the 
National Institute of Radiological Sciences 
(NIRS) in Japan. At HIT, an active modulation 
beam is used since 2011. Pencil beam has been 
used also during the pilot project between 1997 
and 2007 at the GSI Helmholtz Centre for Heavy 
Ion Research (GSI) in Germany and is still used in 
the National Centre of Oncological Hadron-
therapy (CNAO) in Italy. 

 Particles at 75 % of the speed of light can 
penetrate up to 30 cm of tissue in a patient devi-
ating from the target not more than 1 mm; one 
of the features making particle therapy extremely 
precise especially for the treatment of tumours 
with a complicated location in close proximity 
to highly radiation-sensitive or organs at risk. 
In the case of glioblastoma treatment the optic 
nerve displays such an organ at risk. Particle 

  Fig. 5.1    The superimposition of different single Bragg 
peaks (i.e. different ion beams of different energy) is nec-
essary to produce an extended or spread-out Bragg-peak 
(SOBP) covering the whole tumour volume with a 
homogenously distributed dose. Reprinted by permission 
from Macmillan Publishers Ltd [ 7 ]       
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therapy, due to its benefi cial dose deposition 
in deep situated solid tumours and sparing 
healthy tissue and organs at risk, is nowadays 
considered an advanced method among the 
various types of cancer therapies.  

    Biological Effects and Oxygen 
Enhancement Ratio 

 Despite the benefi cial dose distribution, charged 
particles, particularly carbon ions, comprise fur-
ther advantageous features as compared to the 

most advanced conventional X-rays therapies 
such as the IMRT. 

 Those advantages are due to the peculiar radio-
biological effects of charged particles on tissues 
such as an increased relative biological effective-
ness (RBE) as a result of the higher LET. Striking 
biological effects are, e.g. a reduced cell repair 
capacity and a decreased dependency on the cell 
cycle as compared to photon radiation [ 9 ]. Further 
putative advantages have been discovered just 
recently: carbon ion radiation suppresses metasta-
sis and angiogenesis [ 10 ] and is discussed to trig-
ger an immune response [ 11 ]. 
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  Fig. 5.2    Passive scanning: ion beam energies are varied with range modulators that change the range in depth. 
Collimators subsequently provide the possibility to contour the target volume with permission of Springer [ 8 ]       
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  Fig. 5.3    Active scanning: the target volume is divided in 
slices and voxel. Every voxel is treated sequentially. “In 
practice, 30–60 iso-energy layers are used fi lled with 

5000–50,000 (all layers) pixels that are delivered with 
beam in 2–6 min” with permission of Springer [ 8 ]       
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 Apart from the above mentioned advantages, 
another crucial feature is that particle radiation 
compared to the conventional photons may over-
come the strong radioresistance stemming from 
the oxygen lack in several tumours [ 12 ]. 

 Solid tumours often include regions with a 
lack in oxygen and nutrition being related with 
an insuffi cient blood supply and the tumours’ 
high rate of oxygen consumption. The outcome 
is generally correlated with a poor prognosis for 
the patients [ 13 ]. Besides the increased radiore-
sistance, hypoxic regions are also regarded to 
serve as a cancer stem cell niche [ 14 ]. 

 The radioresistance increase due to the oxygen 
lack is quantifi ed by a parameter called oxygen 
enhancement ratio (OER). The OER is the ratio 
between the dose necessary in hypoxic and the dose 
necessary in normoxic conditions to produce the 
same biological effect. The microscopic reason 
of the increased sensitivity in the presence of 
oxygen mainly is the quenching of the DNA 
damage mechanism mediated by free radicals, 
the so-called indirect damage [ 15 ]. 

 If enough oxygen molecules are present by the 
time of exposure, they may fi x and stabilize the 

biological damage. However, the indirect damage 
depends on the radiation quality and on the LET. 
The DNA damage produced by high LET charged 
particles in contrast to low LET photons mainly 
comprises direct damage. The role of the indirect 
damage via the production of free radicals is negli-
gible in that case. 

 Furthermore, at high density tracks, produced 
free radicals quench themselves due to close 
proximity [ 16 ]. 

 High LET radiation thus provides the possibility 
to reduce the OER and subsequently to overcome 
the radioresistance due to oxygen [ 17 ]. Varying 
the distribution of the various LET values as well 
as the resulting doses when a tumour is irradiated 
thus displays a possible solution for the problem. 

 At the GSI Helmholtz Centre for Heavy Ion 
Research (GSI) in Darmstadt, Germany, a new 
semi-empirical model was implemented in the 
already existing treatment planning [ 18 ] applying 
data for the OER at different oxygenation condi-
tion and in dependence of different LET values 
[ 19 ] (Fig  5.4 ). 

 The idea is to implement in the system the 
OER value in order to generate a hypoxia-adapted 

  Fig. 5.4    The solid lines represent the oxygen enhance-
ment ratio as predicted by the model in dependence of 
oxygen concentration and dose averaged LET. The points 
represent experimental data corresponding to the respec-

tive conditions applying X-rays and various ion species as 
indicated by the symbols. Every experiment was repeated 
thrice unless indicated differently by the numbers close 
the data points [ 19 ]       
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  Fig. 5.5    Comparison of computed carbon ( black ) and 
oxygen ( red ) OER along an extended target irradiation at 
different oxygen pressure (pO 2 ) levels. The hatched areas 

represent the clinical interesting regions for hypoxia (0.15 
% < pO 2  < 0.5 %). Doses indicated are prescribed RBE- 
weighted doses in the target [ 19 ]       

treatment plan, which will be used for painting 
by voxel ( LET - painting ) the hypoxic tumours 
visualized by functional imaging, and to pre-
scribe uniform cell killing across volumes with 
heterogeneous radiosensitivity .

   At the present time, all particle therapy cen-
tres worldwide exclusively use proton and/or 
carbon ion beams. However, the idea to enlarge 
the spectrum of ions used for therapy is currently 
under investigation. Ions heavier than carbon are 
considered to target resistant tumour regions or 
ions heavier than protons such as lithium may 
serve to target sensitive tumours close to critical 
organs or paediatric tumours while increasing the 
effectiveness. 

 The spectrum of applicable ions is limited 
nevertheless due to other physical features bring-
ing along disadvantages. A higher effectiveness 
is then opposed by an increased dose in the 
entrance channel, a fragmentation producing sec-
ondary particles and neutrons, changes in the 
shape of the SOBP and the dose painting and an 
increased dose beyond the distal end of the target 

volume. These issues restrict the application of 
heavier ions to a spectrum close to carbon. 

 Recent studies demonstrate that oxygen ions 
in some cases, especially for the highly resistant 
hypoxic tumours, display a suitable alternative 
to carbon. 

 Figure  5.5  demonstrates the computed relative 
decrease of the clinical hypoxia region due to the 
oxygen beam radiation compared with carbon.

   Comparison of the computed carbon and oxy-
gen ion OER along an extended target shows that 
oxygen may reduce the clinical hypoxic OER, 
decreasing subsequently the radioresistance, 
albeit keeping a lower dose compared to an 
equivalent carbon ion beam [ 19 ]. 

 It is not clear yet how and if oxygen ions may 
really substitute carbon ions for particle therapy, 
but the data obtained so far indicate that it is 
worthwhile performing further studies and test-
ing a putative application for the treatment of 
highly resistant tumours such as pancreatic ones. 

 Hypoxic regions of tumours are not only in 
the spotlight of research because of their high 
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radioresistance, but also discussed to promote so- 
called tumour initiating cells (TICs) or cancer 
stem cells (CSCs). 

 Those cells have the potential to form all cell 
types usually found in cancers. CSCs, in contrast 
to other non-tumorigenic cancer cells, are able to 
generate and persist in tumours and to cause 
relapse and metastasis. There is increasing evi-
dence for those cells to reside in two different 
specifi c niches, i.e. the endothelial and the 
hypoxic niche (Fig.  5.6 ) [ 21 – 23 ].

   The attention of much of the scientist now 
involved in cancer research is aimed to investi-
gate the particular features of CSCs, to under-
stand the mechanisms involved and to be able to 
target them preferentially in therapies. 

 The targeting and eradication of hypoxic 
regions using high LET radiation thus pose a 
promising tool for a therapy aiming at resistant 
CSCs, which may reduce the risk of tumour 
relapse and metastases.  

    Radioimmunotherapy 

 Despite radio and immunotherapy are considered 
different branches of medicine, they can be over-
lapped provoking the immune system stimulation 
by radiation. 

 It is in fact demonstrated that sometime the 
tumour irradiation can trigger an immune-system 
response against the tumour itself and to the distal 
metastases, out of the irradiation fi eld. This phe-
nomenon is known as Ab-scopal effect. 

 Ab-scopal is the combination of the Latin 
word  Ab , which means far, and the ancient Greek 
word  skopós , which means target or aim. 
Ab-scopal is a distant goal or target (Fig.  5.7 ).

   Radiation induces not only the cell death path-
way, it increases and changes the antigen popula-
tion on the cancer cells surface and the complex 
molecular patterns that lead to the dendritic cells 
(DC) maturation [ 24 ]. How this happens and the 

  Fig. 5.6    Glioma stem cells are regulated by microenviron-
ment conditions such as hypoxia. In hypoxia CSCs stimu-
late blood vessels that themselves promote blood vessel 
formation. Those vessels create a vascular niche to help to 

maintain CSC population. It is a reciprocal relationship 
between CSCs and blood vessels that sustaines and quick-
ens tumorigenesis. Reprinted from Cell Stem Cell, with 
permission from Elsevier [ 20 ]       
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  Fig. 5.7    The ab-scopal effect in a 77-year-old male 
patient at the National Institute of Radiological Sciences 
(NIRS) in Chiba, Japan. An abdominal lesion ( a ) was 
treated with 73.6 GyE C-ions (16 fractions) after resection 
of a sigmoid colon cancer. The paraaortic lymph node vis-

ible in the computed tomography (CT) scan ( b ) had van-
ished without treatment 6 months later (PET scan ( c ) and 
CT scan images ( d )). Image courtesy of Dr Shigeru 
Yamada, NIRS Reprinted from [ 11 ] with permission of 
Elsevier       

complete molecular pathways involved are still 
unknown although the complexity of this system 
begins to be traced [ 11 ]. 

 Lymphocytes, CD8+ T cells, the high mobil-
ity group box 1 (HMGB1), the surface- membrane 
translocation of the endoplasmic reticulum resi-
dent protein 60, also known as calreticulin (CRT), 
are few of the factors necessary to activate an 
immune response. 

 Dendritic cells are antigen-presenting cells 
and their main function is to recognize the anti-
gens on the cell surface and present them to the 
immune system T cells. After their contact with 
the antigens, DC migrate into the lymph nodes 
where they interact with the immune-system 
cells and contribute to the adaptive immune 

response among which the cytotoxic T lympho-
cytes (CTLs). In Fig.  5.8  some aspects of the 
complex interaction between the various cells 
and molecules involved are displayed.

   The fi nal clonal expansions of the CTLs pro-
duce a specialized army that heads to the highly 
antigenic tumour clone cells and eliminate them 
through granzyme release and then caspase acti-
vation and mitochondrial membrane permeabili-
zation (MOMP) [ 11 ]. Granzyme is a class of 
serine proteases released by cytotoxic T and nat-
ural killer (NK) cells through exocitated granules 
also containing the molecule perforin. 

 This process of elimination which often 
occurs in early tumour development is at some 
point attenuated. In this new phase, called 

 

5 Clinical Evidence and Radiobiological Background of Particle Radiation Therapy



70

of equilibrium, the immune system creates a 
growth-inhibitory environment and the anti-
genic tumour outgrowths are kept in check [ 25 ]. 
However this equilibrium tends to select a tumour 
cell subpopulation with a poor antigenic expres-
sion profi le (a population of immunosuppressed 
cells), among them the Myeloid-derived suppres-
sor cells (MDSCs) and the regulatory T cells. 
In this phase then, tumour becomes “invisible” 
to the immune surveillance and the cancer cells 
can escape, invade and migrate. This process is 
called immune editing [ 25 ]. Various drugs aim to 
shift the balance from escape and equilibrium to 
elimination.

   Therefore the more in detail understanding of 
this process would give a combined radiation- 
drugs protocol that could train the patient immune 
system to engage the neoplasm and the distal 
metastases avoiding the major side effects due to 
high doses of not targeted chemotherapies and 
radiation. 

 In March 2012 after received immune adju-
vant anti-cytotoxic T lymphocyte antigen 4 ther-
apy for 1 year, a melanoma female patient had 
disease progression that required focal irradiation 
of her spinal metastasis with 28.5 Gy of 6 MV 
photons (IMRT) in three fractions [ 11 ]. 

 No benefi ts 1 month after treatment [ 26 ] as 
expected from a highly radioresistant tumour [ 27 , 
 28 ]. However, 4 months later, the multiple metas-
tases outside the irradiation fi eld had vanished. 
Checking at her value of cellular and molecular 
parameters, a clear immune response against 
tumour [ 26 ] was found. 

 Other cases of ab-scopal effects were then 
reported in protocols combining radiotherapy with 
Ipilimumab, a monoclonal antibody (anti-CTLA4). 

 A GBM patient study has been done and 
brought considerable success also with a vacci-
nation approach using autologous tumour cells. 
The study reported a long-term surviving patient 
bearing CD8+ cells directed against a specifi c 

  Fig. 5.8    Illustration of the convergence of direct and 
immune-mediated effects of radiation treatment.  ATP  
adenosine triphosphate,  Bad , Bcl-2-associated death pro-
moter,  CD8  T cell coreceptor (specifi c for MHC-I),  CD91  
low-density lipoprotein receptor-related protein 1,  CRT  
calreticulin,  CTL  cytotoxic T cell,  Cyt C  cytochrome c, 
 DC  dendritic cell,  Fas , tumour necrosis factor receptor 
superfamily member 6 (CD95),  HMGB1  high-mobility 
group protein 1,  HSP70  heat shock protein 70,  IFN  inter-

feron,  IL-6  interleukin 6,  mDC  mature dendritic cell, 
 MHC-I  major histocompatibility complex 1,  MyD88  
myeloid differentiation primary response gene 88,  p53  
protein 53,  P2RX7  P2 purinergic receptor 7,  t-bid  trun-
cated BH3 interacting-domain death antagonist,  TCR  T 
cell receptor,  TGF-b  transforming growth factor-b,  TLR4  
Toll-like receptor 4,  TNF  tumour necrosis factor,  TNFR  
tumour necrosis factor receptor Reprinted from [ 11 ] with 
permission of Elsevier       
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tumour antigen persisting even up to 3.5 years 
after vaccination [ 29 ]. 

 Besides the CD8 + T cells protocol, other 
method using the natural killer (NK) cell and the 
enhanced upregulation of surface antigen in the 
target cells due by radiation are now ongoing 
[ 30 ]. These protocols are effective especially in 
combination with adjuvant drugs that can knock-
down particular molecules like TGF-beta and 
STAT3 and/or specifi c pathways [ 31 ]. Different 
drugs have been tested to draw a successful ab- 
scopal protocol. Important results were obtained 
using Sunitinib, a vascular endothelial growth 
factor (VEGF) inhibitor, combined with irradia-
tion. TGF-beta seems to be an important inhibitor 
when vaccination is combined with radiation 
[ 11 ] while the STAT3 inhibition seems to be nec-
essary for the glioblastoma multiforme (GBM) 
cells temozolomide treatment sensitization [ 32 ]. 
In a murine hind limb model, the drug (sunitinib)-
radiation protocol was promising [ 11 ]. 

 Also the c-Met inhibition was found to be an 
important tumour radiosensitizer [ 33 ]. 

 In an immune-competent intracerebral murine 
GL261 glioma model [ 34 ] combining peripheral 
vaccination with irradiation [ 35 ], important 
results were obtaining. 

 The combined approaches drugs-radiation 
will trigger the immune response and will con-
tribute to successful and lasting therapy success 
in glioma reducing the dose given to the patient. 

 In a very interesting study using an intracere-
bral rat glioma model, 5 Gy of gamma rays 
combined with a vaccination protocol were found 
to be superior, compared to 15 Gy alone in terms 
of reducing the tumour volume [ 11 ]. 

 Considering the proven dependence of radia-
tion treatment success on CD8+ cells [ 36 ], it 
could be instructive to determine whether this 
relies on direct tumour cell killing by CD8+ cells 
or cytokines, such as interferons, emitted by 
CD8+ cells [ 37 ], eventually stimulating NK cells 
[ 11 ,  31 ]. 

 In conclusion, radiotherapy and immunology 
could be used together both to avoid toxicity and 
increase the success probability. 

 However to achieve this in a proper way, every 
patient should be analysed, even down at the 

DNA level to fi nd the right and most appropriate 
individual protocol [ 11 ]. 

 Glioblastoma multiforme (GBM) treatment 
with carbon ions has been ongoing in different 
ion therapy centres around the world. It is just 
in 2010 that different clinical trials started at 
HIT the Heidelberg ion therapy centre in 
Germany (see section “Carbon Beam Clinical 
Trials”). 

 Recent studies seem to show that carbon ion 
irradiation is able to activate alone and without 
any adjuvant drug the ab-scopal effect in 
immune-competent C3H mice experiments. 

 The reason why, could be that in immuno-
genic cell death [ 38 ], both calreticulin exposure 
[ 39 ] and focused ER stress appear to depend on 
reactive oxygen species (ROS) [ 40 ]. 

 The oxidative species are produced in differ-
ent way comparing the high and low LET radia-
tion. For high LET radiation ROS are produced 
in a focal manner along the particle track while 
low LET radiation increases the more sparsely 
ROS production [ 11 ]. 

 Heavy ion irradiation is becoming then also 
the forefront of immune modulatory therapy 
regimens. 

 The current data suggest that charged particle 
therapy treatment may be optimally combined 
with immunotherapy in future clinical trials.  

    Glioblastoma Multiforme Treatment 

 The standard treatment for patients suffering 
from glioblastoma multiforme was defi ned by 
Stupp [ 41 ] and intends to apply a combination of 
radiotherapy and the cytostatic drug temozolo-
mide (TMZ). Prior to that, surgery is supposed to 
remove the main part of the tumour reducing the 
primary symptoms such as brain pressure. 
Subsequently, a total dose of 60 Gy is then deliv-
ered to the patient (30 daily fractions of 2 Gy), 
followed by adjuvant TMZ chemotherapy. 

 Glioblastoma multiforme typically features 
a high capacity to infi ltrate normal surrounding 
tissue which is, together with the high radiore-
sistance, the main reason for the poor progno-
sis for GBM [ 42 ]. Due to the infi ltration a total 
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removal of those TICs is nearly impossible, as 
physicians can resect the visible tumour but not 
the cells migrated in adjacent tissues developing 
metastasis. 

 After surgery then, where possible, radiother-
apy is applied to reduce the surviving infi ltrating 
cells irradiating the surrounding post-surgery 
zone. Chemotherapy is often applied concomi-
tantly with radiation in order to antagonize 
metastasis and to kill distant infi ltrating cells. 

 Glioblastoma multiforme is rather diffi cult to 
eradicate as well because of the delicate location 
in the brain, which has a limited capacity to repair 
itself. Additionally, most of the chemotherapeu-
tics are not able to cross the blood–brain barrier 
and are then ineffi cient. 

 Few drugs have been found applicable in glio-
blastoma multiforme treatments, among them 
TMZ. TMZ, brand names Temodar, Temodal 
and Temcad, is an alkylating agent administered 
as an oral drug. At the physiological pH, it is 
activated and interferes with the DNA replica-
tion. Since tumour cells divide faster than nor-
mal cells, the compound preferentially provokes 
cell death of cancer cells. TMZ is effective to 
prolong the patients’ overall life time progno-
sis but does not display a solution to the prob-
lem per se. Glioblastoma multiforme patients’ 
median overall survival (OS) increases by 3 
months after TMZ treatment. TMZ is most effec-
tive in tumours with a hypermethylated MGMT 
(O 6 - methylguanine- DNA-methyltransferase) 
promoter [ 43 ] and was found more effective in 
combination with coadjutant drugs. The treat-
ment of U87 (wild type p53) cells with a com-
bination of TMZ and chloroquine (CQ), e.g. 
increases the apoptosis and decreases the prolif-
eration rate of the cells. However, most of the 
effects of TMZ and CQ in glioma are via dif-
ferential autophagy-associated mechanisms, and 
depend on the p53 status [ 44 ]. 

 CQ may improve mid-term survival when 
administered in addition to conventional therapy 
for glioblastoma multiforme [ 45 ]. Procarbazine 
and vincristine improved the progression free 
survival but not the OS in anaplastic oligodendro-
gliomas and oligoastrocytomas [ 46 ].  

    Proton Beam Clinical Trials 

 Surgery is the most important and whenever 
possible, the most recommended treatment for 
brain tumours and tumours in general. However, 
often its application is impossible or not sug-
gested for the compliance which could result. 
Post-operative radiotherapy (PORT) is often 
suggested, however its advantages are not 
proven. In a low grade glioma protocol (LGG-
EORTC 22845 trial), Mizumoto et al. found 
that the progression free survival (PFS) was 
better for patients that received PORT (54 Gy 
early, 30 fractions) compared to those that had 
no radiotherapy, but no increase of the OS 
resulted [ 47 ]. The PFS is a measure of the activ-
ity of a certain treatment on a particular dis-
ease. For its calculation, the fi rst day of 
treatment or clinical trial and the date on which 
the disease progresses are taken into account 
(Guidance for Industry Clinical Trial Endpoints 
for the Approval of Cancer Drugs and Biologics. 
U.S. Department of Health and Human Services 
Food and Drug Administration; Centre for 
Drug Evaluation and Research (CDER); Centre 
for Biologics Evaluation and Research (CBER) 
2007). 

 Radiotherapy is usually limited due to the tol-
erance of the healthy tissue around the tumour. 
Proton and carbon ion beam treatment are emerg-
ing as rather important for glioblastoma multiforme 
treatment because of their capacity to spare the 
healthy brain tissue surrounding the neoplasm. 
Namely, proton beam is considered low LET 
radiation and its RBE compared to photon irra-
diation is only 1.1. Due to this scarce relative bio-
logical advantage it is inconvenient considering 
also the elevated costs to build up a proton facil-
ity. Nevertheless, the dose distribution advan-
tages and the high preciseness in the delineation 
of the tumour contours make this particle the 
most applied ion in any particle therapy centre 
worldwide. 

 This paragraph will present clinical trials 
comparing photon and proton irradiation. 

 As mentioned above, the conventional 
60 Gy photon irradiation administered with the 
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adjuvant drug TMZ is not suffi cient for the 
improvement of the high-grade glioma (HGG) 
patients’ prognosis. The median survival has 
been reported around 15 months while the 5 
year survival is less than 10 % [ 48 ]. Increasing 
the dose to 90 Gy either with protons or pho-
tons improved the local control and the median 
survival of 23 glioblastoma patients to 20 
months. For GBM patients, Tanaka et al. 
reported 38.4 % median survival times (MST) 
of 16.2, 12.4 and 24 months after 80–90 Gy of 
conformal high-dose X-ray and 11.4 % for 
patients treated with 60 Gy high-dose confor-
mal X-ray radiotherapy. 

 Therefore the results of the clinical trial indi-
cate that a total dose over 90 GyE is potentially 
able to control the GBM and to reduce tumour 
relapse. Most of the relapse cases were found in 
patients treated with 60–70 Gy while only one 
case reported recurrence in patients treated with 
90 Gy [ 48 ]. 

 Mizumoto et al. studied a clinical trial using 
a hypo-fractionated boost of proton beam and 
nimustine hydrochloride (N′-[(4-Amino-2- methyl-
5-pyrimidinyl) methyl]-N-(2-chloroethyl)-N-nitro-
sourea) (ACNU). In this clinical trial, 20 
glioblastoma patients were treated every day 
twice, morning and afternoon, with 6 h of dis-
tance between the two treatments. In the morn-
ing, patients were treated with 1.8 Gy (RBE) for 
tumour and surrounding oedema, in the afternoon 
1.65 Gy (RBE) for the gross tumour on gadolin-
ium-enhanced magnetic resonance imaging 
(MRI) over 28 days, for a total of 96.6 Gy (RBE) 
in 56 fractions. Among the 20 patients treated 
only one suffered from recurrence, the median 
survival of the patients was 21.6 months and PFS 
was 45.5 % in the fi rst and 15.5 % in the second 
year. Radiation necrosis (RN) occurred in six 
cases, and a probable leukoencephalopathy was 
observed in one patient [ 49 ]. 

 A second group of patients received 60 Gy 
and did not develop RN contrary to those patients 
that received higher doses [ 47 ]. 

 The tumour relapse due to the cell infi ltration 
in the surrounding tissues is still a problem but 
the use of methionine positron emission tomog-

raphy would facilitate the evaluation of exact 
tumour invasion area. 

 In an another study, Mizumoto M et al. evalu-
ated the characteristics of long-term survivors 
after post-operative hyper-fractionated concomi-
tant boost X-ray and proton beam therapy (PBT). 
Among 81 patients only 23 had proper character-
istics to be eligible for the clinical trial. 

 Those patients were treated with 28 fractions of 
50.4 Gy X-ray and 28 fractions of protons up to 
46.2 GyE in gadolinium-enhanced volumes after 
more than 6 h from the fi rst X-ray exposure con-
current with nimustine hydrochloride or TMZ. 

 Treatment was completed in 43 days (median 
value) and the following results were obtained: 

 Six patients after 70.9 months developed 
necrosis but no tumour recurrence, fi ve of these 
patients underwent necrotomy and two received 
bevacizumab after it. 

 The results suggest that proton therapy is use-
ful to avoid tumour recurrence but it is necessary 
to cover the complete area of the tumour and to 
consider also the areas in which the infi ltrated 
cells may be located. Necrosis is inevitable but 
the survival of patients was well preserved [ 50 ]. 

 Matsuda et al. studied the effect of high doses 
of photon compared with high dose of proton irra-
diation in glioblastoma patients. The study has 
investigated a total of 67 patients (34 men and 33 
women, aged 31–84 years, median: 59 years). 

 The fi rst step was a surgical resection where 
possible. For 13 patients the resection was com-
plete, partial for 47 patients and for seven patients 
only biopsy was taken (10 % of total number of 
patients). Forty-seven patients were then treated 
with chemotherapy, 32 patients with high doses 
of particle therapy (HDT) and 35 with fraction-
ated photon radiotherapy (CRT). Successively all 
the patients, i.e. 67, received either photon or 
proton irradiation. 

 The 1 year survival of the patients was 67.2 % 
while the 2 year survival decreased to 33.7 %. 
The median OS was of 17.7 months. Patients 
treated with protons were found to have a longer 
OS (24.4 months) compared to patients treated 
with the conventional photon treated patients 
(14.2 months). 
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 The OS for patients treated in the time between 
1998 and 2007 increased from 15.2 months to 
17.7 (95 % CI) months while the relative survival 
increased from 23.6 to 33.7 %. The reason may be 
due to the improvements of the surgical tech-
niques, such as the introduction of fl uorescence 
guidance in 1999 and of neuro-navigation in 2005 
as well as the chemotherapeutic agents. Patients 
treated with particles had a better preoperative 
performance status (PS) and had likely a complete 
resection compared to photon irradiated patients. 

 Similarly, for patients that underwent a partial 
resection, the OS of those who received HDT 
increased versus those treated with CRT 
( p  = 0.005). 

 The results of this study showed that patients 
treated with HDT lived longer than those 
treated with photon (CRT). However, random-
ized trials including strict criteria for patients 
need to be performed to demonstrate conclu-
sively that prolonged survival is due to high 
dose radiotherapy [ 51 ]. 

 In a clinical trial from 2009, conducted at the 
Proton Medical Research Centre at Tsukuba, 
Japan, by Yamamoto et al., 20 newly diagnosed 
glioblastomas were treated. The median OS was 
21.6 % and the 1 and 2 year survival was 71.1 % 
and 45.3 %, respectively [ 52 ].

      Carbon Beam Clinical Trials 

 Surgery is not always possible and often a coad-
jutant treatment is necessary. Conventional 
radiotherapy with or without chemotherapy is 
often, especially for glioblastoma, not suffi cient 
to increase the OS and free tumour recurrences. 
Protons, besides the advantages of a better and 
more precise dose distribution, have an RBE of 
only 1.1 and are thus less effi cient in inactivating 
the most resistant hypoxic and cancer stem cells. 
Neither photons nor protons seem to be suffi cient 
to completely eradicate the glioblastoma as 
described in the previous paragraph. 

 Three further directions are discussed for the 
future of radiotherapy:

 –    To expand the gap between tumour radiosen-
sitivity and normal tissues  

 –   To reduce the irradiated area with a more 
precise tumour-dose distribution  

 –   To reduce the tumour resistance    

 The PBT and carbon beam therapy (CBT) are 
both considered potentially able to achieve a 
reduction of the irradiation fi eld, in particular 
developing the intensity modulated particle ther-
apy (IMPT).

   Due to the high LET of carbon ions, it is 
possible to reduce the radioresistance of cancer 
cells to concentrate the maximum of the deliv-
ered dose in the tumour while sparing healthy 
tissues. 

 Carbon ions are discussed to be a good candi-
date for the HGG treatment. Figure  5.9  depicts a 
typical carbon ion treatment plan for a recurrent 
glioblastoma patient, clearly indicating the 
 concentration of the applied dose in the target 
volume while the healthy tissue is almost not 
affected.

   However, the best combination may be carbon 
ion beam treatment with chemotherapy. Carbon 
ions then should be concentrated on the tumour 
core while the drug should avoid recurrence kill-
ing the distal small metastases and sustain the 
tumour shrinkage. TMZ alone and/or in combi-
nation with different other drugs and carbon ion 
irradiation as a form of therapy is currently under 
investigation. The next paragraphs will focus on 
the different clinical trials applying carbon beam 
of the most involved centres around the world 
starting from the GSI Helmholtz Centre for 
Heavy Ion Research in Darmstadt, Germany, 
where more than 400 patients were treated in the 
fi rst European pilot project which took place 
between 1997 and 2008. 

    Germany: Pilot Project at GSI 
Helmholtz Centre for Heavy Ion 
Research 

 The project aimed at testing the effi ciency of a 
carbon ion beam with active scanning for cancer 
treatment (Fig.  5.10 ). In this clinical trial 450 
patients, mostly suffering from base-skull 
tumours were treated. The study was a collabora-
tion of GSI, the Department of Radiology at the 
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  Fig. 5.9    Carbon ion treatment plan. The dose is concentrated inside the tumour and most of the healthy tissue is 
spared [ 56 ]       

  Fig. 5.10    A patient treated 
in the GSI pilot project is 
positioned in front of the 
beam exit (A. Zschau, GSI 
Helmholtzzentrum für 
Schwerionenforschung)       
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  Fig. 5.11    The HIT Heidelberg carbon ion gantry (Universitätsklinikum Heidelberg)       

Heidelberg University Medical Center, the 
German Cancer Research Institute (DKFZ) and 
the Rossendorf Research Center near Dresden. 
The treatment was concentrated in 20 consecu-
tive (30 min per exposure) days/fractions.

   The local recurrence and survival was moni-
tored for the following 5 years. In 75–90 % of the 
patients the tumour was stopped. In few cases 
only the patients suffered from side effect from 
the treatment. The results of the pilot project were 
promising and lead to an acceptance of that medi-
cal procedure as a new branch of radiotherapy.  

    Japan: National Institute 
of Radiological Sciences 

 The NIRS in Chiba, Japan, is one of the most 
advanced radiological research institutes in the 
world. Starting in 1957, studies of clinical 
research, basic science and clinical radiation 
were performed at NIRS. Yet it was not before 
1994 that the fi rst patients were treated with the 
advanced particle beam therapy. 

 Currently, more than 8000 patients have been 
treated with high energy carbon ion radiation 

produced in at the Heavy Ion Medical Accelerator 
(HIMAC), the accelerator of NIRS. Initially, the 
dose was varied using a passive beam technique. 
It is since few years, from 2011 on that patients 
can be treated also with a new, faster and 
advanced multiple-energy operation system 
three-dimensional raster scanning that gives the 
possibility to reduce drastically the total irradia-
tion time ( Source : NIRS webpage). 

 Moreover, NIRS as well as HIT (Germany) is 
equipped with the most advanced accelerator 
technology, the Gantry, as shown in Fig.  5.11 .

   A gantry is an ion treatment facility that allows 
for rotation of 360° around the patient. A treat-
ment of patients in every angle is thus possible to 
the physicians to avoid the most sensitive entrance 
channels or organ at risk, where applicable.

      The NIRS/Tsukuba Glioblastoma 
Clinical Trials 
 Carbon ion irradiation showed favourable out-
comes for patients with very resistant and recur-
rent tumours like the head and neck cancers. 
More than 800 patients, 11 % of the total number 
of patients have been treated at NIRS for head 
and neck cancer. A comparison between the local 
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control of patients treated with a total dose of 
57.6 GyE or 64.0 GyE for adenoid cystic carci-
noma showed that patients treated with lower 
dose had a longer local control; yet, the reason 
remains to be elucidated. 

 Concerning the mucosal melanoma, the meta-
static grade, usually very high, has been reduced 
using the chemotherapeutic DAV (daunomycin, 
cytarabine and vincristine). A phase I/II clinical 
trial has been conducted by Mizoe et al. Forty- 
eight patients with HGG (16 with anaplastic 
astrocytoma and 32 with GBM) were treated 
using photon and carbon ion therapy with 
nimustine hydrochloride (ACNU) (Table  5.1 ).

   Patients were treated with XRT and chemo-
therapy fi rst followed by a treatment with CRT. 

 Two fi eld X-ray irradiation for a total of 2 Gy 
was delivered daily 5 days per week up to a total 
of 50 Gy. The targeted volume included the pre-
sumed infi ltrated areas. 

 The chemotherapeutic agent ACNU was 
administered at the fi rst, fourth or fi fth week of 
X-ray treatment in a dose of 100 mg/m 2 . After 
this fi rst treatment CRT was then applied on 4 
days per week with a total of eight fractions dur-
ing 2 weeks. The total carbon dose was escalated 
from 16.8 to 24.8 Gy with a 10 % increment. 

 The results (Fig.  5.12 ) show that among the 32 
patients divided in three groups according to the 
carbon dose, the OS for patients treated with high 
carbon ion dose 24.8 GyE was the highest.

  The median m-PFS was:

•    Four months for the four patients treated with 
16.8 GyE  

•   Seven months for the 23 patients treated with 
18.4, 20 or 22.4 GyE  

•   Fourteen months for the fi ve patients treated 
with 24.8 GyE    

 The results demonstrated the effectiveness of 
carbon ion irradiation for the local control of 
glioblastoma. The combined treatment of X-rays, 
drugs and carbon ion irradiation hence seems to 
be promising for the cure of the glioblastoma. 

 CBT increases the local control and patient’s 
survival (26 months). Moreover, CRT, due to the 
increased precision in dose distribution, reduces 
the damage to the brain tissue [ 58 ].   

    Germany: Heidelberg Ion Therapy 
Center (HIT) 

 The European centre for particle therapy HIT is a 
facility allowing for the treatment of patients 
with both protons and carbon ion using the fi rst 

   Table 5.1    The characteristics of 48 patients who received 
combined therapy with X-ray radiotherapy (XRT), 
nimustine hydrochloride chemotherapy and carbon ion 
radiotherapy, according to Mizoe et al. Reprinted from [ 58 ] 
with permission of Elsevier, with minor modifi cations   

 Total number  48 

 Histology (%) 

   AA  16 (33) 

   GBM  32 (67) 

 Median age, years (%)  53 (range, 18–78) 

   Age < 50  22 (46) 

   Age > 50  26 (54) 

 Sex (%) 

   Male  29 (60) 

   Female  19 (40) 

 Extent of surgical resection (%) 

   Gross total  8 (17) 

   Subtotal  8 (17) 

   Partial  27 (56) 

   Biopsy  5 (10) 

 Neurological function (%) 

   Able to work  29 (60) 

   Able to be at home  19 (40) 

 Tumour location (%) 

   Frontal  22 (46) 

   Temporal  10 (21) 

   Parietal  5 (10) 

   Occipital  6 (13) 

   Others  5 (10) 

 KPS (%) 

   100  1 (2) 

   90  26 (54) 

   80  9 (19) 

   70  4 (8) 

   60  8 (17) 

 Mental status (%) 

   Normal  37 (77) 

   Not normal  11 (23) 

 Symptom duration 

   <3 months  36 (75) 

   >or = 3 months  12 (25) 

   AA  anaplastic astrocytoma,  GBM  glioblastoma multi-
forme,  KPS  Karnofsky performance  
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pencil beam raster scanning method in the world. 
In Fig.  5.13  a patient is positioned for the treat-
ment at HIT with ions that are  provided by the 
accelerator and the adjacent beam lines including 
the gantry.

  Figure  5.14  depicts the Gantry treatment 
room at HIT. 

  The availability of both proton and carbon 
treatment in near future will provide the opportu-
nity to compare the clinical trials applying pho-
tons in combination with protons or carbon. 
Despite the fact that recent studies point to car-
bon as an accepted particle for this new branch of 
radiotherapy, the research for alternative ions to 
be used in therapy is ongoing. Different ions, 
heavier and lighter than carbon, are now under 
investigation at GSI, HIT but also in other parti-
cle therapy and research centres such as the 
Trento Institute for Fundamental Physics and 
Applications (TIFPA) and the Proton Therapy 
Center in Trento, Italy. 

    The Glioblastoma Clinical Trials at HIT 
 The radiochemotherapy, particularly the TMZ- 
radiotherapy combination, led to a signifi cant 
increase of the survival of patients with glio-
blastoma multiforme but the results are still 
unsatisfactory. 

 In many patients, an increased expression of 
the epidermal growth factor receptor (EGFR) 
has been found in cancer biopsies. This muta-

tion provokes an overstimulation of the receptor 
that fi nally contributes to an uncontrolled cell 
division. 

 The addition of EGFR-inhibitors like the che-
motherapeutic cetuximab together with TMZ to 
the conventional radiotherapy seems to be very 
promising.

•    GERT is a one-armed single-centre phase I/II 
trial [ 59 ].    

 A dose escalation of TMZ from 50 to 75 mg/
m 2  in combination with radiotherapy and cetux-
imab was applied. 

 Cetuximab was administered in the standard 
application dose of 400 mg/m 2  in the fi rst week 
and then 250 mg/m 2  every following week. 
Forty-six patients were treated. 

 Feasibility, toxicity, the OS and the PFS were 
important endpoints to be studied. 

 The aim of the trial was to understand the safety 
and effi ciency of the combined radiotherapy- 
immunotherapy with TMZ and cetuximab for 
primary glioblastoma patients [ 59 ]. 

 Different are then nowadays the possibilities 
to fi ght glioblastoma multiforme: 

 Conventional radiotherapy, radiochemother-
apy using TMZ alone or in combination with 
other drugs, and the most advanced particle ther-
apies: proton and carbon ion beam. 

 The decades of experience at NIRS, Japan, 
suggest a higher effi ciency of carbon ion treat-
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  Fig. 5.12    Glioblastoma 
multiforme patients’ 
survival after carbon ion 
irradiation at different 
doses. Median survival 
sorted by doses: low-dose 
group (16.8 GyE) median 
survival (MS) 7 months, 
middle-dose group 
(18.4–22.4 GyE) 19 
months, high-dose group 
(24.8 GyE) 
26 months. The differences 
were statistically signifi -
cant ( p  = 0.0031) Reprinted 
from [ 58 ] with permission 
of Elsevier       

 

W. Tinganelli et al.



79

ment for glioblastoma and a lower toxicity com-
pared with photon or proton irradiation. 

 At HIT clinical trials have been started to 
compare the effect of this different therapies. 
Currently, two different clinical trials are ongo-
ing, being follow-ups of a previous study which 
included 33 patients (their characteristics are 
summarized in Table  5.2 ).

   Thirty-three patients, 18 with glioblastoma 
with a median age of 42 years and three children, 
less than 18 years old, were treated. Thirty per 

cent of the total number of patients was female 
and 70 % male. 

 The study aimed at the comparison between a 
carbon boost (6 × 3 GyE) and a proton boost (5 × 2 
GyE) in glioma patients with a macroscopic tumour 
residue previously treated with 50 Gy of photons. 

 Two weeks prior to the treatment, patients’ 
individual mask fi xation was done using the 
thermoplastic- mask technique. 

 GBM patients’ examination and treatment 
plan were performed with 18F-FET-PET/CT 

  Fig. 5.13    The HIT facility treatment room (Universitätsklinikum Heidelberg)       
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(Fig.  5.15 ). For the CT scan, no contrast agent 
was used to avoid any particle range 
miscalculation.

  Morphology and tumour function was visual-
ized using the gadolinium-enhanced MRI and 
PET/CTs tracing amino acid transporters in gli-
oma and were fused to the planning CTs. 

 The treatment plans considered as well the 
areas at risk for infi ltrating cells. 

 In this case, for the high-grade glioma, the 
clinical target volume (CTV) was calculated 
adding a 0.5 cm margin to the gross tumour 
volume (CTV boost ). The CTV photons  instead was 
calculated taking into account 2–3 cm for the 
microscopic spread. 

 The defi nition of the clinical volume and the 
gross volume (GTV) is based on different clinical 
presentation like the performance status, neuro-
logical symptoms, images and others. Usually, 
for glioblastoma multiforme the GTV is consid-
ered the area of contrast enhancement observed 
on the CT scan or MRI. The CTV volume instead 
also takes in consideration the putative infi ltrat-
ing cells and is therefore larger. For this reason, 
few centimetres of security margin are usually 
added to the GTV to reduce the risk of tumour 
relapse [ 60 ]. 

 Subsequently, 3 mm of margin was included 
to generate the fi nal particle therapy planning tar-

get volume (PTV) and 5 mm for the plan for pho-
ton irradiation. 

 Proton beam was chosen for paediatric and 
glioma patients as well as for one glioblastoma 
patient. The proton dose spanned from 1.8 to 2 
GyE and the total dose was in the range of 
10–57.2 GyE. 

 For carbon ion irradiation, the single doses 
were 3 GyE with a total dose range from 18 to 45 
GyE. In all cases, a previous 50 Gy photon irra-
diation was done as initial requirement to be 
admitted to the clinical trial. From 33 patients 
treated, 17 received also TMZ in combination 
with radiotherapy at a concentration of 75 mg/m 2  
on 7 days per week. 

 The resulting toxicity was moderate. One 
patient had a diminishing vision capacity, rapidly 
restored with an oral administration of corticoste-
roids, and another one suffered from diminishing 
hearing abilities. A total of 14.7 % of all patients 
had low-grade oedema and 24.2 % suffered from 
an increased fatigue during the day. Two patients 
had seizures. 

 TMZ as coadjutant drug did not increase the 
toxicity. In a single case only, a patient had a 
TMZ-related thrombocytopenia. 

 The median follow-up of the treatment was 
4.5 months. The fi rst tumour growth verifi cation 
was performed 6 and 12 weeks after radiation 

  Fig. 5.14    Treatment room 
adjacent to the gantry at 
HIT. The possibility to 
rotate the beam delivery 
exit and the patient’s table 
gives to the physician a 
virtually infi nity possible 
number of irradiation fi eld 
(Universitätsklinikum 
Heidelberg)       
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and no patient at that time had any statistically 
important improvements. 

 From the glioblastoma patients receiving par-
ticle therapy, 50 % showed an illness progression 
which led to a mortality of 44 %. A tumour recur-
rence was found for 27 % of them. 

 The OS and the PFS increased comparing 
radiotherapy alone to carbon ion irradiation 
and comparing radiotherapy to radiotherapy in 
combination with TMZ. The results suggest 
that particles are safe and their application fea-
sible in patients with brain tumour, further-

more the treatment is associated with a low 
toxicity [ 56 ]. 

 Another study has been done to compare 
radiotherapy, radiotherapy in combination with 
TMZ and carbon ion therapy. 

 Thirty-two glioblastoma multiforme patients 
have been treated. 

 Median OS was 9 months with radiotherapy 
(RT), 14 months with radiochemotherapy 
(RCHT), 18 months with a carbon boost (CB) 
and no signifi cant differences between CB and 
RCHT were found. The median PFS instead was 
5 months for RT patients, 6 months for RCHT 
patients, 8 months for the CB patients and here a 
signifi cant difference was found between CB and 
RCHT [ 61 ]. 

 Other two clinical trials currently taking place 
at the HIT are CINDERELLA and CLEOPATRA.

•    The CINDERELLA trial compares carbon ion 
irradiation with fractionated stereotactic 
radiotherapy of patients with recurrent or pro-
gressive gliomas.  

•   The CLEOPATRA trial instead compares pri-
mary glioblastoma patients treated with a car-
bon ion boost or proton boost delivered after 
radiochemotherapy with TMZ.    

 CINDERELLA is treating recurrent or pro-
gressive glioblastoma patients including those 
with neurosurgical resection and those that 
already underwent chemotherapy or radiother-
apy. Most of the patients in fact already received 
a full course of radiotherapy, for this reason a fur-
ther reirradiation programme has to be applied 
cautiously [ 62 ]. 

 Nowadays the modern precision photon tech-
niques (FSRT) are used for a second course of 
radiotherapy due to their safeness and effectiveness. 
The patients’ survival in this case is 22, 16 and 8 
months for recurrent WHO grade II, III and IV 
tumours, respectively. 

 Within the fi rst phase of the trial with carbon 
ions the recommended dose is determined in a 
dose escalation scheme. Following that, in the 
randomized phase II part, the radiation dose was 
evaluated in the experimental arm compared to 
the standard arm (FSRT, total dose of 36 Gy, sin-

   Table 5.2    Details of 33 patients treated at HIT in a pilot 
study between November 2009 and January 2011. 
Modifi ed from Rieken et al. [ 56 ]   

 Patient characteristics 

  Gender   [ n ]  [%] 

   Male  33  100 

   Female  10  30.3 

 Age at RT  Years 

   Median  42 

   Range  7–77 

 [ n ]  [%] 

 Paediatric patients ≤18 years histology  3  9.1 

   Glioma  26  100 

   WHO II  5  19.2 

   WHO III  3  11.5 

   WHO IV  18  69.2 

   Meningioma  7  100 

   WHO I  3  43 

   WHO II  3  43 

   WHO III  1  14 

 [ n ]  [%] 

 Radiotherapy 

   Mixed modality  22  66.6 

   [12C] only  6  18.2 

   [1H] only  5  15.2 

 [ n ]  [%] 

   Particle reirradiation  7  21.2 

  Gy  

   Range carbon total dose  18–45 

   Range proton total dose  10–57.2 

   Range photon total dose  50 

 [ n ]  [%] 

   Relapse meningioma  0  0 

   Relapse glioma WHO II  0  0 

   Relapse glioma WHO III  9  42.3 
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gle fractionated dose of 2 Gy). Toxicity is the pri-
mary endpoint of phase I, for phase II instead it is 
the 12-months survival after reirradiation while 
the secondary endpoint is the PFS. 

 The most important inclusion criteria are the 
unifocal, supratentorial, recurrent glioma, the 
contrast enhancement on T1-weighted MRI and/
or Amino-Acid-PET-positive high-grade tumour 
areas, indication for reirradiation, an age above 
18 years and the Karnofsky performance score 
more or equal to 60 [ 62 ]. 

 The Karnofsky performance score is a rating 
scale that allows evaluating the cancer patients’ 
quality of life taking into account different 
parameters like the activity limitation, care of 
themselves and self-determination. 

 In the Karnofsky scale, a score of 60 corre-
sponds to a patient that requires occasional assis-

tance, but is able to care for most of his personal 
needs. 

 The most important exclusion criteria are 
instead the multifocal glioma or glioblastoma 
cerebri, previous reirradiation or prior radiosur-
gery or treatment with interstitial radioactive 
seeds, time interval less than 6 months after pri-
mary radiotherapy. 

 CLEOPATRA compares carbon or proton 
boost treatment for patients with macroscopic 
glioblastoma already treated with a combined 
surgery-radiochemotherapy with TMZ. Radiation 
is delivered up to a total dose of 60 Gy using pho-
tons. Applying this treatment regimen, the OS 
could be extended signifi cantly; however, the 
median OS is still about 15 months only. 

 In the experimental trial, the carbon boost up to 
18 GyE is applied to the macroscopic tumour in six 

  Fig. 5.15    “Extensive glioblastoma multiforme in a 62-year-old man. Contrast agent-enhanced CT and MRI scan were 
fused with a FET-PET/CT examination and used to calculate a two beam carbon ion radiotherapy plan” [ 56 ]       
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fractions at a single dose of 3 GyE. The standard 
protocol instead is applied using a proton boost up 
to 10 GyE in fi ve single fractions of 2 GyE each. 
The endpoints are the OS as well as the PFS [ 62 ].       
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6

 Introduction

All treatment strategies are studied at the preclin-
ical and clinical level, and the related endpoints 
are used to extract radiobiological parameters in 
mathematical models. This chapter aims to pro-
vide an overview of these approaches based on 
clinical and cellular data.

As mentioned in the previous chapter, median 
survival of glioblastoma (GBM) patients is poor. 
In fact, the 1-year median survival rate of GBM 
patients is approximately 50 %, despite the use of 
aggressive standard treatments, i.e. macroscopic 
resection and radiochemotherapy followed by 
adjuvant temozolomide.

In particular, to date most patients die from dis-
ease progression, primarily local recurrence. In 
fact, the limited tolerance of normal tissues can 
lead to inadequate therapeutic radiation doses.

The use of modern treatment planning sys-
tems, combined with a multi-imaging modality 
and the possibility to use Image Guided 
Radiotherapy (IGRT) images in order to track 
dose deposits in the tumour, allows a reliable 
cumulated dose to be delivered to the tumour bed. 
One of the characteristics of this dose is, in many 
cases, the lack of homogeneity, due to the proxim-
ity of Organs at risk (OAR). Nevertheless, the 
dose grid dimension (8–12 mm3 voxel volume) 
and imaging resolutions limit the dose delivery 
tracking to a cellular level. The use of inaccurate 
dosimetric data is one of the main flaws of model 
parameter estimations obtained from literature on 
clinical findings from the last decade.

In addition, when deriving model parameters 
from meta-analysis, the heterogeneity in investi-
gated patient populations can lead to different 
values or produce contrasting results to those of 
individual studies. This is known as Simpson’s 
paradox [1].
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The effect of tissue, or cell, irradiation depends 
on the dose but in general is not proportional (in 
probability or intensity) to the dose. The inherent 
stochastic nature of the interaction of radiation–
matter, the cellular structure and the complexity 
of environmental interaction make it difficult to 
develop a simple and reliable model of cell kill-
ing [1–3].

The cumulative effect of dose delivery to tissue 
makes it impossible to derive the correct dose for 
each specific patient and cell type, which would 
maximize the benefit of irradiation in terms of 
probability of cure, severity of deterministic dam-
age and probability of stochastic side effects [1].

Therefore, the necessity to define an adequate 
population based pattern of temporal and spatial 
dose delivery has seen the development of vari-
ous models of cell killing and tumour control 
probability (TCP).

The first studies that involved the combined 
effect of dose per fraction and overall treatment 
time (OTT) were performed as early as the 30s 
[4, 5], but they were neglected in consequences 
of World War II. The first universally accepted 
model focused on the skin reaction was published 
in 1944 [6], accompanied by great uncertainty on 
energy and source to skin distance values limit-
ing its application to modern radiotherapy.

The first model of lethal doses based on radio-
sensitivity of tumour cells and Poisson statistics 
was presented in 1961 [7].

In 1969, Ellis suggested a formula which related 
total dose, number of fractions and OTT to a quan-
tity termed “Nominal Standard Dose”. The authors 
intended, this quantity to represent “the biological 
effect of a given treatment regime” and enable the 
comparison of various treatment schedules (with 
different dose fraction, total dose and overall treat-
ment times) [8]. Considering the poor prognosis 
for GBM patients in the late 70s, the scientific 
community paid greater attention to the dose effect 
for GBM [9] and the first attempts to correlate 
delivered dose and tissue damage by means of 
Computer Tomography scans were published [10].

In the past 20 years, an increased number of 
research projects aiming at simulating and formu-
lating the mechanisms of tumour response to radi-
ation treatment have been proposed. One of most 

simple and efficacious models for radiation 
response is the linear-quadratic (LQ) model pro-
posed by Fowler [11, 12]. The LQ model describes 
cell survival after exposure to ionizing radiation 
and is expressed by a linear radiobiology parame-
ter α (intrinsic whole tumour radiosensitivity) and 
a quadratic parameter β (repair capability) with 
reference to two forms of DNA damage.

The LQ model determines the relative contri-
bution of each selected dose schedule to the sur-
viving fraction. However, it could be optimized 
by taking into account cell repopulation parame-
ters, such as the kick-off time for tumour repopu-
lation (Tk), the repopulation doubling time (Td) 
and the effective tumour repopulation rate quan-
tified by γ = ln2/Td [3, 13–21].

 Cellular Dose Response Models

 Cell Killing

The basic assumption of the simple LQ model 
states that the surviving cell fraction after a 
homogeneous dose irradiation is [11]
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where D is the dose and Biological Effective 
Dose (BED) defined as
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When assuming that more than a single fraction is 
delivered, each with a dose di, then (6.1) becomes
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If the dose d is delivered in each fraction then 
(6.3) becomes
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It is easier to describe BED in terms of equivalent 
dose given at 2 Gy per fraction [14, 22]
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d
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2
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/

/  
(6.6)

A graphical representation of the cell survival 
curve for the linear and quadratic component is 
shown in Fig. 6.1. The parameter α corresponds 
to the initial slope of the cell survival curve 
(i.e. the larger values of α correspond to the 
steeper initial slope) while β determines the 
degree of downward curvature of the cell sur-

vival curve (the larger value of β corresponds 
to the more “bent” curve).

 Incomplete Repair

The LQ model as described in (6.1)–(6.6) cannot 
correctly estimate incomplete repair and OTT 
[23]. A formula that includes appropriate correc-
tion factors that link EQD2 for a dose given within 
T days to one given in t is:
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Fig. 6.1 Cell survival 
against dose due to the 
linear (L), i.e. αD, and 
quadratic (Q), i.e. βD2 
component. The 
combined effect is 
shown as LQ. The used 
parameters are α = 0.12/
Gy and α/β = 8 Gy
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where Hm is the incomplete repair factor and the 
suffix m is equal to the fractions per day if it is 
assumed that there is a complete repair within the 
following day. Dprolif is a parameter that gives the 
“lost” dose per day of delay. Some authors prefer 
to use a different symbol, λ [24].

 Low-Dose Hypersensitivity

Although the LQ approach is widely used to describe 
tumour cell killing, at low doses (<1 Gy) the survival 
fraction does not monotonically decrease like the 

dose [25, 26]. In the range 10–30 cGy the surviving 
fraction is constant, while the radioresistance 
increases, reaching a maximum around 1 Gy and 
thereafter the curve shows a decreasing slope [25]. 
These results indicate a counter-intuitive effect, 
i.e. at low dose the cell surviving fraction increases 
with dose. Of note, the stated increased dose is not 
a subsequent irradiation, but a complete different 
irradiation with a different dose level.

Equation (6.1) can be corrected to take into 
account this effect [26]

S D e r s r CD D D D( ) = - + -( ) -[ ]( )+( )a a a b1 1 2/ exp /

 (6.8)
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 Genome-Dependent Radiation 
Sensitivity

Haas-Kogan et al. [27], using LQ and repair- 
saturation mathematical models, showed that p53 
function influences the effect of fractionated 
radiotherapy on GBM tumours. They identified 
two distinct cellular responses to radiation, 
p53-independent apoptosis and p53-dependent 
G1-arrest, influencing radiobiological parameters 
that characterize the GBM radiation response. 
Some years later, a distinct genotype-dependent 
radiosensitivity group was identified in associa-
tion with mutant ATM (ataxia telangiectasia 
mutated), wild-type TP53 (tumour protein 53) 
and mutant TP53 linked to intrinsic cellular 
radiosensitivity of GBM cell lines that grouped 
into four different radiosensitivity categories. 
This suggests the existence of multiple genotype- 
dependent mechanisms underlying the intrinsic 
cellular radiosensitivity [28, 29].

The coexistence of glioma-differentiated can-
cer cells (GDCC) and glioma-cancer stem cells 
(GCSCs) has been proposed to explain the intrin-
sic tumour heterogeneity to radiation response. 
The GCSCs have been reported to be less sensi-
tive to radiation-induced damage through prefer-
ential activation of DNA damage checkpoint 
responses. Other authors [30, 31] have suggested 
that GCSCs can readily assume a quiescent state 
and later, following DNA repair, repopulate the 
tumour. DNA damage induced by radiotherapy 
treatment potently initiated activation of phos-
phorylation of the ATM, p53 and Chk2 check-
point proteins. Phosphorylation of these 
checkpoint proteins resulted significantly higher 
in the GCSCs compared to GDCCs and could 
explain the reported intrinsic radiosensitivity 
 difference [32, 33]. A model that simulates the 
coexistence of GCSC and GDCCs and their cell 
cycle phase in growth and radiation response has 
recently been proposed [34]. The authors inte-
grated the LQ model, extended to take into 
account the effects of inter-fraction tumour 
repopulation and α and β cell-specific radiosensi-
tivity parameters, with the introduction of ξ and λ 
as radiation protection factors for quiescent cells 
and GCSCs, respectively. The simulations per-

formed revealed that not only the higher intrinsic 
radioresistance of GCSCs but also the presence 
of a shift from asymmetric to symmetric division 
or a fast cycle of GCSCs after fractionated radio-
therapy may contribute to the frequently observed 
accelerated repopulation after irradiation. The 
survival and increase of the GCSCs population 
during radiation therapy may be a leading cause 
of accelerated and more aggressive GBM recur-
rence after radiation therapy.

 Dual Compartment Tumour Survival, 
Mathematical Model

In an attempt to model subpopulation GCSCs, 
dual compartment tumour survival, a mathemati-
cal model has recently been proposed by Yu et al. 
[35]. The model assumes the radiation response 
as the sum of two subpopulations deriving from 
the coexistence of GCSCs and GDCCs, each 
with their distinctive LQ parameters. Thus, the 
dual compartment cell survival model is con-
structed as

S D f e f e
D D D D( ) = × - -( ) ×- +( ) - +( )a b a b1 1

2
2 2

2

1
 (6.9)

where f is the fraction of GCSCs, (1−f) is the 
fraction of GDCCs, while αi and βi describe the 
radiobiological properties (intrinsic radiosensi-
tivity and repair capacity) of each population. 
The increased radioresistance has been explained 
by the rapid regrowth of the GDCC compartment 
triggered by its depletion while a viable GCSC 
population is maintained.

Figure 6.2 illustrates the surviving fraction of 
two populations with α1 = 0.12/Gy (cell line#1), 
α2 = 0.6/Gy (cell line#2) and of a mixed popula-
tion 50 % cell line#1 + 50 % cell line#2, with the 
same αi/βi ratio (i.e. 8 Gy).

The type of programmed cell death, as the 
response to treatment in glioma cells, has been 
widely debated in recent years, suggesting that 
cell autophagy is the main intracellular process 
involved and not apoptosis [36].

A dual compartment cell survival model has 
been proposed by Tini et al. [37] to explore the 
cell-autophagy role after in vitro irradiation of 
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glioma cells (T98G, U373) integrating the low- 
dose hypersensitivity effect in its formulation. 
This model assumes radiation response in glioma 
cells derived by activation of cell autophagy 
involved in both the pro-survival mechanisms and 
direct programmed cell death (i.e. programmed 
autophagy-related cell death) [38]. This model 
that fits complex survival curves in T98G and 
U373 glioma cell lines in the presence of multi-
modal response to radiation is formulated as

S D A e A esD D D( ) = × + -( ) ×-( ) - -( ) +é
ë

ù
ûa a d bt1

2

 (6.10)

where the parameters represent
A = effect of low-dose hypersensitivity
αs = irreversible pro-death autophagy induced 

by DNA damage
αr = not irreversible autophagy pro-death
δ = autophagy pro-survival
β = repairable DNA damage

 TCP

Even in the simpler case of homogeneous irradia-
tion the use of Poisson statistics to describe the 

probability that all clonogenic cells are killed has 
proven to be incorrect [39], this has led to the 
development of models based on cellular killing 
[24, 40–42]. All these models are based, more or 
less explicitly, on some assumptions [41]:

 – Each tumour is made of a cluster of non- 
interactive clonogenic cells

 – Radiosensitivity may vary between tumour 
(and patients)

 – A tumour is controlled if all the clonogenic 
cells are inactivated

 – Clonogenic cell inactivation is a mutually 
independent event

The combination of these assumptions allows 
the development of a statistical model based on 
the probability of inactivation of all clonogenic 
cells. The number of clonogenic tumour cells is 
critical in determining the TCP and some authors 
have based it on the initial tumour volume, as 
given by the following equation:

 V a Nb= ×  (6.11)

where a and b are constant. Figure 6.3 illustrates 
the TCP against the dose when the number of 
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Fig. 6.2 The surviving 
fraction of two 
populations with 
α1 = 0.12/Gy (cell line#1), 
α2 = 0.6/Gy (cell line#2) 
and of a mixed 
population (50 % cell 
line#1 + 50 % cell line#2), 
assuming the same αi/βi 
ratio (i.e. 8 Gy)
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clonogenic cells in the volume V increases from 
106 to 1010.

These formulations are derived by statistical 
assumption as follows:

0
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Dose (Gy)

TCP vs number of clonogenic cells in the volume V

V=10^6

V=10^8

V=10^10

Fig. 6.3 The TCP 
behaviour against the 
delivered dose when the 
number of clonogenic 
cells in the volume V 
increases from 106 to 1010
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where the parameters ln(k), α and λ represent the 
clonogenic number, cellular sensitivity and 
repopulation rate, respectively [41].

 TCP
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 (6.12b)

where in the original model [40] the quadratic 
term βDi

2 was omitted for simplicity.
In (6.12b), Di is the dose received by a specific 

subunit and has to be considered fixed within the 
subunit, while ρj is the variable clonogenic cell 

densities within the volume, each having a relative 
volume fraction fj.

The third model uses a different EQD2 formu-
lation that considers the surviving fraction
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The TCP formulation includes radiosensitivity 
variability intra-patient (ind) and inter-patient 
(pop), assuming these variations can be described 
by the variability of S(2 Gy) [41].

 TCP G S Gy S Gy TCP dS Gypop

ind pop
pop

ind

ind
= ( ) ( )( ) ( )ò 2 2 2,, ,,s  (6.13)

where
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where NP is the number of dose bins, NC is the 
number of clonogenic cells, n the number of 

 fractions and νi the volume corresponding to the 
i-th dose point. The probability density functions 
are expressed as follows [42]:
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Models described above involve a wide number 
of parameters with statistical uncertainty. 
Notwithstanding this, the radiobiological models 
represent the only possible strategy to optimize 
treatment, compare rival plans or fractionation 
schemes or give an estimation of TCP at a given 
time after therapy.

Unfortunately, a radiobiological model able to 
overcome the poor GBM response to radiation is 
currently unavailable, due to the incomplete under-
standing of the underlying genetic and biomolecu-
lar alterations. Profiling studies based on gene or 
protein expression have revealed several altered, 
common, molecular pathways, resulting in the 
subclassification of distinct molecular subtypes 
(classical, mesenchymal, proneural, neural) that 
are different in terms of their prognosis and 
response to therapy [43]. This characterization is 
not currently in use in clinical practice. 
Furthermore, emerging evidence shows the exis-

tence of a stem like cell compartment in GBM, 
which demonstrates an increased resistance to ion-
izing radiation [16, 44, 45]. Due to the higher 
probability of killing radiosensitive cells with 
greater efficacy, all tumours during the course of 
treatment increase the mean radioresistance. GBM 
is characterized not only by an increase of the 
mean radioresistance, but also of the maximum.

There are other cellular models based on the 
possibility of a change in radioresistance during 
treatment [46] but their complexity is far beyond 
the aim of this chapter.

 Correlating Results of Cell-Culture 
SF with Clinical Empirical Data 
at Different Total Doses and Dose 
Per Fraction

The concept of isoeffective doses has been widely 
investigated in order to link the absorbed dose to 
the incidence of a specific biological effect attrib-
utable to irradiation. Survival curves have been 
obtained based on in vitro studies, providing 
some useful information on radiosensitivity of 
the investigated tumour and normal tissue cells. 
In particular, the α/β ratio has been derived to 
measure the sensitivity of the tumour or tissue to 
fractionation, i.e. to predict how the total dose for 
a given effect will change when the size of dose 
fraction is changed.

By using various treatment schedules for 
in vivo studies, the slope of the isoeffect curves 
has been determined, highlighting that they 
change according to the size of dose per fraction 
and depending on tissue type [47].

Also using in vivo data, the sensitivity to 
changes in fractionation schedule can be quan-
tified by using the α/β ratio. A high α/β ratio 
(range, 7–20 Gy), as in acutely responding tis-
sues and in tumours, indicates a more linear 
survival response of the target cells; a low α/β 
ratio (range, 0.5–6 Gy), as in late responding 
tissues, defines a significant curvature in the 
survival curve of the target cells. As a conse-
quence, the effects of fractionation are rela-
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tively greater in the acutely responding than 
late responding tissues.

This suggests that acute responding tissues 
have flatter curves than late responding tissues, i.e. 
fractionation spares the late responding tissues. Of 
note α/β ratios could be different when calculated 
using (6.1) or (6.12b), as they are derived from dif-
ferent datasets with different weights to data, cor-
responding to low and high doses.

 Clinical Dose Response Models

 Poisson Hypothesis

In the clinical setting, TCP models derived from 
LQ based on the Poisson hypothesis have been used 
as a tool to estimate a radiobiological set of param-
eters from the available clinical outcome [47, 48].

The following equation predicts the 
progression- free survival based on the Poisson 
hypothesis

 PFS e N e
D d

Td
T Tk

= - ×
- +( )+ -( )a b ln2

 (6.19)

A graphical method to estimate the radiobiologi-
cal parameters in (6.19) by using a multiple step 
procedure has been proposed [48] and shown 
here in Fig. 6.4.

To combine the clinical outcomes from differ-
ent published studies, different irradiation sched-
ules need to be used. When comparing two 
fractionation regimens (e.g. a and b) (6.19) 
becomes:
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In this formula, the dependence by cell number N 
and Tk disappeared. Moreover, (6.20) takes into 
account the different radiotherapy schedules and 
the related clinical outcome.

Therefore, when a sufficient number of differ-
ent schedules and a large number of patients are 
enrolled (to reduce the stochastic fluctuations), 
an estimation of the cellular parameters (α, β and 
Td) can be made by the following equation:
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and C is named “clinical efficacy factor”.

Fig. 6.4 The relationship between α and α/β for glioblas-
toma multiforme. The black curves have been obtained 
from (6.19) using couples of clinical data and by varying 
Td value up to the coincidence for all curves. The intersec-

tions of the curves represent the best estimate of α, α/β 
and Td (a). The grey curves represent the 95 % confidence 
interval (only three curves shown) and the shaded area 
indicates the overall range of uncertainties (b)

P. Pedicini et al.



95

Equation (6.21) establishes an independent 
relationship between α and α/β from which it is 
possible to include and compare studies with dif-
ferent clinical outcomes when C ≠ 0.

The curves of different schedules are plotted 
in the α versus α/β graph. Td is varied until the 
coincidence of all curves is obtained, thus the 
intersection point provides an estimate of α, α/
βand Td. This expedient allows the values of N 
and Tk and their uncertainties in subsequent steps 
to be calculated.

Moreover, (6.21) is also substantially inde-
pendent from the impact of chemotherapy (i.e. 
temozolomide, TMZ, or bischloroethylnitro-
sourea, BCNU), which is unknown or indistin-
guishable when this approach is used, 
chemotherapy being generally adopted in all the 
investigated schedules or presenting limited dif-
ferences in terms of radiosensitivity when differ-
ent drugs are adopted.

Once the estimate of α, β and Td is made, an 
estimation of Dprolif, in fraction of 2 Gy, is 
obtained by the following equation:
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Subsequently, an estimation of Tk is obtained 
using the hypothesis of stem cells activation by 
the following equation [49]:
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Assuming that the process of stem cell activation 
for accelerated proliferation could begin when 
the tumour population has decreased to the order 

of a few thousand cells (e.g. ln(N0/NA)3000), thus 

T
d dk = +( )

11

a b
 [49].

Finally, the estimation of N is performed by 
using (6.19), in which α, α/β, Td and Tk are fixed 
at the best values. All the above steps produce the 
best fit parameters useful to compare predicted 
TCP curves and experimental data.

The best estimate and the CI95% for α, α/β, Td, 
N, Tk and Dprolif are shown in Table 6.1.

 Multivariate Logistic Regression

In order to consider the combined effects (e.g. of 
drug delivery and radiotherapy approach, as well 
as patient age, and other variables), a multivariate 
logistic regression can be adopted to predict the 
TCP following preoperative CRT. The TCP can 
be expressed as:
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z
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(6.25)

where

Table 6.1 Model parameters entracte from Pedicini et al. 
[47]

Parameter Best estimate CI95 %

α(Gy−1) 0.12 0.10–0.14

β (Gy−2) 0.015 0.013–0.020

α/β (Gy) 8 5.0–10.8

Td (days) 15.4 13.2–19.5

Dprolif (Gy) 0.3 0.22–0.39

Tk (days) 37 29–46

N (clonogens) 9.1 × 103 4.0 × 103–2.1 × 104

z a a D a D d a OTT a age a FUdose a cisplatindose a= + + × + + × + × + × +0 1 2 3 4 5 6 75 ××mitomycinCdose  
(6.26)

In this approach, the LQ dose response model may 
incorporate not only the total radiotherapy dose 
and dose per fraction to estimate the α/β ratio [50], 
but also the other clinical and patient based covari-
ates. Although they have no theoretical biological 

rationale, they nonetheless provide a useful numer-
ical estimate of the true relationship for the range 
of values experienced in common practice. This 
model that in principle is applicable to GBM has 
so far only been applied to oesophageal cancer.
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 Time-Dependent TCP

The survival of GBM patients, usually about 50 
% at 1 year and decreasing over time, can be 
modelled [9] as follows including a time factor:
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,t a b g t2

 (6.27)

where τ is the time after the treatment completion 
for the given dose Dj.

Here, the authors assumed that the survival 
rate depends exponentially on relapse time and 
the parameter a has been estimated using a fitting 
procedure for survival rate at 0.5, 1.0 and 1.5 
years, using clinical data reported by Walker 
et al. [9] and by Salazar et al. [51, 52].

Finally, in the paper of Qi et colleagues, the α 
and α/β parameters have been provided for 
malignant gliomas with grade 3 or 4 [53] .

 Model Parameters

The selection of proper LQ parameters has been 
challenging particularly in the clinical setting for 
GBM. The repair half time for sublethal damage 
repair, T, is assumed to be 0.5 h [54].

An interpretation of the radiobiological 
parameters may help clinicians to identify an 
optimal fractionation schedule. In particular, an 
α/β of 8 Gy indicates high fractionation sensitiv-
ity while an α of 0.12 Gy-1 supports a high intrin-
sic radiosensitivity of this tumour. Consequently, 
these parameters correspond to a low β value 
(0.015 Gy−2), which represents a high capability 
of GBM cells to repair the radiation damage. 
Moreover, based on the fit of clinical data, the Td 
shows a moderate value (15.4 days), together 
with a very long Tk (37 days). This implies that 
the tumour radiation response with the OTT is 
substantially independent, thereby endorsing 
hypofractionation (doses greater than 2 Gy/frac-
tion) or hyper-fractionation (doses less than 2 
Gy/fraction with multiple daily sessions) sched-
ules. This is supported by the outcome of hypo-
fractionated studies that adopt a treatment of 
25 Gy in which the reduction of OTT did not 
improve overall survival or progression-free sur-
vival, PFS (with a 1 PFS of 29.42 %) [55].

From another point of view, a higher value of 
γ supports a strong dependence on OTT of the 
results can be explained by the selection of radio-
resistant stem cells, which are recruited during 
irradiation and tend to repopulate quickly [49, 
56–59].

The best fit curve (N = 9.1 × 103) and its confi-
dence interval (6.0 × 103–1.4 × 104) indicate that a 
limited number of aggressive cells are able to 
repopulate tumour. Moreover, a long Tk together 
with a moderate repopulation indicates substan-
tial independence of the therapeutic results from 
the duration of the OTT. However, this mecha-
nism appears to be negligible when compared to 
the mechanism of repair, which should be more 
pronounced in this cell type. This characteristic 
can be taken into account in favour of the time 
required by OAR in order to fully repair the radi-
ation damage.

Model parameters indicate a strong depen-
dence on total dose, thus an improvement of clin-
ical results might be obtained with an increase in 
the total dose rather than with a reduction of the 
OTT. Based on the estimated radiobiological 
parameters, an increase of the total dose up to a 
BED of approximately 92 Gy (total dose, 74.8 
Gy; dose per fraction, 2.2 Gy; 34 fractions) 
should lead to a TCP greater than 0.85. This 
result appears to be surprisingly higher than that 
obtained with standard fractionation (60 Gy × 30 
fractions with a BED of approximately 74 Gy), 
which is approximately 0.3. This optimistic pre-
diction by the model still requires mandatory 
confirmation. The fitted curve has γ50 = 3.31, 
which is very close to the mean γ50 of the clini-
cally relevant range (γ50 = 3.20) described in the 
literature [25, 60].

 Parallelism Between Classical 
and Biomolecular Modelling 
in Glioblastoma

Rockne and other authors included the effects of 
radiation therapy using the LQ radiobiological 
model in a tri-dimensional proliferation and infil-
tration (PI) model [61–65]. The PI model was 
developed in the early 1990s by Tracqui et al. 
[66] to describe the diffuse PI of glioma cells in 
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the human brain. In this model, the rate of change 
of tumour cell density over time is equal to the 
net migration plus the net proliferation of tumour 
cells. The model uses partial differential equa-
tions with two parameters: net rate of migration 
(D, mm2/year) and proliferation (ρ, year − 1), 
which can be calculated using routine patient- 
specific clinical images. This model mimics a 
virtual in silico tumour response to treatment 
with the same growth kinetics of an individual 
patient, thus predicting the in vivo treatment 
response.

In recent years, these mathematical models 
have been integrated with bio-simulation meth-
ods to improve fitting and predictive ability 
in vivo in terms of treatment-related response. 
Starting from biomolecular evidence, some 
authors have developed multiscale models of 
GBM progression that cover processes from the 
cellular to the molecular scale. Antipas et al. [67] 
introduced the oxygen enhancement ratio (OER) 
in models, and Kim Y. et al. [68] proposed a mul-
tiscale mathematical model where cell migration 
and proliferation are controlled through an intra-
cellular control system via microRNA-451 (miR- 
451)-AMPK complex in response to glucose 
availability and physical constraints in the micro-
environment. Schuetzet al. [69] also proposed a 
model integrating the molecular interaction net-
work (miR-451, LKB1 and AMPK) to cellular 
actions (e.g. chemotactic movement) to explain 
the regulation of GBM cell migration and prolif-
eration. Swanson et al. [70] tried to integrate 
tumour-microenvironment interactions of nor-
moxic glioma cells, hypoxic glioma cells, vascu-
lar endothelial cells, diffusible angiogenic factors 
and necrosis formation into a biologically based 
mathematical PI model for glioma. Specifically 
for radiotherapy treatment, Holdsworth et al. [71] 
included the patient-specific description of 
tumour growth and radiation response in the 
PI-RT model [64] to generate biologically guided 
treatment plans. Using an adaptive multi- 
objective evolutionary algorithm (MOEA), 
intensity modulated RT (IMRT) plans were opti-
mized using clinical objectives to maximize nor-
mal tissue sparing and taking into account the 
reduction of tumour burden at various time points 

in order to increase the TCP. Integrative biomo-
lecular mathematical models of kinetics of 
tumour growth and response to radiotherapy via 
more complex “biomolecular-integrated” LQ 
models [72, 73] considering the dynamic insta-
bility of radioresistance of GBM (cellular sub-
populations, kinetics growth and biomolecular 
alterations) could support better treatment man-
agement of the GBM patients as well as the 
design of more effective treatment strategies. 
These speculative investigations of alternative 
treatment strategies require further investigation 
before their introduction to clinical practice.

 Potential Confounding Factors

The contributions of several potentially con-
founding factors have not been fully taken into 
consideration in the currently proposed methods. 
These factors include: (1) data collection from 
institutes with different patient selection criteria 
and different treatment modalities; (2) the possi-
ble coexistence of different cell types within the 
target of enrolled patients, that may explain the 
variability of parameters and the need for more 
advanced models; (3) the different expression 
levels of molecular factors among patients, such 
as MGMT methylation and (4) other factors, 
such as hypoxia and reoxygenation that may 
influence the clinical outcome.

The role of molecular predictors is still under 
debate and might help in the design of new treat-
ment strategies particularly in older patients with 
Recursive Partitioning Analysis ≥3. Clinical data 
have been combined with other predictive factors 
to improve the recently proposed nomograms 
[74] with molecular and image-based classifiers.

Finally, the accelerated failure time model has 
been applied using data from 721 patients with 
glioblastoma to model factors affecting individu-
alized survival after surgical resection [75]. An 
increased 2-years survival was associated with 
age, Karnofsky Performance status, the exten-
sion of resection of enhancing tumour on 
T1-postgadolinium magnetic resonance imaging 
and adjuvant therapy with external radiotherapy 
and/or temozolomide.
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 Conclusion

In conclusion, mathematical models indicate that 
moderately hypofractionated, high total dose 
treatment schedules and use of TMZ deserve 
 consideration. Moreover, state-of-the-art modern 
multimodality imaging techniques permit a better 
tumour identification and contouring, as well as 
modern innovative linear accelerator and on- board 
imaging allow the delivery of high doses to the 
tumours, sparing the surrounding healthy brain.
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          Introduction: Prognostic Factors 
and Clinical Management 
of Glioblastoma 

 Glioblastoma (GB) accounts for about 55 % of 
primary brain tumors, with an incidence of fi ve 
new cases/100,000 people/year. If untreated, 
median survival of GB is up to 3 months after 
diagnosis. The presently available literature uni-
formly reports the above data, and that multi-
modal treatment (surgery, radiotherapy—RT, 
chemotherapy—CHT) signifi cantly improves 
median overall survival (OS), with about 40 %, 

15 %, and 7–8 % outcomes, respectively at 1-, 2-, 
and 3-years [ 1 – 7 ]. Peak incidence of mortality 
occurs at the beginning of the second year after 
diagnosis, thereafter the risk of death halves at 
2.5 years. Patients surviving more than 2 years 
after diagnosis, in fact, have a more favorable 
probability to survive afterwards, if compared to 
newly diagnosed cases. However, long-term sur-
vival remains poor with a 5-year OS rate barely 
reaching 5 %. The involvement of a multidisci-
plinary team in diagnosis, staging, and treatment 
of GB is mandatory for a correct management of 
GB. Postoperative RT is the mainstay of postsur-
gical management: a standard fractionated dose 
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of 60 Gy is recommended [ 8 ], even if altered 
fractionation schedules are also used, mainly 
consisting of short-course, hypofractionated RT 
in older patients. CHT has also acquired a key 
role in the management of this disease, and the 
alkylating agent Temozolomide (TMZ), deliv-
ered concurrently and sequentially with RT, is 
presently another standard of treatment [ 9 ]. The 
uncertainty in etiology of GB and the eventually 
fatal course, have driven research for many years 
towards an analytic approach of factors condi-
tioning life expectancy. These efforts attempted 
to individuate both: parameters for a balanced 
treatment approach in terms of benefi t/risk ratio; 
and characteristics of the natural history of this 
disease, possibly suitable for new and more effec-
tive therapeutic strategies. This contribution may 
give an overlook of prognostic parameters of GB 
of the present knowledge of these factors from a 
clinical point of view.  

    Prognostic Parameters 

 Since the seventies of the past century, different 
prognostic factors were signifi cantly associated 
with prognosis of GB, and generally classifi ed as:

    1.    Patient-related   
   2.    Treatment-related   
   3.    Tumor-related     

    Patient-Related Prognostic 
Parameters 

 Age at diagnosis, performance, and neurological 
status have a strong prognostic impact, according 
to large case-series published over more than 20 
years [ 3 ,  4 ,  7 ,  10 – 23 ]. 

    Age 
 The Recursive Partitioning Analysis (RPA) by 
the Radiation Therapy Oncology Group (RTOG), 
combining the above factors with other patient- 
and treatment-related parameters for a compre-
hensive score system [ 10 ], indicates age as the 
best predictor of survival in high-grade gliomas: 

patients aged 50 or older showed a shorter sur-
vival, if compared to younger ones. Old age may 
be associated with poor prognosis for several rea-
sons. Less aggressive treatments for avoiding 
toxicity, due to presumably poor physiologic 
reserves, and comorbidities, may partly account 
for this evidence. However, phenotypically 
aggressive GBs occur in old patients, with char-
acteristic molecular profi les [ 24 ]. GB, in fact, has 
two distinct modalities of development. The fi rst 
one (representing the vast majority) is character-
istic of the so-called primary GB, that arises de 
novo preferentially in old people; while in the 
second case, an evolution occurs from lower- 
grade gliomas, which is more frequently observed 
in younger patients (secondary GB). Oghaki and 
Kleihues [ 25 ,  26 ] correlated outcome with differ-
ent biologic behaviors, and younger age of the 
affected subjects. Primary and secondary GBs, in 
fact, derive from precursor astrocytic cells 
through genetic pathways quite different from 
each other, including gene deletions, mutations, 
or amplifi cations [ 27 ], as addressed in a follow-
ing section of this chapter. A SEER (the 
Surveillance, Epidemiology, and End Results 
program of the National Cancer Institute, USA) 
analysis of 34,664 patients affected by GB [ 28 ] 
confi rmed the strong prognostic impact of age on 
survival. In that report, age behaves as a continu-
ous variable in predicting survival, with the most 
signifi cant decrease found in the group over 50 
years, every additional year of age being associ-
ated with a signifi cant decreased probability 
(hazard ratio—HR—1.037). Large series indi-
cate that the mean age of long-term survivors is 
less than 50 years [ 29 ,  30 ], reported that only 2.2 
% of 689 enrolled patients survived more than 3 
years, and their mean age was 43.5 years.  

    Performance Status 
 Patients’ performance status (PS) represents a 
well-known quantitative prognostic indicator in 
GB [ 31 ], and some scoring systems are presently 
in use, taking into account the ability of perform-
ing the normal activities of the daily life. The 
Karnofsky Performance Status (KPS) scale is 
probably the more widely adopted tool, to this 
purpose. Karnofsky and Burchenal [ 32 ] realized 
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the necessity for objective and standardized mea-
surements of patients’ performance, as a “ method 
of evaluating a therapeutic agent against cancer  
(…)  in the absence of coincident and signifi cant 
objective evidence of a therapeutic effect. ” Such 
a methodological approach could be appealing in 
tumors whose direct apparentness was not easily 
achievable, that is, the case of GB before the 
advent of CT and MRI. A growing body of evi-
dence, in fact, subsequently confi rmed the prog-
nostic value of KPS in most oncologic settings, 
and particularly in GB. KPS describes a compre-
hensive 11-point scale, that quantifi es—with 10 
% progressive steps—the patient’s functional sta-
tus, with percentage values ranging from 100 % 
(normal activity, no symptoms) to 0 % (death). 
The evidence in favor of KPS as a prognostic fac-
tor in GB came from the original RTOG RPA 
classifi cation analysis [ 10 ] comprehensive of 
1578 patients, enrolled in the RTOG 74-01/
ECOG (Eastern Cooperative Oncology Group) 
1374; RTOG 79-18; and RTOG 83-02 studies, 
and from the subsequent validation by the RTOG 
90-06 analysis [ 30 ]. The prognostic watershed 
for survival was at the 70 % KPS score level, with 
a signifi cantly better prognosis for patients show-
ing values above this threshold, as compared to 
the other ones. 

 The ECOG PS evaluation, with a different 
score system, is used for the same purpose. This 
instrument, proposed by Oken et al .  [ 33 ], known 
also as WHO or Zubrod score, is composed of 
fi ve classes, depicting progressive impairments 
of clinical conditions from perfect health (score 
0) to death (score 5). ECOG scale is probably 
more suitable for common practice due to the 
easy use, and to a correspondence with survival 
as reliable as that of the KPS system.  

    Neurological Status 
 The early RTOG study quoted above signifi cantly 
correlated the negative prognostic impact of an 
abnormal mental status on survival of GB patients 
[ 10 ]. Currently, clinicians mostly use the Mini- 
Mental Status Evaluation (MMSE) to quantify 
the impairment of mental status in high-grade 
gliomas [ 34 ], also in its “simplifi ed” version, that 
is, the Folstein’s test. It is a relatively short, stan-

dardized, and well-validated screening test 
devised for cognitive impairment and dementia 
[ 35 ]. It includes some easy questions and prob-
lems in different domains: the patient is required, 
for instance, to specify the actual time and place, 
to repeat lists of words, to address arithmetic 
issues, to show language use and understanding, 
and to exert motor skills. Any score greater than, 
or equal to, 27/30 points indicates a normal sta-
tus. Scores below this value correspond to severe 
(≤9 points), moderate (10–18 points), or mild 
(19–24 points) cognitive impairment. A valida-
tion of MMSE score of 27 or higher as a favor-
able, independent predictor of survival came 
from a trial by the European Organization for 
Research and Treatment of Cancer (EORTC) and 
the National Cancer Institute of Canada (NCIC) 
[ 36 ]. Of notice, other authors reported similar 
fi ndings in low-grade glioma [ 37 ].   

    Treatment-Related Prognostic 
Factors 

 Resection of the tumor and the following RT and 
CHT [ 8 ] became more and more refi ned in the 
last decades, resulting in a progressive improve-
ment of survival outcomes. The already quoted 
SEER database analysis [ 28 ], including 4664 GB 
patients, showed a progressive trend towards an 
increased median survival from 1973 to 2008. 
Patients diagnosed from 2005 to 2006 had a sig-
nifi cantly improved survival, when compared to 
those accrued from 2000 to 2001. Other reports 
addressed the same subject with comparable 
results: a large cohort study (1059 patients treated 
in 18 radiotherapy centers in Italy) [ 7 ] also evi-
denced a signifi cant difference in survival rate 
favoring patients recruited from 2002 to 2007, 
compared to those collected by the same study 
group from 1997 to 2001 in a previous patterns-
of-care study [ 38 ]. Increased use of MRI imag-
ing, more sophisticated neurosurgical techniques, 
3-D conformal RT (3D- CRT) or Intensity-
Modulated RT (IMRT), and TMZ CHT, together 
with an improved supportive management, may 
be the main factors for these better results, with 
respect to the past. 
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    Imaging 
 Magnetic resonance imaging (MRI) has been the 
standard of GB workup [ 39 ] in the pre- and the 
postoperative settings over the last two decades, 
and presently is adopted in current practice both 
for diagnosis and for therapy planning (sur-
gery and RT). Standard MRI grounds most of 
the available data on prognosis of GB, in terms 
of progression-free survival (PFS). Clinical 
workup usually includes gadolinium-enhanced-
T1 and T2 or FLAIR (Fluid Attenuation 
Inversion Recovery) sequences. In conventional 
T1-weighted MRI, gadolinium enhancement 
correlates with cell proliferation, expressed by 
Ki-67 nuclear staining of glioma cells, and with 
microvascular density, thus helping to some 
extent to differentiate high-grade from low-
grade gliomas [ 40 ]. This sequence is used, in 
common practice, to drive the extension of sur-
gical removal in GB. T2 and FLAIR sequences, 
depicts the overall extension of the tumor burden 
and the surrounding edema, and are used in RT 
planning, together with the T1 ring enhancement 
by gadolinium for boost volume contouring. 
Among the radiological fi ndings, tumor necro-
sis, mass effect, and edema-surrounding tumor 
are associated with a signifi cantly shorter sur-
vival time in many studies [ 41 ,  42 ]. However, 
most recent and advanced MRI methodologies 
may give further information, useful for GB 
diagnosis, treatment decision, patient outcome 
prediction, and follow- up monitoring. Diffusion-
Weighted Imaging (DWI) evaluates cellular den-
sity, that is, a MRI technique providing a measure 
of the movement of free-water molecules: the 
higher is cell number in a given volume, the 
lower is water mobility, in that cell membranes 
hamper water diffusion. Thus, the Apparent 
Diffusion Coeffi cient (ADC) values are useful 
in differentiating on quantitative grounds, high-
grade from low-grade gliomas [ 43 ]. Proton MR 
spectroscopy (MRS) measures brain and tumor 
metabolites in vivo. Specifi c GB metabolite 
MR spectral patterns are not fully univocal, but 
a signifi cant correlation exists between GB cell 
proliferation (assessed by Ki-67 labeling index 
in GB sections) and the Choline/Creatinine–
Phosphocreatinine ratio (Cho/Cr), and with the 

N-acetyl aspartate (NAA)/Cho ratio, out of the 
spectral peaks. This may be useful not only for 
the characterization of high-grade gliomas in 
respect of the normal brain, but also as a guide 
for biopsy, identifying areas of tumor-most rep-
resentative of malignancy [ 44 ]. GB invasiveness 
may not be suffi ciently evaluated by conventional 
MRI, in that peritumoral edema may obscure 
the presence of tumor cells, and is addressed by 
Diffusion Tensor Imaging (DTI), which mea-
sures water movements within the white matter 
tracts (DTI tractography), that can be displaced 
(in low-grade gliomas) or interrupted/infi ltrated 
(in high-grade gliomas) by tumor [ 45 ]. The high 
angiogenesis activity, due to VEGF, is charac-
teristic of GB and appears as microvascular 
density in Dynamic Susceptibility-weighted 
 Contrast- enhanced (DSC) MRI: Microvascular 
density of Area (MVA) is the corresponding 
parameter that quantitatively correlates with 
prognosis [ 46 ]. MR-based perfusion studies 
and particularly tumor blood volume estimates 
have been shown to provide prognostic informa-
tion on time to progression or survival [ 47 – 50 ]. 
Many other MRI methodologies and technical 
refi nements were also developed in recent years, 
as exhaustively reviewed by some authors [ 44 ], 
and a large quantity of diagnostic features of 
GB, often related with “functional” parameters 
of tumor growth besides morphology, are pres-
ently achievable, that may help to establish diag-
nosis and extension of the disease. It is hard to 
assess the practical impact of these disclosures 
on the general management of GB, but their use 
in selected patients may substantially modify 
the therapeutic plan, for improving therapeutic 
outcome and limiting treatment-related dam-
ages. The same holds true for other functional 
diagnostic tools, such as radionuclide investi-
gations. Recently, the results of C-Methionine 
(C-MET) Positron-Emission Tomography (PET) 
results seemed to show prognostic value for 
GB, dependent on the uptake by proliferative 
cells [ 51 ]. C-MET uptake highlights also a more 
extended active tumor volume, with respect to 
T1 gadolinium-enhanced RMI [ 52 ] in relapsing 
GBs. If confi rmed in newly diagnosed cases, 
C-MET PET could have a relevant role in the 
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preoperative imaging workup. To date, the wide-
spread use of imaging assessment of GB exten-
sion (mainly MRI) may condition subsequent 
surgical resection and RT planning, thus might 
have an indirect prognostic role. Presently this 
assumption is diffi cult to substantiate, but as a 
suggestion by the results of the patterns-of-care 
studies on large series, quoted above [ 7 ,  38 ].  

    Surgery 
 The extension of tumor resection is case- 
dependent, due to tumor bulk, site, and patient 
medical conditions. A classifi cation of the amount 
of removal is usually adopted for prognostic eval-
uation into three categories, as follows: gross total 
resection (GTR: in respect of preoperative imag-
ing and intraoperative fi ndings), subtotal resec-
tion (STR: a gross complete removal of the tumor 
is not achieved), and biopsy-only (BO: any 
attempt to ablative or even cytoreductive surgery 
is judged impossible or not advisable). 

 Upfront surgery in newly diagnosed GB 
patients consists of maximal safe resection, in fact, 
as a primary goal whenever feasible, in respect 
of tumor size, shape, proximity to blood vessels 
or functionally determinant (or “eloquent”) brain 
regions. The anatomical localization of GB in the 
brain, in fact, may affect patient’s survival, in that 
it may condition the surgical excision [ 41 ,  53 , 
 54 ]. Frontal lobe tumors show better survival, as 
compared to those located in other sites [ 55 ,  56 ]. 
Prognosis of the rare cerebellar GBs, with respect 
to their supratentorial counterparts, was consid-
ered by several studies with nonunivocal results 
[ 57 – 59 ], and probably some favorable outcomes 
reported in this setting may be related to the young 
age of these patients [ 60 – 62 ]. Aggressiveness in 
surgical resection is also dependent on other fac-
tors, such as patient’s age, KPS, and comorbidity 
status. The extent of tumor removal is balanced, 
in fact, considering the operative risk and neu-
rologic dysfunctions. In our experience, 46 % 
of the patients had GTR, 40 % PR, 11.6 % BO 
[ 7 ]. Most related literature report comparable 
data. Intraoperative MRI and neuromonitoring 
have been associated with surgical protocols, for 
maximal safe resection. With respect to the use 
of intraoperative MRI, which is expensive and 

labor consuming, 5- aminolevulinic acid (ALA) 
tumor-specifi c fl uorescent vital staining helps 
surgeons to differentiate tumor and healthy brain 
tissue, with promising results. ALA was the fi rst 
compound successfully employed to this purpose 
[ 63 ]. Sixty-fi ve percent of ALA- driven resections 
achieved gross tumor removal vs. 36 % by con-
ventional methods [ 64 ]. Sodium fl uorescein is 
another fl uorescent compound developed for the 
same purpose [ 65 ]. 

 However, “radical” surgery for GB is an 
intrinsically abstract concept, given the well- 
documented infi ltrative penetration of tumor 
cell far beyond contrast enhancement and surgi-
cal limits of resection [ 66 ]. Most neuroonco-
logical literature endorses the benefi t or gross 
GB mass removal, howsoever, and a number of 
studies clearly indicate that the extensive surgi-
cal resection of GB is associated with a signifi -
cant improvement of the survival outcomes 
[ 67 ]. Lacroix et al. [ 41 ] proposed a threshold of 
98 % of resected tumor for a signifi cant survival 
benefi t. Sanai et al. [ 68 ] attempted a more 
detailed quantitative analysis of the impact of 
extent of resection on survival, out of 500 con-
secutive GB patients, with a signifi cant advan-
tage found after a minimal 78 % resection of the 
tumor mass, as evident by imaging contrast 
enhancement. Increasing amounts of resection, 
even up to the increment from 95 to 100 %, 
obtained further improvements in survival. 
Orringer et al. [ 69 ] showed that patients with 
more than 90 % tumor resection achieved an 
improved 1-year survival with respect to those 
with a lesser ablation. Chaichana et al. reported 
a similar fi nding [ 70 ] for every 5 % increment of 
tumor ablation, over a 70 % threshold of effec-
tiveness of the resection. 

 Advanced age is a limiting factor for aggres-
sive surgery in GB. Patients older than 65 years, 
in fact, may be unsuitable for tumor resection 
because of comorbidities. However, out of fi tting 
cases, Oszvald et al. [ 71 ] reported that the overall 
survival of patients aged over 65 was  signifi cantly 
lower than in younger patients. Notably, the neg-
ative impact of age on survival was determinant 
only in patients undergoing BO, with no signifi -
cant effect after tumor resection, and an effective 
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role of surgery on survival was suggested in aged 
as well as in younger patients. 

 One can argue from a speculative point of 
view, whether extensive GB removal may be or 
not an independent variable in determining prog-
nosis, as the possibility of extended resection 
may depend, in turn, on inherent tumor aggres-
siveness. No data are available to this regard from 
prospective random trials. Furthermore, at the 
present state-of-the-art, adjuvant RT and CHT 
have shown a signifi cant effectiveness and this 
question might have some interest, in that hypo-
thetically RT and CHT might compensate a less- 
than- optimal resection. These arguments are the 
subject of a recent study [ 72 ], based on a person-
alized survival model including extension of 
resection (EOR), age, KPS, and accomplishment 
of adjuvant RT and TMZ. This multivariate, con-
tinuous, no-threshold and nonlinear model pro-
vides for the fi rst time an explicit evidence of the 
independent role of maximum-safe GB resection 
on prognosis. Further, it shows a signifi cant supe-
riority (20 %, i.e.: a predictive error of 4.7 
months) in estimating survival effects by EOR 
over current methods for prediction of survival, 
based on thresholds and stepwise increments of 
effectiveness of tumor ablation. Further, the 
infl uence of adjuvant RT and TMZ administra-
tion on prognosis is also quantifi ed on a personal-
ized base: due to the nonlinear relationship 
between the percentage of resected tumor and 
survival, this study clearly showed that adjuvant 
therapy exerts a progressively greater effect, with 
increasing EOR. This holds true both for young 
and old patients, and for high- and low-KPS 
cases. Thus, a “cytoreductive” value of tumor 
debulking in GB, favoring the therapeutic effec-
tiveness of adjuvant RT and CHT, seems to be 
demonstrated, that is, the same role that surgery 
may have in many other tumors.  

    Radiotherapy 
 Radiation therapy has a consolidated role in the 
postsurgical, adjuvant treatment of GB, after the 
early studies quoted above, and its accomplish-
ment is included in the RPA as a prognostic fac-
tor [ 10 ]. Postoperative RT is a principal element 

in the treatment of patients with GB, as shown by 
different analysis from unselected series, demon-
strating improved prognosis. As early as at the 
seventies of the last century, the addition of RT to 
surgery increased survival from 3–4 months to 
7–12 months, after a random clinical trial [ 53 ]. 
Thumma et al. [ 28 ] confi rmed the importance of 
RT in prolonging survival of patients with GB. In 
their analysis, they found that the “no-radiation” 
(HR: 3.45) and the “unknown radiation” groups 
(HR 2.50) showed a marked decreased survival, 
as compared to the “radiation” group of patients. 
Filippini et al. [ 4 ] showed that RT increased sur-
vival with a 39 % reduction in relative risk of 
dying. External-beam RT should begin within 8 
weeks following surgical resection or biopsy. 
Conventional RT consists of 60 Gy, delivered 
through limited-fi eld external-beam irradiation, 
with fractions of 2.0 Gy, 5 days per week, as 
stated by current guidelines [ 8 ]. However, 90 % 
of the tumors recur at the original site after RT, 
thus strategies to increase local radiation dose are 
the subject of clinical radiobiology research for 
improving patients’ outcome. An RTOG–ECOG 
study randomized 253 patients to 60 Gy whole 
brain RT vs. 60 Gy plus 10 Gy boost to a limited 
volume, with no signifi cant advantage on sur-
vival in the experimental arm [ 73 ]. The dose- 
escalation RTOG-98-03 phase-I trial failed to 
demonstrate survival advantage from 3D-CRT, 
with four dose increments from 64 up to 80 Gy, 
with 90 % GBs relapsing in the primary site and 
no advantage from higher doses [ 74 ]. Dose- 
escalation studies with IMRT seemed to show 
results slightly superior to those normally achiev-
able with standard doses, with a reduction of in- 
fi eld relapse [ 75 ]. However, a systematic, recent 
review of the studies addressing the subject of RT 
doses above 60 Gy in the TMZ era, concluded 
that high-dose treatments do not achieve any sub-
stantial prognostic improvement over that of 
standard dose schedules [ 76 ]. Other authors 
failed to demonstrate a benefi t for doses >60 Gy 
using different RT strategies in newly diagnosed 
GBs, such as brachytherapy [ 77 ] or stereotactic 
radiosurgery (SRS) [ 78 ]. SRS as an initial boost 
followed by standard volume treatment was the 
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subject of the prospective RTOG 93-05 trial, fail-
ing to show any superiority of this treatment over 
conventional RT in comparable cases [ 79 ]. 
Differently, Tanaka et al. retrospectively com-
pared patient with GB who received conventional 
60 Gy RT vs. 80–90 Gy 3D-CRT and found a sur-
vival benefi t for high-dose 3D-CRT [ 80 ]. 

 In conclusion, the vast majority of the avail-
able reports seem to show that RT is a prognostic 
factor just as a dichotomic parameter: the related 
survival advantage exists, as compared to surgery 
alone, but this is not dose-dependent according to 
a continuous dose-effectiveness function above 
60 Gy, as normally happens in solid tumors. This 
observation poses an intriguing and still unre-
solved question, from a radiobiological point of 
view: the issue is widely addressed elsewhere in 
this book.  

    Chemotherapy 
 Early studies on CHT of GB focused on drugs 
able to cross the Blood–brain Barrier (BBB) and 
particularly on nitrosoureas (alkylating agents 
with this capability) for clinical use, such as 
Carmustine (BCNU) or Semustine (MeCCNU). 
RT plus BCNU achieved a modest, not statisti-
cally signifi cant improvement of long-term sur-
vival, as compared to RT alone, after a Brain 
Tumor Study Group random trial (BTSG 72-01) 
out of 358 “malignant glioma” patients [ 81 ]. Two 
independent meta-analyses also suggested that 
adjuvant nitrosoureas chemotherapy results in a 
modest increase in survival (from 6 to 10 
%-increase in the 1-year survival rate) [ 82 ,  83 ]. 
Of note, this last study included a relevant per-
centage (37 %) of patients affected by gliomas of 
lower grade than GB. 

 Temozolomide is another alkylating agent 
able to cross the BBB, and early studies have 
shown a remarkable activity on recurrent GB 
[ 84 ]. EORTC and NCIC conducted a phase-
III trial of RT alone (60 Gy over a period of 6 
weeks) vs. concurrent RT-TMZ (75 mg/sm/day 
for 6 weeks) followed by adjuvant TMZ (150–
200 mg mg/sm/day for 5 days, q. 28 days for six 
cycles), in patients with newly diagnosed GB 
[ 9 ]. Combined RT-TMZ had an acceptable side-

effect profi le and achieved a signifi cant median 
survival increase (14.6 months vs. 12.1 months) 
and the 2-year survival rate was signifi cantly 
greater, as compared to RT alone (26.5 % vs. 
10.4 %), with a 37 % decreased risk of death. 
Presently, clinicians consider RT plus concurrent 
and adjuvant TMZ a standard of care for newly 
diagnosed GB. However, the inclusion of TMZ 
in postoperative therapy of GB patients is not 
an independent, favorable prognostic parameter, 
given that effectiveness of TMZ depends on the 
methylation status of the O6-methylguanine-
DNA methyltransferase (MGMT) promoter. This 
was demonstrated out of the patients included in 
a EORTC–NCIC trial [ 85 ]. A signifi cant median 
survival benefi t was demonstrated, in fact, for 
patients undergoing RT-TMZ, whose GB showed 
a methylated MGMT promoter, as compared to 
those with the same feature undergoing RT only 
(21.7 vs. 15.3 months, respectively,  p  = 0.007). 
Contrarily, the difference between the same treat-
ment groups, out of non-methylated-MGMT GB 
patients, did not attain statistical signifi cance. The 
MGMT activity in repairing the drug- induced 
DNA alkylation causes the lack of effectiveness 
of TMZ as an adjunct to RT in improving prog-
nosis of GB in the postoperative setting, in fact, 
a situation prevented by the methylation of the 
MGMT promoter. This mechanism is the sub-
ject of a following section of this chapter, in that 
prognosis depends also on tumor-related factors, 
besides TMZ CHT accomplishment.  

    Targeted Therapies 
 Novel perspectives derive in experimental studies 
from targeted therapies, either alone or combined 
with traditional RT and CHT [ 86 ,  87 ]. However, 
clinical trials, had not yet yielded signifi cant 
results in terms of patient survival improvement. 
GB is a largely heterogeneous cancer, which 
partly justifi es failure of its treatment [ 86 ,  88 ]. 
Large-scale omics analyses are unraveling GB 
pathobiological-altered pathways, which, in the 
future, might allow for a more comprehensive 
discovery of prognostic and predictive factors, as 
well as for novel targets for personalized thera-
pies [ 88 ].   
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    Tumor-Related Prognostic Factors 

    Pathology Classifi cation of GB 
 Histological features of GB are pleomorphic 
cells, mitotic activity, intravascular micro-
thrombi, necrosis with or without pseudopalisad-
ing, and microvascular proliferation, being the 
last two characteristics necessary for diagnosis. 
Different histological patterns are recognized, 
that is, small cell GB, giant cell GB, gliosarcoma, 
etc. However, these morphological features or 
categorizations may not have a reliable prognos-
tic value, as life expectancy can be the same for 
all of them. On the other hand, the previously 
quoted distinction between “primary” and “sec-
ondary” GB, according to the evidence of a pre-
cursor lower-grade glioma in the latter, does not 
imply different morphology features, but has 
some impact on prognosis. The different aggres-
sive behavior between these two entities is attrib-
utable to different genetic pathways in tumor 
evolution [ 89 ]: the former type of GB (95 % of 
the overall GBs, the most aggressive, arising  de 
novo  after a short clinical story) shows in many 
cases (70 %) LOH 10q, and—in 25–36 %— EGFR  
amplifi cation,  p16   INK4a   deletion,  TP53  mutation 
and  PTEN  mutation. The latter (5 % of the cases) 
evolves over time, usually in younger patients, 
from grade II or grade III astrocytoma (with 
mutated  TP53  in 53–59 %) and mutated IDH1/2 
trough one or two subsequent steps, eventually 
developing LOH 10q (63 %),  EGFR  amplifi ca-
tion (8 %),  p16   INK4a   deletion (19 %),  TP53  muta-
tion (65 %), and  PTEN  mutation (4 %) [ 27 ,  90 ]. 
 EGFR  amplifi cation, IDH1/2 mutation,  TP53  
mutation, and  PTEN  mutation rates are distinc-
tive signatures between primary and secondary 
GBs. 

 WHO recognizes a “GBM-o” category of GB 
[ 91 ], which has areas of oligodendroglioma and 
corresponds to anaplastic oligoastrocytoma with 
mitosis and necrosis, with or without microvas-
cular proliferation. GBM-o may have a better 
response to therapy and prognosis, as compared 
to standard GB. However, the identifi cation of 
GBM-o requires molecular subtyping that dis-
closes the genetic pathway of oligodendrogli-
oma. Loss of heterozygosity 1p/19q correlates 

with the morphology of oligodendroglioma, and 
is associated with  IDH  mutation,  MGMT  pro-
moter methylation, G-CIMP phenotype, and a 
proneural phenotype (see below). Co-deletion of 
1p/19q is mutually exclusive with  TP53  muta-
tion. However, GBM-o shows low (≤30 %) rates 
of 1p/19q co-deletion and genetic heterogeneity, 
and this marker is useful for differentiation 
among anaplastic oligodendroglioma, mixed gli-
oma or GBM-o [ 92 ]. 

 The Cancer Genome Atlas Network (TCGA) 
catalogued recurrent genomic abnormalities in 
GB, which grounded a gene-expression molecu-
lar classifi cation of GB into proneural, neural, 
classical, and mesenchymal subtypes [ 93 ]. An 
aggressive postsurgical therapy (that is, RT with 
>3 cycles of concurrent chemotherapy, versus a 
less intensive management), achieved a signifi -
cantly reduced mortality in the classical 
(HR = 0.45,  p  = 0.02), and mesenchymal subtype 
(HR = 0.54,  p  = 0.002), a borderline impact on 
survival in the neural (HR = 0.56,  p  = 0.1), and no 
effect on the proneural subtype (HR = 0.8, 
 p  = 0.4). The proneural subtype is predominant in 
young age and in secondary GB.  

    Biomolecular Factors 
 We consider henceforth the genetic and molecu-
lar signatures that have been most frequently 
associated with survival outcomes in GB on the 
grounds of analyses carried out of the pathologi-
cal samples, taking into account both the prog-
nostic parameters emerging independently from 
therapy, and those relevant for patients undergo-
ing postoperative standard RT-CHT. We do not 
attempt here, to consider prognostic biomolecu-
lar factors in their relationship with therapy 
against molecular targets, due to the heterogene-
ity of data and a present general inconsistency of 
clinical results with respect to the biological 
premises. Furthermore, caution is necessary in 
interpreting the results reported hereafter, in that 
their signifi cance may largely depend on method-
ological issues. 

    MGMT -Methylation Status 
 The O6-methylguanine-DNA methyltransferase 
( MGMT ) promoter methylation status is a prog-
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nostic biomarker in GB undergoing RT-TMZ 
[ 85 ], as outlined before, while its independent 
predictive power on survival is still uncertain. A 
meta-analysis study on 2018 high-grade glioma 
patients included in 20 reports showed that 
MGMT gene silencing was signifi cantly associ-
ated with improved survival in patients undergo-
ing RT-TMZ; this advantage was less signifi cant 
in those receiving only RT, and null in those 
receiving neither TMZ nor RT [ 94 ,  95 ] randomly 
compared elder patients either to receive RT or 
TMZ: a survival benefi t related to  MGMT - 
methylation status was evident only for patients 
receiving TMZ. Contrarily, others demonstrated 
a better overall survival for high-grade gliomas 
showing methylation of the MGMT promoter, 
irrespective of therapy [ 96 ]. However, caution is 
necessary when interpreting all of these results, 
for several reasons. 

 First, most studies addressing the above issue, 
deal with high-grade gliomas in general. 
However, Anaplastic Astrocytoma (AA, or WHO 
grade-III glioma, that is included in the high- 
grade glioma category together with GB) does 
not show a signifi cant survival advantage after 
TMZ therapy, in our experience [ 97 ]. Some 
authors evidenced, in fact, that MGMT promoter 
methylation status does not provide enough 
information about the sensitivity of AA to alkyl-
ating agents [ 98 ,  99 ], and that MGMT expression 
may be signifi cantly lower in AA than in GB 
[ 100 ]. Thus, including AA in MGMT-methylation 
status evaluation as a factor for prognosis or 
response to therapy in GB may be inappropriate. 

 Second, the method of assessment of the 
methylation status was not the same in all studies 
addressed to this subject. Presently, in fact, 
methylation- specifi c PCR or pyrosequencing are 
considered the tests of choice to determine 
MGMT promoter methylation status, and immu-
nohistochemistry for MGMT protein expression 
is not recommended [ 92 ]. 

 Third, a sample classifi cation according to the 
methylated and nonmethylated status for a gene, 
may be dependent on the relationship between 
the overall CpG island methylation, the CpG 
methylation at individual sites, and the effective-
ness of gene silencing, that is dependent in turn 

on the location within the gene [ 101 ]. In conclu-
sion, MGMT promoter methylation status is a 
reliable prognostic parameter only in GB patients 
undergoing a standard course RT-TMZ after sur-
gery, whereas in other settings this role is an 
investigational subject.  

    IDH1 / 2  Mutations 
 Recent genomic studies have addressed Isocitrate 
Dehydrogenase 1 and 2 genes ( IDH1 ,  IDH2 , and 
 IDH  as a whole) mutations as prognostic factors 
in GB [ 102 ]. These are common in secondary 
(73.4 %—[ 90 ]), but rare (≤10 %) in primary GB, 
and correlate with young age and longer survival, 
as compared to  IDH   wt   patients.  IDH  mutation is 
mutually exclusive with  EGFR  amplifi cation, 
whereas it is often associated with the methyla-
tion of the  MGMT  promoter. 

 A relatively large series of secondary GB (86 
patients), in fact, was recently collected and ana-
lyzed [ 90 ] for the survival impact of the  IDH  
mutation, together with 1p19q co-deletion,  p53  
expression, and  MGMT- methylation status. 
These authors confi rmed that 1p19q co-deletion 
and  p53  expression were mutually exclusive, and 
showed that the  IDH  mutation was associated 
with both the  p53  expression and the methylation 
of the  MGMT  promoter.  IDH  mutation, 1p19q 
co-deletion, and  MGMT  promoter methylation 
were all signifi cantly associated with increased 
overall and progression-free survival, whereas 
 p53  expression was not. After TMZ chemother-
apy, GB patients with both the  IDH  mutation and 
the  MGMT  promoter methylation achieved the 
best survival result, those with no one of the two 
characteristics the worst, whereas those with the 
 IDH  mutation alone showed a result intermediate 
in between, with statistically signifi cant differ-
ences. In conclusion, secondary GBs showing 
 IDH  mutation enjoy a better survival and response 
to TMZ as compared to the  IDH   wt   counterpart, 
but whether the relationship between  IDH  muta-
tion and  MGMT  promoter methylation is conse-
quential, or depends on different epigenetic 
markers is not clarifi ed, so far. 

 Recent data from the German Glioma Network 
[ 103 ] demonstrate that a high percentage (34 %) 
of 69 long-surviving (>36 months)  primary GB  
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patients have  IDH1 / 2  mutations, as compared to 
4.3 % out of 257 controls (surviving ≤36 months). 
This might indicate a prognostic role for the rare 
 IDH  mutations in primary GB, as suggested also 
by studies addressing  IDH1  mutation at the clini-
cal onset [ 104 ], failing however to show a highly 
signifi cant correlation with a better clinical out-
come at multivariate analysis, when considered 
in respect to other well-established prognostic 
factors.  

    PDGFRA  Amplifi cation 
 Focal amplifi cations of the locus at 4q12 harbor-
ing Platelet-Derived Growth Factor Receptor 
Alpha ( PDGFRA ) are common in all types of GB, 
but with a high frequency in the proneural sub-
type, in which it is associated with high level of 
 PDGFRA  gene expression, that is, a characteristic 
signature [ 93 ]. However,  PDGFRA  amplifi cation 
has a negative prognostic impact, when evaluated 
by FISH out of the rare IDH1-mutant adult de 
novo GBs [ 105 ]: overall median survival was 2179 
days in 22 GBs with  IDH1 - mutant/ PDGFR -no 
amplifi cation, vs. 480 days in 16 cases with  IDH1 -
mutant/ PDGFR - amplifi cation. This is a statisti-
cally signifi cant difference both at the uni- and at 
the multivariate analysis (log-rank:  p  = 0.023, Cox 
proportional HR:  p  = 0.01, respectively).  

   EGFR 

   EGFR Expression 
 Epithelial Growth Factor Receptor (EGFR) gene 
amplifi cation is present in 40–50 % of GBs, 
being more common in primary than in second-
ary type, and is a signature of the TGCA classical 
GB subtype [ 92 ]. In general, it has been associ-
ated with an aggressive behavior.  EGFR  amplifi -
cation results in its overexpression [ 106 ,  107 ], in 
fact, and its downstream signaling pathways 
enhance many cellular activities, including 
growth, migration, and survival [ 108 ], promoting 
also resistance to both RT and CHT in clinical 
and preclinical studies [ 109 ,  110 ]. In other 
reports, low- EGFR- expressing GB patients had a 
worse response to TMZ-containing adjuvant 
therapeutic regimens, as compared to those 
showing either high expression or no expression 
at all [ 111 ]. 

 However, in the clinical setting  EGFR  ampli-
fi cation/overexpression is reported to impact on 
survival with nonunivocal results: high levels 
have been associated with a longer median sur-
vival [ 106 ], or with a worse prognosis in younger 
patients, in respect of older ones [ 112 ,  113 ]. 
Some authors suppose a complex relationship 
between patient’s age,  EGFR  amplifi cation,  p53  
expression, and survival in GB. The poor survival 
noted in young patients whose tumors overex-
pressed EFGR, in fact, correlated also with the 
co-existent expression of p53  wt   immunohisto-
chemistry [ 112 ]. On the other hand, GB patients 
undergoing TMZ-containing therapy, showing 
EGFR amplifi cation, maintenance of PTEN, 
p53  wt  , and p16 had a relatively favorable 
 prognosis [ 114 ]. Others found no signifi cant cor-
relation of EGFR amplifi cation with survival 
[ 115 ]. 

 The combined prognostic impact of  EGFR  
expression and components of its downstream 
pathways, such as the PI3K-Akt-mTOR signal-
ing mechanisms deserve consideration. 
Autophagy is one of the metabolic pathways 
inhibited by EGFR, which can act via mTOR or 
by direct inhibition of Beclin1, a cytoplasmic 
protein that induces autophagy by binding to the 
Vps34-Vps15 core [ 116 ,  117 ]. In our experience, 
low-EGFR and high-Beclin1 expressing GBs (24 
patients) have a signifi cantly better median sur-
vival (22 months), as compared to other ones (93 
patients, median survival: 8 months) showing 
high-EGFR and both high- and low- Beclin1 
expression ( p  = 0.001), after standard RT-TMZ 
[ 118 ]. We also experimentally demonstrated that 
combined EGFR and autophagy modulation 
impact on IR and TMZ sensitivity in human GB 
cell lines [ 119 ]. In conclusion, probably the 
EGFR expression level is not a per se reliable 
prognostic parameter, at the present status of 
knowledge, but its role in the context of the sur-
vival prediction capability of other biological or 
clinical markers may deserve consideration for 
further research.   

   EGFR Mutations 
 The most frequent mutant of  EGFR , expressed in 
30–50 % of GB, is the EGFR variant III 
(EGFRvIII). The deletion of exons 2–7, that is, 
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the lack of the extracellular domain characterizes 
EGFRvIII, constitutively activate a high stimula-
tion of the PI3K/Akt/mTOR pathway, and was 
found to inhibit therapy-induced apoptosis [ 120 ]. 
EGFRvIII enhances repair of DNA double-strand 
breaks, and is a cause of the resistance to gefi tinib 
[ 121 ]. Other genetic alterations of EGFR, such as 
amplifi cation, may affect both the extracellular 
domain, with activation of point mutations, and 
the cytoplasmic domain, with deletions [ 122 ]. 
GBs harboring EGFRvIII are more invasive, as 
compared to those with EGFR wt  [ 123 ], but no 
data demonstrate so far a clear-cut impact on 
prognosis or on response to therapy.  

   Loss of PTEN 
 Phosphatase and Tensin Homolog ( PTEN ) is 
a tumor suppressor gene that downregulates 
the PI3K/Akt/mTOR pathways, thus acting for 
reduced proliferation, apoptosis, and invasiveness 
[ 124 ]. Its mutation determined a shorter survival 
in GB patients, as compared to those harboring 
 PTEN  wt  tumor, in early studies [ 106 ]. Presently, 
in the TMZ era, PTEN loss is not associated with 
poor survival in GBs undergoing current stan-
dard postoperative RT-TMZ [ 125 ]. These authors 
attributed their observation to a high effectiveness 
of TMZ in PTEN-defi cient GB cells, due to their 
reduced homologous recombination repair activ-
ity of DSBs, and to the subsequent autophagy 
induction, on the ground of previous preclinical 
studies. In conclusion, loss of PTEN probably is 
an adverse prognostic marker only in GB patients 
not undergoing TMZ CHT.  

   VEGF Expression 
 Vascular Endothelial Growth Factor (VEGF) is 
an angiogenic factor driving neovascularization, 
which is a hallmark of GB. However, high per-
centages of both Grade-III astrocytoma—or AA 
(66.7 %), and Grade IV astrocytoma—or GB 
(64.1 %) express VEGF, differently from 
Grade-II astrocytoma (36.8 %), out of a series of 
162 cases of primary glial tumors [ 126 ]. This 
study demonstrated a strong correlation between 
VEGF expression and survival in the whole 
series, but not within any of the considered tumor 
grades. To date, no clear evidence exists of a 

direct relationship between VEGF expression 
and survival outcome of GB patients, but great 
scientifi c efforts address, instead, the relationship 
of VEGF with GB stem cells, and targeting 
VEGF with antibodies and TK inhibitors in clini-
cal prospective trials. As a marker of clinical out-
come at the present state-of-the-art, VEGF is still 
“potentially prognostic” [ 127 ].  

   Loss of Heterozygosity 10q 
 The allelic deletions on chromosome 10q are fre-
quent in both primary and secondary GB, indicat-
ing that the loss of 10q tumor suppressor genes 
may be important in its tumorigenesis [ 128 ], such 
being also the case of PTEN (10q23), already 
dealt with. Loss of Heterozygosity (LOH) 10q 
signifi cantly emerged as a poor prognostic 
marker in GB, after a study on 97 consecutive 
patients [ 129 ]. Furthermore, in a small patient 
series from India, LOH 10q was correlated both 
with a four-fold reduced 1-year survival (not 
attaining statistical signifi cance), and with age 
≥40 years ( p  = 0.014) [ 130 ].  

   Telomerase mRNA Expression 
and Activity, and Alternative Lengthening 
of Telomeres 
 Telomerase messenger expression (human 
Telomerase Reverse Transcriptase (hTERT) 
mRNA) was evaluated by PCR, together with 
telomerase activity as assessed by Telomeric 
Repeat Amplifi cation Control (TRAP), in their 
relationship with survival out of a series of 42 
patients (33 GBs, 5 AAs, 4 differentiated astrocy-
toma, 1 oligoastrocytoma) [ 131 ]. Out of the 
whole series, both overall survival and disease- 
free interval were adversely affected by hTERT 
mRNA expression ( p  = 0.046 for both the survival 
parameters) and by telomerase activity ( p  = 0.007 
and 0.008, respectively) at the Kaplan-Maier sta-
tistical analysis. The Cox proportional hazard 
model of overall survival confi rmed a signifi cant 
impact of hTERT mRNA expression and telom-
erase activity. These authors did not analyze 
results separately in GB patients. A more recent 
paper considered the same telomerase-associated 
parameters for survival [ 132 ] out of 100 GB 
patients, and only those aged ≤60 years, lacking 
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both telomerase activation and hTERT positivity, 
showed a signifi cantly better outcome, as com-
pared to the other ones. Therefore, the role of 
telomerase activation as an independent prognos-
tic factor in GB is not fully demonstrated so far, 
but deserves further study, taking into account the 
pathobiological features of GB in younger 
patients. 

 Relationship among telomerase activity, alter-
native lengthening of telomeres (ALT), and other 
oncogenes, is also worth of investigation. hTERT 
was found to promote cancer stemness through 
EGFR, thus inducing tumor progression [ 133 ]. In 
a previous study [ 134 ], we found high telomerase 
activity and reduced telomeres in a group of GB 
patients overexpressing EGFR, who were charac-
terized by a low survival rate. 

 Alternative lengthening of telomeres (ALT), a 
presumed precursor to genomic instability, was 
found to be driven by mutation in ATRX 
(α-thalassemia/mental-retardation-syndrome-X-
linked) in IDH1 mutant gliomas taking, together 
with the mutually exclusive del 1p,19q, a favor-
able prognostic impact [ 135 ,  136 ].  

   MAPK and Akt Pathways Members, 
and  YKL40  Expression 
 Both Ras signaling pathways members, that is, the 
Raf/mitogen-activated protein (MAP) extracel-
lular signal-regulated kinase (ERK)/MAP kinase 
(MAPK), and the phosphoinositide (PI3K)/Akt 
kinase/mTOR, have been shown as critical determi-
nants of proliferation, invasiveness, and resistance 
of GB to ionizing radiation (revised by Pelloski 
et al. [ 137 ]). These authors demonstrated by 
immunohistochemistry, out of a series of 268 GB 
patients, that a high positive score for p-MAPK 
correlated with a signifi cantly reduced survival 
probability ( p  = 0.003), as well as many of the 
Akt cascade-activated members (p-Akt,  p  = 0.095; 
p-mTOR,  p  = 0.021; p-p70S6K,  p  = 0.013). Low 
p-MAPK GBs showed a signifi cantly better radia-
tion response, as compared to those expressing 
high p-MAPK ( p  = <0.001). At multivariate analy-
sis, only p-MAPK showed a signifi cantly increased 
HR (1.5, range 1.1–2.2,  p  = 0.009) as for survival, 
besides other well- known patient-related prognos-
tic factors (age, PSK). 

 The aberrant initial Ras signaling has also a 
relevant interest for identifi cation of prognostic 
factors in GB. However, Ras mutations are rare 
(2 %) in GB, according to the TGCA studies 
[ 138 ]. 

 In vitro studies have shown that the chitinase 
3-like protein (CHI3L1, or YKL40) may initiate 
the MAPK and the PI3K signaling cascades in 
human connective-tissue cells, by phosphoryla-
tion of ERK1/ERK2 and Akt, respectively [ 139 ]. 
YKL40 was expressed in 81 % of the cases 
reported by Pelloski et al., quoted above, and its 
expression exerted a strong negative impact on 
survival ( p  = 0.002) [ 137 ], and is proposed as a 
possible candidate in regulation of the Ras- 
dependent pathways. YLK40 concentration can 
be detected in peripheral blood, as it is secreted 
both by tumor cells and by tumor-associated cir-
culating macrophages: its concentration seems to 
correlate with an aggressive phenotype of GB, 
short survival, and resistance to RT (revised by 
Conçalves et al. [ 102 ]). However, assessment of 
the prognostic role of serum YLK40 level in GB 
is still investigational.  

   Cytochrome  c  Oxidase 
 The enzyme Cytochrome  c  Oxidase (CcO) cata-
lyzes the terminal transfer of electrons from cyto-
chrome  c  to oxygen in the respiratory chain. 
Griguer et al. [ 140 ] have recently demonstrated 
by spectrophotometric determinations that a high 
CcO activity signifi cantly correlates with reduced 
overall survival ( p  = 0.0001) and progression-free 
survival ( p  = 0.0087), out of a series of 58 pri-
mary GB patients, retrospectively evaluated. 
These authors extensively considered, in this 
regard, also previous data evidencing that CcO 
activity reduces Reactive Oxygen Species (ROS), 
thus facilitating chemoresistance to TMZ through 
suppression of apoptotic signaling. This series 
included also patients undergoing therapy before 
the advent of TMZ, and used for validation an 
external set of patients not undergoing TMZ 
CHT. Interestingly, the correlation between CcO 
activity and survival was not dependent on 
RT-TMZ treatment accomplishment, and the 
multivariate analysis indicated CcO activity as a 
prognostic parameter independent by age,  gender, 
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and MGMT promoter methylation status. CcO 
activity as a reliable, independent prognostic 
indicator in glioblastoma, and the hypotheses 
addressing its role in a mechanism of drug resis-
tance, should be the subject of further research.  

    HOXA9  Gene Expression 
 Class I homeobox (HB) genes, encoding tran-
scription factors playing a role both in normal 
development and in tumorigenesis, include 
 HOXA  genes, mainly activated in GB (revised by 
Conçalves et al. [ 102 ]). Among them,  HOXA9  
expression—related to a transcriptional pathway 
of PI3K—is associated with enhanced cell prolif-
eration, antiapoptotic function, and a worse prog-
nosis in GB [ 141 ]: out of two different sets of GB 
patients,  HOXA9  positivity was signifi cantly an 
independent factor, with worse overall and 
progression- free survival. This relationship was 
even more evident in methylated MGMT GBs, 
identifying a poor-prognosis set in this category 
of patients.  

   MicroRNAs 
 Deregulation of some MicroRNAs (miRNAs or 
miRs) has been detected in GB and is the subject 
of a dedicated issue in this book, regarding pre-
clinical investigations. A recent study, carried out 
of 480 GB samples of the TGCA dataset [ 142 ], 
addressed the prognostic role of specifi c miRNA 
interactions: high levels of miR-326/miR-130a 
and low levels of miR-323/miR-329/miR155/
miR-210 were signifi cantly associated with 
favorable OS, while high miR-326/miR-130a and 
low miR155/miR-210 were associated also with 
improved PFR. miR-323 and miR-329 were 
associated with long-term survival. McNamara 
et al. revised other data on prognostic role of 
miRNAs in GB patients [ 127 ].  

   Glioma Stem Cell Markers 
 A great deal of evidence is growing of the role 
of GB cells showing stem characteristics (GSC) 
in tumor initiation and progression, and in con-
ferring an increased resistance to therapy, as 
compared to their progeny: also this subject is 
thoroughly addressed elsewhere in this book. 
However, at the present status of knowledge, an 

extremely topical issue is whether suitable GSC 
markers exist that might be useful for identify-
ing prognostic criteria also with respect to resis-
tance to standard CHT and RT, as extensively 
reviewed in recent papers. Dahlrot et al. [ 143 ] 
have taken into account as many as 27 studies, 
published in the last decades, addressing also 
methodological issues: all of the revised papers 
included immunohistochemistry-based assess-
ment of the investigated markers, and in many 
instances Western Blot, Confocal microscopy, 
Immunofl uorescence, Immunoblotting, Northern 
Blot, Real-Time Polymerase Chain Reaction, 
and Gene-expression analyses. Grade II through 
IV (GB) cases are included, and the expression 
level of the CD133 membrane protein and of 
the fi lament marker Nestin resulted signifi cantly 
increased with increasing grade of malignancy; 
their co-expression had even more infl uence for 
a dismal prognosis. Data also suggested trends 
for a prognostic impact for another surface 
marker (Podoplanine) and a RNA-binding pro-
tein (Musashi-1). Jackson et al. [ 144 ] addressed 
their analysis to the progressive enhancement 
and gain of GSCs during disease progression and 
GB recurrence after therapy, considering a pos-
sible relationship between GSC markers and the 
emergence of the more aggressive transcriptional 
subtype of GB (that is, mesenchymal GB) and of 
Gliosarcoma (GSM) in recurrences. According to 
these authors, CD133+ GSCs exhibit transcrip-
tional profi les resembling the “better prognosis” 
proneural subtype, whereas CD133− GSCs may 
predominate in mesenchymal GB, and CD133 
expression may be downregulated in GSM. Thus, 
correlating the CD133 expression with prognosis 
of GB may be misleading. The related literature, 
in fact, shows contradictory results, but method-
ological issues may be also determinant in this 
regard. The quantitative expression of CD133 
stem cell antigen mRNA was assessed by RT-PCR 
in 48 primary GBs by Metellus et al. [ 145 ], and 
high CD133 mRNA expression was shown as a 
signifi cantly ( p  = 0.007) adverse factor for overall 
and progression- free survival at multivariate anal-
ysis. Contrarily, the CD133 immunohistochemi-
cal expression was not a prognostic marker in an 
analysis out of 68 GB patients, which failed also 
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in demonstrating a possible correlation between 
CD133 expression and MGMT protein expression 
or MGMT promoter methylation status [ 146 ]. 

 A suitable approach for identifying useful 
GSC markers may be addressing the GSC-related 
gene-expression signatures out of large dataset 
analyses, such as TCGA. Kim et al. [ 147 ] identi-
fi ed stem-like cell-specifi c gene sets that could be 
used to divide the tumor samples into several 
groups, and showed a signifi cantly ( p  = 0.0051) 
improved 2-year overall survival for a group of 
genes (nestin, SOX2, and EZH2). Their down-
regulation corresponded to a signifi cant 
( p  < 0.003) improvement in 2-year overall sur-
vival, that is, 34.3 % compared to 4.1 % for the 
group with overexpression of the same genes. 
Sandberg et al. [ 148 ] performed a genome-wide 
analysis of nine enriched populations of GSCs, in 
a comparison with fi ve populations of stem cells 
from normal brain, using a functionally validated 
sphere-forming test. They identifi ed a multiple- 
gene- expression signature that exists in GSCs, 
but not in normal brain stem cells, that signifi -
cantly correlates with survival out of two publi-
cally available independent datasets of high-grade 
gliomas. In this report, the Wnt- and Hedgehog- 
pathways and the Notch-regulated targets showed 
altered expression in GSCs. In particular, they 
identifi ed and characterized alterations of the 
Wnt-pathway, such as active β-catenin, which 
was present only in GSCs. Interestingly, a previ-
ous report of our group showed a negative impact 
of high β-catenin positive immunohistochemistry 
score on GB patients’ prognosis, as well as of 
Gli-1 expression, which is a marker of the 
Hedgehog pathway activation [ 149 ]. 

 In conclusion, at the present state-of-the-art, 
no GSC-related marker has a reliable role as a 
prognostic indicator in current clinical practice 
of GB, in spite of the great deal of preclini-
cal research on this subject, showing intriguing 
perspectives.     

    Conclusions 

 Present treatment modalities of GB in common 
practice are still based on the approach “one size 
fi ts all,” that is, surgery, RT, and TMZ according 

to widely accepted guidelines, with a more or 
less grade of aggressiveness of each therapeutic 
agent resulting from tumor extension and 
expected patient tolerance. Survival outcomes 
were substantially stable over the last decade, in 
spite of substantial improvements in knowledge 
of the biology of this disease and of technological 
advances and medical procedure refi nements. 
However, medical community is aware of the 
extreme complexity of GB since more than 30 
years, and attempted to individuate suitable prog-
nostic parameters, which may help to analyze 
therapeutic results and to drive therapeutic man-
agement. In particular, great expectations came 
from the recent assessment of the genomic land-
scape [ 150 ] and, in general, from the progres-
sively improved understanding of the signal 
pathways of GB. The strikingly favorable impact 
of the tyrosine-kinase inhibitor imatinib on prog-
nosis of chronic myeloid leukemia [ 151 ] and gas-
trointestinal stromal tumors (GIST) [ 152 ], in 
fact, has led to a diffuse hope that unveiling bio-
logic prognostic markers of cancers may trans-
late into effective target therapy. Unfortunately, 
this is not the case of GB so far: clinical research 
proceeded through prospective trials testing 
monoclonal antibodies, tyrosine-kinase inhibi-
tors, or other “biological” agents directed against 
putative determinants of aggressiveness, on the 
grounds of preclinical results indicating inherent 
anticancer properties, or radiation- and/or che-
motherapy enhancement, with no relevant out-
come results [ 153 ,  154 ]. Possible hypotheses for 
explaining this discouraging scenario include: 
molecular signaling redundancy; clonal selection 
(or emergence) of resistant phenotypes under 
treatment; preclinical studies mainly addressed to 
tumor initiating or early-growth factors and not 
to late tumor progression mechanisms; diffi culty 
in penetrating BBB by the drugs, etc. [ 153 ]. 

 The trend towards a “personalized medi-
cine” [ 155 ], which is more and more frequently 
implemented in other tumors, appears as pres-
ently impracticable in GB, due to its complexity. 
However, it is “ very reasonable to believe that 
in the era of individualized medicine, genomi-
cally and molecularly driven research in com-
bination with multiple patients specifi c data  
( clinical, pathological, biological, proteomics, 
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imaging,  etc.) , will ultimately be successful, ” 
as stated elsewhere in this book (Meldolesi E 
et al. Perspective of the Large Databases and 
Ontologic Models of Creation of Preclinical 
and Clinical Results). A shift towards new 
translational approaches is probably necessary. 
According to the above authors, observational 
studies can be implemented, grounded on large 
databases and heterogeneous data collection 
from multiple sources (i.e., clinical, imaging, 
laboratory, pathology, genomics, proteomics, 
other molecular biology data, etc.), without nec-
essarily anticipating the possible study outcome, 
differently from prospective trials. Numerous 
information, ontology, and data standardization, 
“rapid-learning” machine techniques, advanced 
statistical methods, and external validation of 
the results, are necessary for this purpose. This 
approach could also include as a premise the 
yield of previous prospective trials (Evidence-
Based Medicine, EBM), or also might produce 
hypotheses to be confi rmed by random com-
parisons, but in general some limits of the pro-
spective trials, e.g., selective patients, long time, 
reliability of results only within a restricted 
domain, might be overcome.     
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          Introduction 

 External beam radiation therapy (EBRT) plays a 
central role in the management of high-grade 
gliomas, both for curative and palliative intent. 
Advances in treatment strategies have improved 
patient survival; therefore neurotoxicity became 
a signifi cant problem [ 1 ]. The use of ionizing 
radiations results in malignant cell damage and 
induces deterministic or stochastic side effects on 
normal tissues. 

  The International Journal of Radiation 
Oncology Physics , in a special issue, published 
the  Quantitative Analysis of Normal Tissue 
Effects in the Clinic  (QUANTEC) guidelines, a 
practice data collection—16 organ-specifi c clinical 

papers—aimed to summarize acute and late 
effects of EBRT and focused to better defi ne dose 
recommendations to reduce the normal tissue 
toxicity for many organs at risks (OARs) [ 2 ]. 

 The distinctive feature of QUANTEC, how-
ever, is not the inclusion of a series of summaries 
of organ radiation pathology or the update of the 
old “tolerance tables.” The emphasis is on the 
clinic: the nature and severity of damage and all 
the clinical factors contributing to or limiting the 
risk of organ functional impairment are consid-
ered, along with the dose–volume–effect rela-
tionships. Moreover, the probability of each type 
of damage should be considered against the prob-
ability of tumor cure, for each dose level. 

 Radiotherapy technique optimization is there-
fore only an important starting point in order to 
limit the volume of OARs exposed and to pre-
serve their architectural and functional compo-
nent, without compromising the delivery of an 
optimal dose to the tumor target volume. In fact, 
a nonuniform dose distribution in normal tissues 
is a typical feature of the present day treatment 
planning and dose delivery techniques, especially 
in sites such as brain, where the tumor is often 
located in a normal functioning structure or in its 
close proximity. Nonuniform dose distributions 
add complexity to the task of defi ning dose limits 
for healthy tissues. Moreover, clinical/therapeutic 
factors (such as concomitant chemotherapy) 
may also greatly modify the dose-response curve 
for radiation damage. 
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 Another important issue raised by the 
QUANTEC papers is therefore that of the organi-
zation of large perspective databases linking 
dosimetric data to clinical outcomes (both for 
toxicity and cancer control), to face these 
diffi culties. 

 In this chapter an overview of normal tissue 
tolerance to EBRT is provided, with an emphasis 
on central nervous system (CNS) structures. 

 Topics covered include basic clinical radiobi-
ology, a summary of physiopathology and clini-
cal aspects of CNS toxicity, dose-volume limits, 
normal tissue complication probability, and 
future prospectives.  

    Basic Clinical Radiobiology 

  Normal tissue architecture : Radiation injury to 
normal tissues is a complicated and progressive 
process. Tissue radiation tolerance depends on its 
architecture and its functional reserve. Each 
organ can be classifi ed into “parallel” and “serial” 
and it is assumed to be composed of basic struc-
tures, defi ned functional subunits (FSUs) [ 3 ]. 
The spatial relationship between FSUs is not the 
same in all the tissues and it is essential to main-
tain organ integrity. In tissues with a  parallel 
organization , each FSU performs the same func-
tion and the global functioning is the sum of the 
activities of the single FSUs. The organ dysfunc-
tion occurs when a critical number of FSUs is 
destroyed; the percentage of the entire organ vol-
ume exposed to a defi ned dose (e.g., V20 = the 
percentage of the organ that receives a dose of 
20 Gy) is the main predictive factor of tissue 
complication probability. In contrast, in a  serial 
structure , the damage suffered by only a single 
FSU is enough to determine the loss of function 
of the entire organ; therefore, the maximum 
absorbed dose results crucial to predict tissue tol-
erance [ 4 ]. 

 The brain has a  mixed type  of organization. It 
is divided in several different anatomical regions, 
and, in the same region, any specifi c area controls 
a different physical or cognitive domain; in addi-
tion, we do not really know the function of many 
anatomical sites; fi nally, the structure of any 

specifi c area may be predominantly parallel or 
serial in nature. Therefore, radiation brain dam-
age, due to this anatomical and functional com-
plexity, is very much infl uenced by the dose to 
the individual structure (and possibly by the vol-
ume thereof). The fraction of total brain volume 
exposed to radiation obviously matters, and data 
are available on the increasing risk of necrosis 
linked with the increase of the brain volume 
treated; but nowadays the advances in imaging 
and in dose computation techniques allow us to 
accumulate data on the radiation dose reaching 
the individual structure and on the selective spar-
ing of the more functionally relevant ones. 

  Predictive biologic models : Different mathe-
matical models have been considered to estimate 
probabilities of parallel and serial tissue compli-
cations. Detailed analysis of these models is 
beyond the aim of this chapter, and we will briefl y 
describe only the Lyman-Kutcher-Burman (LKB) 
model, probably representing the most popular 
algorithm. It synthesizes the Lyman model [ 5 ] 
with the Kutcher-Burman dose-volume histo-
gram (DVH) [ 6 ,  7 ], making easier the clinical 
evaluation in nonuniformly irradiated normal 
tissues. The LKB model permits physicians to 
apply the model of normal tissue response—in 
terms of complication probabilities, as developed 
by Emami [ 8 ]—under conditions of nonuniform 
irradiation, obtaining the so-called  generalized 
equivalent uniform dose  ( gEUD ). The gEUD is 
defi ned as the biologically equivalent dose that, if 
given uniformly, causes the same radiobiological 
effect as the actual inhomogeneous dose distribu-
tion [ 9 ]. In other words, with the concept of 
gEUD, a nonuniform dose distribution is con-
verted into units representing the biologically 
equivalent homogeneous dose. The gEUD can be 
obtained directly from DVH and can be applied 
to specifi c complications deriving from damage 
to specifi c anatomic structures. Considering the 
DVH parameters, “parallel” type complications 
can be more easily related to mean absorbed 
dose, a better descriptor of the dose given to rela-
tively large volumes, whereas “serial” type 
effects (that are more appropriately related to the 
value of the maximum absorbed dose) are associ-
ated to small volume dose hotspots. This predic-
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tive LKB model can only be cautiously used in 
daily clinical practice, along with the knowledge 
derived from the larger published series reporting 
the incidence of radiation-related damage in the 
different clinical settings. This is important, since 
the physician usually estimates complications 
risk deriving standard organ-specifi c dose- 
volume constraints.  

    Toxicity in High-Grade Gliomas: 
Physiopathology and Summary 
of Clinical Aspects 

 During and after treatment, a spectrum of differ-
ent radiation-induced toxicities is expected. 
Depending on the onset of symptoms, clinical 
response of the brain to EBRT is classifi ed as 
acute (from the start up to 6 weeks at end of treat-
ment), early delayed (from 6 weeks to 6 months 
after treatment) and late (6 months to years after 
treatment) toxicity.  Sequelae  depends on the 
tumor location; as already noticed, they are asso-
ciated with EBRT dose, fraction size, and fi eld 
size, and can be confounded by previous/con-
comitant therapies as well as comorbidity or 
tumor progression [ 10 ]. 

  Physiopathology : Radiation therapy of high- 
grade gliomas is limited by the sensitivity of the 
normal tissue. The pathogenesis of radiation- 
induced brain toxicity is mainly explained by 
parenchymal and vascular cells damage. The 
 parenchymal theory  involves oligodendrocytes, 
which are the glial cells responsible for myelin 
production. Radiation induces oligodendrocyte 
death by a direct effect, p53-mediated, and by an 
indirect effect, releasing cytokines such as TNF- 
α. Oligodendrocytes loss is associated with 
demyelination and consequently with white mat-
ter necrosis. The  vascular hypothesis  claims that 
vascular endothelial damage causes ischemia and 
therefore tissue necrosis. Radiation-induced vas-
cular alterations involve altered permeability, 
with platelet aggregation and thrombi formation; 
subsequently endothelial cell nuclear prolifera-
tion and deposits of fi brin in the vessel walls are 
observed. Moreover, radiation induces upregula-
tion of several adhesion molecules, which medi-

ate infl ammatory response, worsening vessel 
injury [ 11 ,  12 ]. 

  Acute toxicity : Acute radiation toxicity 
includes fatigue, hair loss, headache, nausea 
associated or not to vomiting, otitis externa, skin 
erythema and, rarely, vertigo and seizures. All 
these symptoms are attributed to perilesional 
edema and impairment of the blood–brain bar-
rier. Generally self-limiting, they are usually con-
trolled by medications. Nausea and vomiting are 
especially associated to brainstem or posterior 
fossa irradiation, otitis externa is associated to 
ear irradiation, whereas alopecia depends on exit 
beam orientations. 

  Early delayed toxicity : Subacute toxicity is 
characterized by symptoms of somnolence, gen-
eralized fatigue, and headache. These symptoms 
may be tempered by administering steroids. 
Early delayed toxicity is probably a consequence 
of transient demyelination and changes in capil-
lary permeability.  Late toxicity : Late complica-
tions are possibly underestimated due to the poor 
prognosis of patients with high-grade gliomas. 
Late toxicity is considered to be secondary to 
focal or diffuse necrosis of the white matter. 
Radiation necrosis initially manifests itself with 
nonspecifi c symptoms and neurologic defi cits. It 
is important to differentiate between radiation 
necrosis and recurrent disease. Metabolic and 
functional imaging techniques, such as magnetic 
resonance spectroscopy or positron emission 
tomography using the O-(2-18F-fl uorethyl)- L - 
tyrosine [ 13 ], can be helpful in differential diag-
nosis. In a symptomatic patient, if feasible, the 
surgical resection and the institution of steroids- 
based therapy represent the optimal treatment. 
Radiation-induced leukoencephalopathy, due to 
diffuse necrosis, is a rare condition; it is espe-
cially associated to concomitant chemotherapy 
and not necessarily causes clinical symptoms. 

 Focal brain parenchyma damage may deter-
mine seizures or symptoms of increased intracra-
nial pressure, as well as cranial nerves 
dysfunction. Hippocampus-dependent short-
term learning and memory are infl uenced by the 
activity of neural stem cells. Progressive decline 
in these functions has been associated to long-
term deletion of normal neurogenesis in the 
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 hippocampus, when the irradiation involves the 
temporal lobes [ 14 ]. 

 Brain irradiation can also produce other long- 
term side effects. Decrease in visual acuity may 
follow irradiation of optic nerves/chiasm, gener-
ally within 3 years from EBRT. Optic nerve dam-
age can cause monocular visual loss, whereas 
injury to the chiasm can result in bilateral vision 
loss. Eye irradiation may cause retinopathy, dry 
eye, and cataract formation; similarly, ototoxic-
ity, especially hearing loss and vestibular dam-
age, occurs if the ear is included in the irradiated 
volume. Neuroendocrine side effects, secondary 
to growth hormone defi ciency, are documented if 
hypothalamic–pituitary axis is irradiated.  

    Dose-Volume Constraints 

 In the 3D-conformal and intensity-modulated 
EBRT era, it is of paramount importance to accu-
rately delineate all OARs volumes to contribute 
to the defi nition of a robust and detailed correla-
tion between volume, absorbed dose, and normal 
tissue complication probability. Radiation- 
induced complications depend on dose distribu-
tion to the volume (in parallel tissues) and 
high-dose regions (in serial tissues). 

    Constraints Evaluation 

 The dose constraints typically specify a fraction 
of some regions of interest (ROI) that must 
receive a dose lower than the defi ned one; in 
other words, they indicate the maximum dose 
and dose-volume limits for normal tissue struc-
tures. Constraints depend from the underlying 
biologic effects that regulate the clinical effects 
one would expect on normal tissues [ 15 ]. Ideally, 
if the dose values are within the tolerance limits, 
no side effects are expected. In daily practice the 
aim is to obtain an optimal balance between 
tumor coverage and OARs sparing. It is evident 
that the achievement of a dose level well below 
the tolerance dose guarantees a better normal tis-
sue sparing. For some OARs, such as the spinal 
cord, a dose lower than that required meeting the 

constraints, can be judged at a glance unneces-
sary; however, if this dose reduction does not 
worsen target volume coverage, it may constitute 
a “tolerance dose reserve” which may be advan-
tageous in view of a further irradiation that could 
be needed. Moreover, for some other OARs, like 
parotids, further dose reduction beyond the toler-
ance limits could be per se a desirable goal, based 
on the evidence that functional damage is closely 
related to the extent of tissues exposed to much 
lower doses than the brain [ 16 ]. This concept 
could also be extended: when treating a target in 
the brain, uncertainties about the functional role 
of some anatomical areas might suggest keeping 
the dose to these areas as low as reasonably 
possible. Such an approach should be, however, 
balanced against the need of adequate target 
 coverage and of an appropriate use of high tech, 
sometimes very costly resources. 

 To illustrate the diffi culties intrinsic to dose- 
volume relationship evaluation, two examples of 
treatment plans of GBM have been used 
(Figs.  8.1  and  8.2 ). The fi gures refer to two cases 
where the clinical problem is that of giving a uni-
form dose of 60 Gy to the tumor, while sparing 
the optic nerve or chiasma and the brain stem. 
Clinicians should consider the DVHs for the 
PTV and for the OAR to decide if it is preferably 
a somewhat increased risk of optic neuropathy or 
brain stem damage to optimize PTV coverage or 
whether the toxicity is unacceptable and conse-
quently PTV coverage should be sacrifi ced. 
The “acceptable” solutions could be slightly dif-
ferent, more or less precautionary, as in the cases 
shown, also according to the nature of the OAR: 
for example, in the case of chiasma, the maxi-
mum point dose could be more relevant than the 
medium dose.

    Therefore, constraint evaluation relies yet on 
clinical judgment, also because multiple uncer-
tainties in their defi nition are still to be solved.  

    Causes of Uncertainty in Brain Tissue 
Constraint Defi nition 

 Several considerations can explain why the con-
sensus on dose-volume constrains could not be 
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optimal for the OARs involved in brain tumor 
treatment. 

 First, EBRT is often combined with chemo- or 
target-therapy, steroids, and antiepileptic agents. 
These are all potential causative agents of dam-
age of both irradiated and un-irradiated tissue 
and confound the interpretation of EBRT toxic-
ity, especially when questionable. The fi nding of 
neurologic and neurocognitive decline with non-
specifi c symptoms, such as personality changes 
and defi cits in intelligence or dementia may in 
fact represent the results of multiple therapies 
[ 17 ]. Secondly, the development of hypofraction-
ation schemes emphasizes the need for a more 
robust predictive model adjusted for dose per 
fraction. EBRT with doses of >2 Gy per day 
decreases the tolerance of the human brain [ 18 , 
 19 ]. Lately, the increased use of a larger number 
of beam orientations, along with intensity- 
modulated radiation therapy, instead of the “old” 
parallel-opposed portals technique, results in a 
relatively large volume of potentially sensitive 
structures receiving a low cumulative dose. How 
this low dose “bath” would infl uence acute and 
late effects is still controversial; for organiza-
tional, social, and sometimes ethical reasons, 
prospective clinical trials, analyzing dose- 

volume- response relationships for different treat-
ment techniques, are indeed diffi cult to 
implement.  

    Dose Tolerance Guidelines 
in the Central Nervous System 

 Table  8.1  summarizes dose and/or dose-volume 
parameters for the principal OARs involved in 
CNS tumor treatment, according to QUANTEC 
guidelines [ 18 ]. Individual dose constraints 
should however be decided according to physi-
cian experience and judgment and not merely 
applying a standard value.

    Brain : The brain is considered a parallel tis-
sue, although organ integrity may differ accord-
ing to the localization of tumor, due to the 
complex functional anatomy of the organ. Brain 
consists of three major regions—cerebrum, cere-
bellum, and brainstem—each region is involved 
in many different functions and presents a differ-
ent tolerance to radiation. Assuming that elo-
quent areas need tighter dose constraints, in 
general the entire brain is more sensitive to large 
fraction size (>2 Gy/fr). The initial estimate by 
Emami et al. [ 8 ] for a <5 % probability of necro-

   Table 8.1    QUANTEC guidelines for the principal organs at risk of central nervous system   

 Organ 

 QUANTEC (Dose Gy) 

 Risk (%)  Toxicity  Standard fractionation  Single fraction 

 Brain  Mean <65 

 Max 72  5  Necrosis 

 Max 90  10  Necrosis 

 Max 12 (10 cm 3 )  >20  Necrosis 

 Brainstem  Max 54  5  Necrosis/cranial neuropathy 

 Max 59 (1–10 cm 3 )  5  Necrosis/cranial neuropathy 

 Max 64 (<1 cm 3 )  5  Necrosis/cranial neuropathy 

 Max 12.5  5  Necrosis/cranial neuropathy 

 Spinal cord  Max 50  0.2  Myelopathy 

 Max 60  6  Myelopathy 

 Max 69  50  Myelopathy 

 Max 13  1  Myelopathy 

 Optic nerve/chiasm  Max <55  <3  Optic neuropathy 

 55–60  3–7  Optic neuropathy 

 >60  8–20  Optic neuropathy 

 Max 12  <10  Optic neuropathy 

 Cochlea  Mean ≤45  <30  Hearing loss 
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sis was of 60 Gy (for one-third of the brain), but 
it has been considered too conservative by 
QUANTEC authors. 

 For conventional fractionation, in fact, a maxi-
mal dose of 72 Gy is associated to a 5 % radiation 
necrosis risk, and a maximal dose of 90 Gy to a 
10 % risk. However, there are few clinical situa-
tions in which a dose >60 Gy is needed. 

 For radiosurgery, the maximal dose depends 
on target diameter. It is >24 Gy for lesions of less 
than 2 cm in diameter, 18 Gy for tumor from 2 to 
3 cm in diameters, and it is reduced at 15 Gy for 
lesion >3 cm in diameter. In a risk prediction 
analysis to evaluate radiation-induced tissue 
changes, Voges et al. [ 20 ] demonstrated that the 
V10 of surrounding normal brain tissue (exclud-
ing target volume) resulted more sensitive than 
the total volume (perilesional brain tissue plus 
target volume) covered by 10 Gy. In general 
terms, the risk of complications increases rapidly 
over 20 % if the volume of normal brain irradi-
ated to >12 Gy is 5–10 cm 3  [ 21 ]. A larger volume 
treated (at least for radiosurgery) and concomi-
tant or previous use of methotrexate or other neu-
rotoxic drugs seem to enhance the risk of 
radiation necrosis. Because of the marked hetero-
geneity of literature data regarding parameters 
like target volume, total dose and irradiation 
techniques, as well as tumor histology, high-level 
evidence for constraints values is lacking. 
Therefore, there is not yet a general consensus 
and the dose-volume limits should be used cau-
tiously [ 21 ]. 

 Brainstem: Brainstem can tolerate up to 54 Gy 
with a risk of radiation necrosis <5 %. Smaller 
volumes (1–10 cm 3 ) may receive up to 59 Gy; a 
single point of the brainstem (<1 cm 3 ) can toler-
ate up to 64 Gy. These constraints are referred to 
conventional fractionation, whereas for single 
fraction treatments, brainstem may be irradiated 
to a maximum dose of 12.5 Gy, with a risk of 
necrosis <5 %. Higher doses (range, 15–20 Gy) 
have been tested with relatively low morbidity in 
patients with brainstem metastasis. However, 
these higher tolerance doses need to be confi rmed 
before recommending them [ 22 ,  23 ]. 

 Cognitive effects: Cognitive effects in adults 
are poorly defi ned. Patients given EBRT for high- 

grade gliomas receive high radiation doses and 
could be at greater risk of damage, but there is a 
paucity of information on neurocognitive deteri-
oration, due to their extremely poor prognosis, 
which precludes long-term follow-up. More data 
come from prospective studies evaluating dose- 
response effect of EBRT in noncentral nervous 
system cancers, like nasopharyngeal carcinoma, 
or in patients with CNS leukemia or treated for 
low-grade gliomas. Exposure of some brain areas 
may correspond to a signifi cantly greater inci-
dence of complications. Temporal lobe radione-
crosis can affect cognitive functions, such as 
visual memory (right lobe lesion) and verbal abil-
ity (left lobe lesion). Temporal lobe necrosis cor-
relates with hypofractionated EBRT schedules. 
Deleterious effects are increased in patients 
receiving a mean dose greater than 36 Gy or in 
patients in whom the V60 of temporal lobes is 
greater than 10 % [ 24 ]. Based on clinical data 
related to unresectable cerebral arteriovenous 
malformations treated by radiosurgery, symp-
tomatic complications depend strongly on the 
location of tissue-induced changes. Centrally 
located lesion had a higher incidence of side 
effects than peripheral malformations [ 25 ]. 
Moreover, it has been proven that some cognitive 
functions, such as memory, are more vulnerable 
to decline than others [ 26 ]. 

 Cognitive changes have been reported in chil-
dren after doses ≥18 Gy to the entire brain, and 
exposure of supratentorial brain seems to be 
related to a more signifi cant cognitive decline 
[ 27 ]. However, other factors may well contribute 
to the development of this complication: absence 
from school, altered social environment, hospi-
talization, surgery, and chemotherapy [ 28 ]. 

 On the contrary, the effect of irradiation on the 
cognitive deterioration in adults is less well 
established [ 21 ]. Radiation-induced neurologic 
toxicity was fi rst reported in the eighties in 
patients cured of brain metastasis who had 
received whole-brain RT given in daily fractions 
of 3–6 Gy [ 29 ]. The effects of brain RT have been 
often investigated, but its role as a cause of cogni-
tive disturbance is still controversial. Several 
studies described improvement in neurocognitive 
function after RT, due to the induced tumor 
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shrinkage [ 30 – 32 ]; other studies have suggested 
subsequent long-term cognitive disability, espe-
cially when high fraction doses (>2 Gy) were 
used [ 33 ]. Two studies indicated that whole-brain 
irradiation is more damaging than partial brain 
irradiation, although the number of patients in 
both studies was small [ 34 ,  35 ]. These results 
were not confi rmed by a recent randomized con-
trolled trial comparing whole-brain RT plus ste-
reotactic radiosurgery with stereotactic 
radiosurgery alone [ 36 ]. However, in this study, 
the assessment of neurologic function was 
obtained with less sensitive measures and the 
follow-up period was short. 

 There is paucity of robust information derived 
from studies of neurocognitive function in GBM 
patients, due to their short life expectancy. 

 Patients with GBM tend to have global cogni-
tive defi cits, because the tumor itself and its 
accompanying syndromes, such as brain edema, 
neurological symptoms, and psychiatric distur-
bances adversely affect neurocognitive function 
[ 37 ]. Several studies showed that a progressive 
decline in cognitive function and quality of life 
over time is the result of the natural history of 
disease and of age, comorbidities, and psycho-
logical distress [ 38 – 41 ]. Talacchi et al. [ 42 ] 
showed that verbal and visuospatial memory and 
word fl uency were impaired by tumor and the 
related edema. In a phase-III trial, patients were 
randomly assigned to receive RT plus supportive 
care or supportive care alone. Neurocognitive 
function or the quality of life was not altered by 
the addition of RT [ 43 ]. However, if one admits 
that neurologic decline could be in part related to 
normal brain tissue irradiation, recent studies 
demonstrating IMRT superiority in limiting the 
dose to the noninvolved brain and optic pathways 
might be more clinically relevant [ 44 ]. 

 To conclude, insuffi cient data are available to 
clearly suggest that brain RT by itself causes 
severe neurocognitive function damage in adults 
and there is a need for a perspective collection of 
data taking into account not only dose/volume 
parameters, but also age, comorbid conditions, 
tumor size, etc. 

  Cranial nerves : With radiosurgical proce-
dures, cranial neuropathy has been related to a 

brainstem maximum dose of 16 Gy. Effects on 
the III–VI cranial nerves when the cavernous 
sinus is included in the treated area are often 
associated to temporal lobe necrosis for radiosur-
gical treatments in the dose range of 10–40 Gy 
[ 45 ]. 

  Hypothalamic–pituitary axis : The damage to 
the hypothalamic–pituitary axis (HPA) might 
cause GH defi ciency (often subclinical) for doses 
>30 Gy; the incidence substantially increases for 
higher radiation doses (30–50 Gy). Thyroid- 
stimulating hormone and ACTH defi ciency occur 
unfrequently for doses >50 Gy (3–6 %). 
Gonadotrophin defi ciency and hyperprolac-
tinemia are rare; however, gonadotrophin, ACTH, 
and TSH defi ciencies occur more frequently after 
treatment of nasopharyngeal cancer with doses in 
excess of 60 Gy, and following conventional 
radiotherapy (30–50 Gy) for pituitary tumors 
[ 46 ]. Radiation-associated hypopituitarism is 
accurately reported after radiotherapy for pitu-
itary adenomas, due to its long-term surveillance. 
Doses of 45–55 Gy, conventionally fractionated, 
have been historically used to treat these benign 
tumors. Partial or panhypopituitarism incidence 
increases with time from RT and it is not related 
to the technique. In patients with a normal pitu-
itary function before RT, multiple hormonal defi -
ciencies may occur in 20–40 % of cases after 10 
years of follow-up and, in a few reports, this per-
centage increases to about 80 % by 15 years [ 47 , 
 48 ]. However, this slow increase in the rate of 
hypopituitarism with time in patients treated for 
pituitary adenomas should be considered as 
multifactorial. 

  Spinal cord : Considering the possible occur-
rence of severe irreversible RT-induced injury, 
constraints are necessarily conservative, but 
when radiotherapy is the only curative option, 
thorough discussion with the patient is needed to 
explain the competitive risks of having cord dam-
age from radiation or from the disease itself, 
before obtaining her/his informed consent. With 
conventional fractionation (2 Gy daily, 5 days a 
week) a maximum cord dose of 46–50 Gy should 
be respected. Myelopathy risk rates are estimated 
at 0.2 %, 6 %, and 50 % for a total dose of 50 Gy, 
60 Gy, and 69 Gy, respectively [ 49 ]. If hypofrac-
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tionated schedules are used, spinal cord should 
receive a lower dose; a maximum cord dose of 
13 Gy in a single fraction or of 20 Gy in three 
fractions is associated with a <1 % of risk of 
damage [ 49 ]. 

  Optic structures : Dose to the optic chiasm and 
optic nerve should be ≤54 Gy, with conventional 
fractionation of 2 Gy/die. If an OAR is very small 
and therefore diffi cult to be contoured, like the 
optic chiasm, it should be considered a serial-like 
organ “by default” and consequently dose con-
straints are referred to the maximum absorbed 
dose. A maximum dose <12 Gy appears safe in 
single fraction treatment. 

 Emami et al. [ 8 ] reported a 5 % and a 50 % 
risk of blindness for 50 Gy and 65 Gy, respec-
tively, but tolerance may be greater: a total dose 
of 55–60 Gy is actually considered associated 
with a 3–7 % rate of radiation-induced optic neu-
ropathy and the risk becomes 8–20 % for doses 
>60 Gy (conventional fractionation) [ 50 ]. After 
an accurate evaluation of competitive risks, also 
in this case, as for spinal cord, the patient may 
consent to disregard constraints. 

 The dose constraint for the whole retina is 
≤50 Gy, whereas for smaller volumes a dose 
≤60 Gy is accepted [ 51 ]. Dose to lens should be 
≤12 Gy. Lacrimal gland should not receive 
more than 50 Gy to prevent the risk of atrophy, 
resulting in  keratoconjunctivitis sicca ; doses 
greater than 60 Gy result in permanent loss of 
secretion [ 52 ]. 

  Inner ear : Damage to the cochlea may deter-
mine sensorineural hearing loss, whereas dys-
function of Eustachian tube may cause otitis 
media and tinnitus. The mean dose limit for sen-
sorineural hearing loss equals ≤45 Gy; to mini-
mize damage, it is preferable to keep the mean 
dose limit <35 Gy. With single fraction radiosur-
gery, a dose limit of ≤14 Gy is recommended. 
Radiation otitis tolerance doses have been set at 
40 Gy (acute toxicity) and 65 Gy (chronic toxic-
ity) [ 53 ,  54 ]. 

  Special situations : Re-irradiation is an aggres-
sive salvage treatment option for recurrent dis-
ease. The risk of brain necrosis seems more 
related to the cumulative total dose than to the 
time interval between treatments [ 55 ]. 

Retreatments are considered relatively safe if a 
total dose of 100 Gy, conventionally fractionated 
(or a biologically equivalent dose) is not 
exceeded.   

    Normal Tissue Complications 
Assessment and Reporting: 
The QUANTEC Lesson 

  Focus on assessment . As strongly suggested by 
the QUANTEC papers, quantifi cation of normal 
tissue complications requires a detailed assess-
ment and a validated scoring system. Several of 
such systems have been established: RTOG/
EORTC ( Radiation Therapy and Oncology 
Group and European Organization for Research 
and Treatment of Cancer ); CTCAE ( Common 
Terminology Criteria for Adverse Effects , 
 National Cancer Institute ); WHO ( World Health 
Organization ). All these classifi cations are com-
parable even if emphasizing different aspects of 
damage. The CTCAE is a descriptive medical 
language used for reporting and grading side 
effects, considering different degrees of severity 
[ 56 ]. Table  8.2  shows the CTCAE descriptors for 
brain toxicity as an example.

   In addition, to evaluate and compare late tox-
icity of EBRT on normal tissues, the SOMA/
LENT scoring system ( Late Effects in Normal 
Tissues Subjective ,  Objective ,  Management, and 
Analytic Scales ) has been designed and vali-
dated by the RTOG/EORTC. It is a subjective 
(patient perception of damage) and objective 
(clinical evidence) data recording, created to 
standardize the reporting of toxic effects during 
follow-up [ 57 ]. 

 The QUANTEC “system” represents actually 
an evolution of all those scoring systems and the 
attempt of reinforcing the attitude of clinicians 
for the prospective collection of clinically mean-
ingful toxicity data. 

  Focus on reporting . It is however diffi cult to 
draw robust conclusions regarding specifi c nor-
mal tissue complications by literature data, due to 
small number of patients included in most series 
and to the different standards adopted to report 
clinical results. The QUANTEC papers underline 
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that a proper understanding of the  anatomical 
correlates  of damage is very important [ 58 ]; such 
an information should therefore be collected 
within the  large databases  needed to achieve a 
better understanding of dose-volume correla-
tions. We will briefl y analyze those two points as 
far as glioma treatment is concerned. 

 The OARs to be considered consists of several 
CNS (and not properly CNS) structures: brain, 
brainstem, spinal cord; optic nerves and chiasm; 
cochlea; eyes and lens; pituitary gland. Each 
structure is independent of each other and has a 
peculiar functional status. 

 Accurate organ/function defi nition is critical 
to defi ne potential irradiation damage. The util-
ity of  segmenting each single structure in subre-
gions —such as thalamus, hippocampus, Broca 
area—has not been quantitatively established, 
yet [ 21 ]; but surely a relationship between the 
site involved and the severity of damage has 
been proven, at least for the more eloquent parts 
of the brain. 

 In fact, recent advances in stem cell neurobi-
ology suggest that adult neurogenesis persists in 
subventricular zone (adjacent to lateral ventri-
cles) and subgranular zone (adjacent to hippo-
campus). Therefore, these regions are 
responsible for normal brain tissue repair. This 
evidence reinforces the idea that radiation-
induced dysfunction may be highly dependent 
on the dose received by some anatomical sites, 
affecting physiological proliferation of neural 
stem cells [ 59 ]. The clinical consequences of 
this information are controversial, since it is 
debated whether the periventricular area and the 
hippocampus harbor also glioma stem cells 
(GSCs). Preclinical studies indicate that subven-
tricular and subgranular zones are also associ-
ated with GSCs proliferation [ 60 ]. The possible 
role of cancer stem cells in gliomagenesis 
implies several considerations. Because of their 
proven radio- and chemoresistance [ 61 ], GSCs 
may be involved in tumor progression and late 
recurrence. Evers et al. [ 62 ] showed that irradia-
tion of the bilateral subventricular zones with a 
mean dose >43 Gy may lead to a progression-
free survival advantage (15 versus 7.2 months; 
 p  = 0.028). Considering all the limitations of 

this study— retrospective analysis, lack of 
O6-methylguanine- DNA-methyltransferase 
(MGMT) promoter methylation data, heteroge-
neity of salvage treatment—a prospective evalu-
ation of this hypothesis is needed to defi nitely 
prove the clinical benefi t. 

 Although anatomically distinct functional 
areas are generally not considered in the treat-
ment planning process [ 21 ], the role of hippo-
campus and associated limbic system in memory 
formation has recently been emphasized, encour-
aging clinicians to spare these structures during 
brain irradiation [ 63 ,  64 ]. With improvement in 
radiation techniques, it is possible to minimize 
dose in uninvolved brain regions and it may con-
tribute to preserve neurocognitive function, but 
there are several ethical controversies in terms of 
cost-effectiveness analysis. It is not clear, how-
ever, whether very costly RT technique can 
nowadays be considered a standard for these 
patients, since robust data are missing and results 
are usually hampered by their very gloomy prog-
nosis [ 64 ]. 

 The other main research priority raised by the 
QUANTEC papers is the  collection of large 
multi - institutional databases . For the sake of 
clarity, we will directly quote the claim of the 
QUANTEC Authors for the adoption of a “data 
pooling” culture: “ Clinical studies of the depen-
dence of normal tissue response on dose - volume 
factors are often confusingly inconsistent ,  as the 
QUANTEC reviews demonstrate. A key opportu-
nity to accelerate progress is to begin storing 
high - quality datasets in repositories. Using 
available technology ,  multiple repositories could 
be conveniently queried ,  without divulging pro-
tected health information ,  to identify relevant 
sources of data for further analysis. After obtain-
ing institutional approvals ,  data could then be 
pooled ,  greatly enhancing the capability to 
 construct predictive models that are more widely 
applicable and better powered to accurately 
identify key predictive factors  ( whether dosimet-
ric ,  image - based ,  clinical ,  socioeconomic ,  or 
biological ).  Data pooling has already been car-
ried out effectively in a few normal tissue compli-
cation probability studies and should become a 
common strategy ” [ 65 ]. 
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 The collection of homogeneous data, based on 
standardization of reporting results, will proba-
bly be one of the most important steps also in 
GBM management [ 58 ]. The efforts spent in ana-
lytically contouring the different brain areas 
would hopefully populate large databases includ-
ing individual patient-standardized data on vol-
umes and subvolumes, absorbed doses to the 
different OARs and ROI, and clinical correlates. 
This could ultimately lead to a comprehensive 
understanding of dose-effect correlations easily 
applicable to the individual case.  

    Overview 

 Although severe toxicity is uncommon with 
modern EBRT technique, functional defi cits are 
increasingly studied, since they signifi cantly 
impact on patient’s quality of life. As patients 
with brain tumor survive longer, attention has 
focused on these issues and more accurate stud-
ies begin to be available. The QUANTEC review 
is an important critical collection of data, seminal 
to the development of any future effort to amelio-
rate the cost/benefi t ratio for the treatment of gli-
omas (and other tumor types). To improve 
reliability and test the clinical utility of predictive 
models, good clinical prospective data must be 
collected. Multicenter studies and large databases 
are needed to ameliorate the knowledge of treat-
ment tolerance, with the aim to achieve improved 
local control without compromising a better 
quality of life.     
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          Introduction 

 Glioblastoma (GBM) is radioresistant tumors 
with an infaust prognosis. Local disease control 
is the main intent of treatment because of the 
high incidence of recurrence. Radiotherapy post 
surgical resection is the mainstay of the manage-
ment of GBM; however, high dose treatments fail 
to improve survival. The addiction of temozolo-
mide results in a statistically signifi cant survival 
benefi t [ 1 ]. 

 Clinical research has been very active for 30 
years, and has explored all the concepts devel-
oped in the laboratories of radiobiology. GBM is 
characterized by infi ltrative growth and presence 
of central hypoxic regions. Main actors of inva-
sion, angiogenesis, immune response, microenvi-
ronment, and cancer stem cells cooperate for 
chemo- and radioresistance. Moreover, interpa-
tient and intratumor heterogeneity of tumor cells 
are responsible to heterogeneity of sensitivity to 
ionizing radiation (IR). Therefore, an improve-
ment in our understanding of GBM radiobiology 
is necessary to give targets to clinical research.  

    Basis of Radioresistance 

    DNA Damage Response 

 Ionizing radiation can induce base damage, 
single- strand breaks, double-strand breaks 
(DSBs), sugar damage, and DNA–DNA and 
DNA–protein cross-links. DSBs are the most 
important damages as they are harder to repair 
than other DNA lesions. Mammalian cells have 
developed specialized pathways to sense, respond 
to, and repair these different types of damage. 
The DNA damage response (DDR) is a complex 
and coordinated system that determines the cel-
lular outcome of DNA damage caused by 
radiation. 

 The DDR is not a single pathway, but rather a 
group of highly interrelated signaling pathways, 
each of which controls different effects on the 
cell. One of the earliest events known to occur in 
the DDR is the phosphorylation of a protein 
called histone H2AX. This phosphorylated form, 
known as gammaH2AX, is necessary for the 
recruitment of many of the other proteins involved 
in the DDR. Three related kinases have been 
shown to be able to phosphorylate H2AX at sites 
of DSBs: (1) ATM (ataxia telangiectasia mutated 
protein)/MRN; (2) DNA-PKcs-KU; (3) ATR-
ATRIP. The phosphorylation occurs primarily by 
ATM. Activation of ATM, DNA- PKcs, and ATR 
leads to the phosphorylation not only of H2AX, 
but also of many other cellular proteins. Recent 
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studies have shown that as many as 700 proteins 
are substrates for the ATM kinases in response to 
DNA damage [ 2 ]. Phosphorylation of these pro-
teins acts as the signals to activate the various dif-
ferent downstream effectors of the DDR that are 
DNA repair, cell cycle checkpoints, and apopto-
sis (Fig.  9.1 ).

       ATM 

 ATM is a key DDR component and plays a cen-
tral role in DSB repair and cell cycle checkpoints 
[ 3 ]. Following DNA damage, activation of ATM 
after irradiation can lead either directly to cell 
death (by phosphorylation of p53) or to a block in 
proliferation (by phosphorylation of p53 and the 
Chk1/2 kinases). 

 ATM status has been associated with intrin-
sic radiosensitivity [ 4 ]. ATM protein expression 
was correlated with radioresistance in primary 

glioblastoma cells in culture [ 5 ]. Increased 
radioresistance to X-rays as well as to carbon 
ions was observed in GBM cells exhibiting high 
levels of chromosomal instability and impaired 
ATM signaling. These results indicate the exis-
tence of highly radioresistant GBM cells, char-
acterized by dysfunctional ATM signaling and 
high levels of intrinsic chromosomal instability 
[ 6 ]. Several studies demonstrated that inhibition 
of ATM kinase produced potent radiosensitiza-
tion of GBM cells and of GBM cancer stem 
cells (CSCs) and effectively abrogated the 
enhanced DSB repair profi ciency observed in 
GBM CSCs [ 7 – 9 ].  

    DSB Pathways 

 There are two major DSB pathways engaged dur-
ing DNA repair: nonhomologous end joining 
(NHEJ) and homologous recombination (HR). 
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  Fig. 9.1    DNA damage response (DDR). The DDR is a complex and coordinated system that determines the 
cellular outcome of DNA damage caused by radiation. It is a group of highly interrelated signaling pathways, each 
of which controls different effects on the cell. Activation of ATM, DNA-PKcs, and ATR leads to the 
phosphorylation of H2AX and of many other cellular proteins that act as the signals to activate the various different 
downstream effectors of the DDR (apoptosis, cell cycle checkpoints, and DNA repair)       
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NHEJ is considered the major pathway for DSB 
repair and is initiated predominantly during the 
G1-phase of the cell cycle. NHEJ adheres broken 
DNA ends by ligases and excision repair enzymes. 
HR occurs during late S- and G2-phases and is an 
error-free method of repair using sister chroma-
tids as templates to replace damaged DNA [ 10 ]. 

 Cancer cells have enhanced DNA repair path-
ways than normal cells. A microarray analysis of 
temporal gene responses to ionizing radiation in 
glioblastoma cell lines showed upregulation of 
DNA repair genes. These genes included G22P1 
(Ku70) and XRCC5 (Ku80) gene, known as impor-
tant members of the NHEJ pathway [ 11 ]. Glioma 
stem cells contribute to radioresistance through 
preferential activation of the DNA damage check-
point response and an increase in DNA repair 
capacity [ 12 ]. Glioma-initiating cells have a 
restricted DSB repair pathway involving predomi-
nantly HR associated with a lack of functional G1/S 
checkpoint arrest. This unusual behavior leads to 
less effi cient NHEJ repair and overall slower DNA 
DSB repair kinetics. HR and cell cycle checkpoint 
abnormalities may contribute to the radioresistance 
of glioma-initiating cells [ 10 ,  13 ]. 

 Spermidine/spermine-N1-acetyltransferase 1 
(SAT1) is overexpressed almost uniformly in 
GBM tumor samples compared with normal brain. 
SAT1 catalyzes the acetylation of polyamines 
spermidine and spermine to form acetyl deriva-
tives. Polyamine acetylation by SAT1 has a role in 
DSB repair through alteration of chromatin, and 
thereby contributes to radiation resistance. SAT1 
increases acetylation of histone H3, increasing 
BRCA1 expression, and allowing activation of the 
HR pathway to repair DNA damage [ 14 ].  

    P53 

 P53 is a tumor suppressor gene phosphorylated 
by ATM following DNA damage. P53 plays a 
major role in regulation of cellular stress 
responses. P53 regulates genes that control both 
programmed cell death through apoptosis and 
cell cycle checkpoints with delays in the move-
ment of cells through the G1-, S-, and G2-phases 
of the cell cycle. 

 In nonmalignant cells, the p53 protein has a 
short half-life time and is expressed at low levels. 
After neoplastic transformation, the function of 
p53 is often altered or impaired due to mutations. 
Mutations in tumor suppressor p53 are the most 
common abnormality in GBM and play a com-
plex role in promoting tumor formation [ 15 ,  16 ]. 
Different forms of p53 status in GBM cell lines 
(wildtype, mutant, abrogated, and null) have 
been correlated with radiation response [ 4 ,  17 ] 
and radiosensitivity [ 4 ].  

    Cell Cycle Checkpoints 

 Cell cycle checkpoints are mechanisms that con-
trol the progression of the cell through the cell 
cycle. When defects on DNA replication or chro-
mosome segregation are sensed, cell cycle check-
points induce a cell cycle arrest until the defects 
are repaired. The main mechanisms of action of 
the cell cycle checkpoints are mediated by a fam-
ily of protein kinases known as the cyclin- 
dependent kinases (CDKs), that form with cyclins 
specifi c cyclin-CDK complexes. These complexes 
activate different downstream targets to promote 
or prevent cell cycle progression [ 18 ]. There are 
three checkpoints: the G1 checkpoint, the G2/M 
checkpoint, and the metaphase checkpoint. 

 After exposure to IR, mammalian cells 
are arrested at G1 checkpoint and at G2/M 
checkpoint. 

 The halt at G1 checkpoint is regulated by p53 
and is associated with upregulation of p21 which 
inhibits cell CDK2/Cyclin-E [ 19 ]. The halt at 
G2/M checkpoint is associated with activation of 
Chk1 and Chk2 checkpoint kinases which may 
phosphorylate Cdc25C to inhibit Cdc2/Cyclin-B 
and prevent entry into mitosis [ 20 ]. After irradia-
tion, normal cell shows increased level of p53 
and p21 expression. 

 GBM frequently loses the normal regulation 
of cell cycle progression. Homozygote loss or 
methylation of Retinoblastoma 1 (RB1) are 
among the most frequent alterations [ 14 ]. In dif-
ferent GBM cell lines, G1 arrest appears less pro-
nounced or absent compared to normal cells and 
G2/M arrest plays a major role. This behavior 
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can be due to impairment of p53 and other check-
points related genes [ 21 ]. There is a correlation 
between G2/M block and radiosensitivity in 
some tumor cell lines. GBM cell lines harboring 
wild-type p53 show both G1 and G2/M blocks to 
limited degree, yielding a large amount of cell 
death. P53 null GBM cell lines demonstrate 
prominent G2/m block which may be responsible 
for the marked radioresistance [ 21 ]. 

 After high LET irradiation, both wild-type 
p53 and null p53 GBM cell lines showed high 
yield of apoptosis. After high LET irradiation, 
p53 and G1 block seem to be less important to the 
yield of apoptosis, in contrast there is a marked 
G2/M block. These observations may indicate 
that high LET irradiation and molecular targeting 
focuses on modulation of G2/M checkpoint can 
increase radiosensitivity in GBM [ 21 ].  

    Phosphatidylinositol 3-Kinase (PI3K)/
Akt Pathway 

 Phosphatidylinositol-3-kinases are a family of 
related intracellular   signal transducer     enzymes 

involved in important cellular functions such as 
cell growth, proliferation, differentiation, 
 motility, survival, and intracellular traffi cking 
(Fig.  9.2 ). PI 3-kinases are able to activate AKT 
(or protein kinase B-PKB), a   protein kinase     that 
plays a key role in multiple cellular processes 
such as glucose metabolism,   apoptosis    ,   cell pro-
liferation    , transcription, and cell migration. The 
PI3K/AKT pathway regulates mammalian target 
of rapamycin (mTOR) signaling pathway that 
serves as a central regulator of cell metabolism, 
growth, proliferation, and survival.

   Several cancers show mutations of PI3K that 
cause a major activation of the kinase. Phosphatase 
and tensin homolog (PTEN) negatively regulates 
intracellular levels of   phosphatidylinositol- 3,4,5-
trisphosphate     in cells and functions as a tumor 
suppressor by negatively regulating   Akt signal-
ing pathway    . The pathway is antagonized also by 
glycogen synthase kinase-3beta (GSK-3B). 

 Signaling through the PI3K/Akt survival 
pathway either induced by IR or due to con-
stitutive activation of this pathway can play an 
important role in mediating resistance of can-
cer cells to radiotherapy. This PI3K/Akt medi-
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way. PI 3-kinases are able to activate AKT and the PI3K/
AKT pathway regulates mTOR signaling pathway that 
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ated radioresistance has been demonstrated 
to be primarily due to induction of the repair 
of radiation-induced DNA-DSB most likely 
through the interaction of PI3K/Akt signaling 
with  DNA- PKcs, a major enzyme of the NHEJ 
repair pathway [ 22 ]. DNA-PKcs moreover 
directly interacts the X-ray repair cross-com-
plementing group 1 protein (XRCC1) involved 
in base excision repair (BER). Through stimu-
lation of the PI3K/Akt pathway ionizing radia-
tion can mediate phosphorylation of DNA-PKcs 
[ 23 ]. Deregulation of the phosphatidylinosi-
tol 3-kinase (PI3K)/Akt pathway is a frequent 
occurrence in GBM. Activation of the PI3K-Akt 
pathway results in disturbance of control of cell 
growth and cell survival, which contributes to a 
competitive growth advantage, metastatic com-
petence as well as to therapy resistance [ 24 ]. 
Moreover, irradiation induces Akt activation in 
GBM cells and increases radioresistance, thus 
Akt may be a central player in a feedback loop 
[ 25 ]. Li et al. showed that inhibition of PI3K acti-
vation with specifi c inhibitors, or with inducible 
wild-type PTEN, inhibition of EGFR, as well as 
direct inhibition of Akt with Akt inhibitors dur-
ing irradiation increased the radiosensitivity of 
GBM cells [ 25 ].  

    Phosphatase and Tensin Homolog 

 PTEN is involved in regulating the PI3K/AKT/
mTOR signaling pathway with a role in cell 
metabolism and in migration. In GBM are 
observed mutation, deletions or epigenetic silenc-
ing of PTEN [ 14 ] and are associated with poor 
patient survival [ 26 ]. Inactive PTEN leads to 
AKT hyperactivation, which in turn triggers cel-
lular growth (through mTOR) and proliferation 
(through inhibition of GSK3-B) [ 26 ].  

    Glycogen Synthase Kinase-3beta 
(GSK-3B) 

 GSK-3B is a protein kinase that acts as a regula-
tor of cellular processes such as proliferation, 
migration, and invasion [ 27 ] GSK-3B phosphor-

ylates a multitude of metabolic and signaling 
proteins important for cell function, including 
acetyl-coenzyme-A carboxylase, cyclic adenos-
ine monophosphate (AMP)-dependent protein 
kinase and pyruvate dehydrogenase. GSK-3B 
also controls the intracellular localization and 
degradation of cyclin D1 and beta-catenin [ 28 ]. 
GSK-3B is expressed in all tissues, but its highest 
expression is in the developing brain. 

 GSK-3B is implicated in various diseases 
including cancer. In glioblastoma, GSK-3B sus-
tains invasion via the focal adhesion kinase, Rac1 
and c-Jun N-terminal kinase-mediated pathway 
[ 29 ]. When its activation is dysregulated, 
GSK-3B is responsible of altered proliferation, 
migration, invasion, and maintenance of a stem 
cell-like cell fraction [ 28 ].  

    Cell Death 

 Cell death is associated with several distinct mor-
phologic processes named apoptosis, autophagic 
cell death, necrosis, and senescence. The path-
ways that control different kind of death are dif-
ferentially activated in different tissues and are 
frequently altered in cancer. 

 Apoptosis is the so-called “type-I cell death.” 
Apoptosis is a caspase-dependent programmed 
cell death that is morphologically characterized 
by chromatin condensation and nuclear fragmen-
tation. Apoptosis is an important cellular defense 
against cancer development and loss of apoptotic 
sensitivity is recognized as an essential hallmark 
of cancer. 

 Autophagic cell death is the so-called “type-II 
cell death.” Autophagy is considered to be an 
alternative mode of programmed cell death, 
which is characterized by increased number of 
autophagosomes in the cytoplasm [ 30 ] (Fig.  9.3 ). 
Autophagy means “self eating” and describes a 
process of digestion of part of the cell cytoplasm 
to remove superfl uous or damaged organelles and 
to produce energy. The autophagosomes are dou-
ble membrane structures that grow and inglobe 
part of cytoplasm, giving the cell a vacuolated 
appearance. The fusion of autophagosomes and 
lysosomes gives autolysosomes that are single 
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membrane that contains degenerating organelles 
that undergo degradation through the process of 
autophagy [ 31 ]. Autophagy is controlled by Atg 
proteins that initiate the  production of the double 
membrane vesicles and it is activated in response 
to growth factors or nutrients depletion. mTOR is 
a sensor of the nutrition state of the cell and the 
pathway PI3K/AKT/mTOR has an important 
regulatory role in autophagy [ 32 ,  33 ]. Thus 
autophagy manifests a protective role in stressful 

conditions and might be involved in preventing 
several human diseases, such as cancer, some 
types of neurodegeneration, and muscular disor-
ders [ 34 ]. These metabolic features make autoph-
agy an effective mechanism for cell survival, but 
several evidences suggested that the stress-
induced exacerbation of this process may also 
lead to a pro-death shift of the cellular fate [ 35 , 
 36 ]. Thus in some cellular settings, autophagy 
can serve as a cell survival pathway, suppressing 
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  Fig. 9.3    Autophagy. Autophagy is a cellular self- 
digestion mediated by fusion of autophagosomes with 
lysosomes. The mechanism of autophagy is highly regu-
lated. ATG5/ATG7, Becn1, and VPS34 are some of the 
most important involved genes. The PI3K/AKT/mTOR 

exert an inhibitory control on autophagy. A complex regu-
latory network determines the cell fate between cell sur-
vival, by suppression of apoptosis, and cell death, either in 
collaboration with apoptosis or as a backup mechanism 
when apoptosis is defective       

 

M. Mangoni et al.



145

apoptosis, and in others, it can lead to death, 
either in collaboration with apoptosis or as a 
backup mechanism when apoptosis is defective 
[ 32 ]. In some cases, autophagy can act as tumor 
suppressor, and autophagy has been observed 
after some anticancer treatments as IR.

   Necrosis is a passive form of unregulated pro-
cess of cell destruction presenting marked cell 
swelling followed by release of intracellular 
components. Necrosis is observed also in tumors 
and can be induced by DNA-damaging treat-
ments, including irradiation. 

 Senescence is a replicative death associated 
with the aging and observed when over time cells 
lose their ability to divide. Senescence is corre-
lated with the shortening of telomeres at the ends 
of chromosomes. Senescence can be observed 
also after cell stress such as irradiation when cell 
enters a permanent cycle arrest (G0). This arrest 
may be associated with chromatin changes and 
morphological alteration of cytoplasm and 
granularity. 

 After irradiation, cell death can occur rapidly, 
within hours after irradiation, before cells reach 
the fi rst mitosis. This type of death is called 
“interphase death” and is seen in a small minority 
of cell types, generally high proliferating cells 
and few kinds of tumors. 

 The majority of proliferating normal and 
tumor cells die at a relatively long time after irra-
diation, when cells attempt to divide. This is 
called reproductive or mitotic death and usually 
occurs some mitosis after the irradiation. The 
DDR repairs much of the initial radiation-induced 
damage, but is unable to completely restore the 
normal genome and cell eventually dies. The 
mitotic catastrophe prevents cells from aneu-
ploidization [ 37 ]. Cells that experience cata-
strophic mitosis can die by apoptosis, autophagy, 
necrosis, or senescence. 

 In malignant brain tumors cell lines, it has 
been reported that rapid apoptosis is unlikely to 
occur after gamma irradiation [ 38 ]. GBM cells 
are resistant to apoptotic stimuli and thus to 
radiotherapy and conventional chemotherapy, 
because of the constitutive activation of several 
intracellular signaling pathways, such as PI3K, 
AKT, and mTOR [ 39 ]. Moreover, mutations in 

GBMs often inactivate the apoptotic pathway, 
thus malignant glioblastomas are likely to be 
more sensitive to autophagic cell death as an 
alternative response to therapeutics [ 40 ]. 

 Based on these fi ndings, it is becoming clear 
that apoptosis does not play a signifi cant role in 
the killing of GBM cells after IR at least with 
low-LET irradiation. In contrast, after high LET 
irradiation the incidence of apoptosis increases 
and high LET irradiation can give therapeutic 
gain [ 21 ]. 

 In vitro and in vivo studies on GBM identifi ed 
autophagy as the major non-apoptotic cell death 
type, also manifested following IR [ 41 ,  42 ] and 
TMZ [ 43 ] and it has been reported also that 
autophagy induction in glioma-initiating cells 
increased their radiosensitivity [ 39 ,  44 ]. Thus 
autophagy interfering agents may represent a 
new strategy to test in combination with chemo-
radiation [ 45 – 47 ].  

    Telomere Profi ling 

 A telomere is a region of repetitive   nucleotide     
sequences at each end of a   chromatid    , which 
protects the end of the chromosome from 
deterioration or from fusion with neighbor-
ing chromosomes. Over time, due to each cell 
division, the telomere ends become shorter. 
As a cell becomes cancerous, it divides more 
often and its telomeres become shorter. If the 
telomeres become too short, the cell may die. 
Cancer cells can escape this fate by activating 
an enzyme called telomerase, which prevents 
the shortening of telomeres. Long telomeres 
and high telomerase activity have been widely 
associated with photon radioresistance in sev-
eral cancers. The telomeric maintenance mecha-
nism is determined by both telomere length and 
telomerase activity. Telomerase is restricted by 
the expression of its catalytic subunit hTERT 
(telomerase reverse transcriptase). HTERT 
overexpression induces telomeres elongation 
and inhibits irradiation- induced cell apopto-
sis. In contrast, telomerase inhibition leads to 
increased sensitivity toward photon irradiation 
together with telomere erosion [ 48 ]. 
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 TERT promoter mutations occur frequently 
in gliomas [ 49 ]. Telomerase activity and high 
levels of hTERT expression are demonstrated to 
be markers of poor prognosis in glioma [ 50 ,  51 ] 
and can be predictive markers of RT response in 
GBM. The shelterin protein complex (com-
posed by TRF1, TRF2, TPP1, POT1, TIN2, and 
hRAP1) regulates telomeres protection, telo-
meres function, and telomeres length. In vitro, 
the cell response to photons is correlated with 
telomere length and with the POT1 basal level. 
In vivo, in GBM, both telomere length and the 
POT1 expression level were predictive of patient 
outcome. Cell response to carbon ions shows no 
correlation with these parameters, thus high 
LET irradiation can be useful in radioresistant 
patients [ 48 ].  

    Growth Factors 

 Growth factors are signaling molecules that often 
promote cells maturation and differentiation. The 
cross-talks between the pathways of growth fac-
tors and their receptors contribute to the com-
plexity of the biology of GBM and to high rate of 
relapse and radioresistance [ 52 ]. 

 GBM shows a high expression of fi broblast 
growth factor (FGF-2) and its receptors (FGFR1, 
2, 3, and 4). FGF2 is a mitogenic and angiogenic 
factor and its expression is a predictor of progno-
sis in high-grade gliomas [ 53 ,  54 ]. The 24 kDa 
FGF-2 isoform of FGF2 has a radioprotective 
role via increasing of DNA-PKcs, an enzyme 
involved in NHEJ [ 52 ,  55 ]. 

 FGF-2 induced radioprotection is controlled 
by RhoB, that is activated by several stress con-
dition, such as hypoxia [ 56 ]. Farnesylated RhoB 
inhibits radiation-induced mitotic cell death and 
controls radiation-induced centrosome over 
duplication [ 57 ]. It has been shown that the inhi-
bition of Rho pathways induces radiosensitiza-
tion and oxygenation in human glioblastoma 
xenografts. This effect is due to the improvement 
of the tumor oxygenation associated with a sig-
nifi cant decrease of the vessel density and of the 
MMP2 expression [ 58 ]. 

 Epidermal growth factor (EGF) is a potent 
mitogenic signaling molecule implicated in a 
variety of signaling pathways. The EGF receptor 
(EGFR) is frequently dysregulated in cancers and 
that leads to increased resistance to cancer therapy. 
Upregulation of wild type or expression of mutant 
EGFR is associated with tumor radioresistance 
and poor clinical outcome. Radioresistance is 
thought to be, at least in part, the result of a strong 
cytoprotective response powered by signaling via 
AKT and ERK, that is increased by radiation. This 
response may modulate DNA repair by enhancing 
DNA DSBs repair [ 26 ]. EGFR is the most com-
monly amplifi ed gene in GBM. Amplifi cation of 
EGFR results in upregulation of AKT and mito-
gen-activated protein kinase (MAPK) pathways. 
One of the most frequent mutations in malig-
nant glioma is EGFR variant III (EGFRvIII). 
Expression of EGFRvIII promotes gamma-H2AX 
foci resolution and enhances DNA repair by DSBs 
repair [ 26 ]. Moreover, mutation of mutations is 
EGFRvIII results in constitutive upregulation of 
mitogenic signaling pathways as well as a loss of 
down- modulation by EGFR-targeted agents [ 15 ]. 

 Platelet-derived growth factor receptor 
(PDGFR) is a membrane-bound receptor that 
modulates a variety of growth and proliferation 
signaling pathways. Overexpression or hyperac-
tivity of PDGFR and their ligands platelet- 
derived growth factor (PDGF) are frequent 
events in human gliomas of all grades [ 15 ,  59 ] 
and their expression pattern in tumors suggests 
the presence of autocrine and paracrine stimula-
tory loops [ 59 ]. 

 Vascular endothelial growth factor (VEGF) 
has pro-angiogenic functions and increases vas-
cular permeability [ 60 ]. VEGF overexpression 
occurs in a variety of tumors including malignant 
brain tumors. The co-expression of VEGF and 
VEGF receptors (VEGFR) in some types of 
tumors suggests potential autocrine loop- 
signaling of VEGF within a tumor mass [ 60 ]. 
Moreover, it has been observed that serum VEGF 
levels are elevated in subsets of patients after 
radiotherapy [ 60 ,  61 ]. The autocrine VEGF- 
VEGFR2 interplay can be a factor contributing to 
GBM growth and radioresistance.  
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    Angiogenesis 

 Angiogenesis is the process of generation of new 
vessels from the local preexisting vessels. It is a 
prerequisite for all solid tumors to grow above 
1 mm 3 . This process is regulated by inducers and 
inhibitors released from tumor cells, endothelial 
cells, and the extracellular matrix (ECM), and it 
is primarily mediated by VEGF. VEGF stimu-
lates vessel formation by recruiting progeni-
tor endothelial cells from the bone marrow and 
increases vascular permeability. VEGF-function 
is suggested to be primarily restricted to endo-
thelial cells, because it binds to two endothelial 
cell tyrosine kinase receptors, VEGFR1 and 
VEGFR2 [ 62 ]. 

 Radiotherapy was shown to exert direct anti- 
angiogenic effects. However, radiation-induced 
endothelial cell damage and apoptosis can 
be evaded by paracrine release of angiogenic 
growth factor by tumor and stroma and by the 
upregulation of angiogenic receptors in the 
endothelium [ 63 ]. Thus it is very likely that the 
well- developed vascular system has an impor-
tant role in tumor sustenance in GBM. A current 
hypothesis is that GBM-derived VEGF, elevated 
after irradiation, is a radioprotector for endothe-
lial cells, thereby contributing to the radioresis-
tance of GBM [ 62 ,  64 ].  

    Hypoxia 

 Tumor hypoxia infl uences the outcome of anti-
cancer treatments. After irradiation, O 2  partici-
pates in the chemical reactions that lead to the 
production of DNA damage because O 2  is an 
extremely electron-affi nic molecule [ 65 ]. Cells 
that are anoxic during irradiation are about 
three times more resistant to radiation than cells 
that are well oxygenated at the time of irradia-
tion [ 66 ]. 

 High grade brain tumors show signifi cant 
regions of hypoxia. The measure of oxygen pres-
sure ( p O 2 ) in brain tumors and in brain cortex 
demonstrated that intratumoral  p O 2  values were 
signifi cantly lower than that of  p O 2  in brain cor-

tex surrounding the tumor [ 67 ]. Results were 
confi rmed by the measure of the oxygen status of 
human malignant brain tumors in vivo by the 
determination of the activities and expression of 
bioreductive enzymes in human brain tumor 
samples. These enzymes included DT-diaphorase, 
NADH cytochrome b5 reductase, and NADPH 
cytochrome P-450 reductase and were detected 
in all the tumors enzyme profi les analyzed [ 68 ]. 
The hypoxic areas in GBM can provoke an adap-
tive response leading to the selection for death 
resistance. Once tumor cells become adaptive to 
hypoxia, they are more resistant to apoptosis and 
less responsive to cancer therapy [ 69 ]. Carbon 
ions are less dependent on the oxygen enhance-
ment ratio as compared with conventional photon 
irradiation and could therefore also eradicate 
hypoxic GBM cells. 

 In a panel of hypoxia-regulated genes, the 
mRNA of the ECM protein osteopontin (OPN) 
resulted consistently overexpressed in human 
malignant glioma samples [ 70 ,  71 ]. OPN plays 
an important role in tumor progression, includ-
ing processes such as the decay of ECM, prolif-
eration, apoptosis, migration, invasion, and 
metastasis [ 70 ,  72 ]. High OPN expression levels 
and the pattern of expression of splice variants 
have been associated with prognosis in GBM 
patients [ 69 ]. 

 Recently it has been observed that ERKs, 
DNA-PKcs, and hypoxia-inducible factor 1 
(HIF-1α) cooperate in radioresistance induced by 
hypoxia. MEK/ERK signal transduction path-
way, through the sustained expression of DNA- 
PKcs, positively regulates expression and activity 
of HIF-1α protein, preserving GBM radioresis-
tance in hypoxic condition [ 73 ]. 

 Hypoxia can induce Livin upregulation. Livin 
is a member of the inhibitors of apoptosis pro-
teins (IAP) family. IAP are involved in the nega-
tive regulation of apoptosis [ 68 ]. Livin can bind 
the endogenous IAP antagonist SMAC and cas-
pase- 3, caspase-7, and caspase-9 inhibiting apop-
tosis. The hypoxia-induced upregulation of Livin 
is responsible of apoptosis inhibition. Moreover, 
Livin increases resistance to cytotoxic therapies 
through a HIF1 α-dependent pathway [ 68 ].  
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    Cancer Stem Cells 

 The cancer stem cells (CSC) compartment repre-
sents the subpopulation of tumor cells with clo-
nogenic potential and the ability to initiate new 
tumors. Besides self-renewal, one of their main 
features is their ability to differentiate into the 
variety of cells within the tumor with the poten-
tial to reconstitute the complete tumor phenotype 
[ 74 ]. The original model of CSC suggested a 
static intratumoral hierarchy, with a cancer stem 
cell population in the apex exhibiting high self- 
renewal and DNA-DSB repair capacities that 
consequently leads to their inherent resistance to 
conventional cancer therapies, such as radiother-
apy. However, it is increasingly apparent that 
intratumoral hierarchies are more dynamic, and 
acquisition of tumor stem cell traits could be 
infl uenced by a number of niche factors, such as 
signaling induced by intratumoral hypoxia, or as 
a result of transition of tumor cells into the inva-
sive state, or via intercellular communication. 
Based on the premise that recurrent GBM must 
be generated from few residual tumor cells post- 
surgery, the term “glioma-initiating cells” (GIC) 
seems to better describe this population [ 62 ]. 
CSC in glioma express CD 133. In xenograft 
transplantation assays, CD133-positive brain 
tumor cells have been shown to initiate tumor 
growth whereas the injection of marker-negative 
cells did not cause a tumor [ 75 ]. CD133- 
expressing glioma cells survive after irradiation 
in increased proportion relative to tumor cells 
without the surface marker in vitro and in vivo. 
Glioma stem cells preferentially activate the 
DNA damage checkpoints resulting in more 
effective repair of radiation-induced DNA dam-
age than CD133-negative tumor cells. Thus 
CD133-positive glioma cells contribute to the 
radioresistance of glioblastoma [ 12 ,  76 ]. CSCs 
reside in and be supported by the tumor micro-
vascular niches. Tumor microvascular endothe-
lial cells (tMVECs) exhibit extreme resistance to 
radio- and chemotherapy, with the main response 
to irradiation being senescence. Even though per-
manently arrested, senescent tMVECs are still 
viable and able to support CSC growth with the 
same effi cacy as non-senescent tMVECs. 

Moreover, GBM CSCs themselves are capable of 
differentiating into cells with similar features as 
tMVECs that subsequently undergo senescence 
when exposed to radiation. This indicates that 
endothelial-like cells are therapy resistant and 
also that they support expansion of GBM cells 
and GBM CSCs [ 77 ].  

    Extracellular Matrix 

 ECM is composed by extracellular molecules 
that provide support and adhesion to cells, sepa-
rate cells and regulate intercellular communica-
tions. The main molecular components of ECM 
are proteoglycans, hyaluronic acid, and fi bers. 

 Invasiveness and diffuse infi ltration are among 
the GBM characteristics related to the rapid 
tumor recurrence. Important key molecules that 
enable cell invasion are ECM-degrading enzymes 
like matrix metalloproteinases (MMPs), cathep-
sin family proteases, and plasminogen activators. 
GBMs frequently show an elevation of various 
MMPs, in particular MMP-2 and MMP-9 have 
been shown to be critical for glioma cell invasion 
[ 78 ]. Moreover, irradiation was found to induce 
the catalytic activity and the synthesis of MMP-2 
[ 79 ]. Integrins have an important role in cell 
invasiveness and migration. Integrins comprise a 
large group of at least 24 different heterodimeric 
transmembrane receptors that govern cell–ECM 
interactions [ 80 ]. In particular, αvβ3-integrin is a 
binding receptor for ECM proteins and it serves 
as a receptor for MMP-2 on the cell surface, con-
trolling both migration and proteolytic cleavage 
of ECM components [ 78 ]. It has been shown 
that irradiation induces a signifi cant and dose-
dependent increase in β1- and β3-integrin cell 
surface expression [ 78 ,  81 ]. Irradiation can acti-
vate αvβ3-integrins and control radioresistance in 
several GBM cell lines by inhibition of radiation-
induced mitotic dead. This regulation of glioma 
cell response to ionizing radiation is mediated 
through the integrin- linked kinase (ILK) and 
RhoB [ 82 ]. The inhibition of integrins by cilen-
gitide is able to radiosensitize GBM cells. In 
xenograft studies, cotreatment with cilengitide 
and radiation  dramatically amplifi ed the effects 
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of radiation, triggering an enhanced apoptotic 
response and suppression of tumor growth. These 
xenografted tumors showed activation of NFkB, 
a documented mediator of cellular response to 
radiation [ 83 ].  

    Epithelial–Mesenchymal Transition 

 The epithelial–mesenchymal transition (EMT) is 
an important process that occurs during tumor 
invasion and metastasis, through which cancer 
cells acquire a more aggressive phenotype [ 84 ]. 
During EMT, epithelial cells typically lose their 
epithelial characteristics, including loss of cell 
polarity and cell–cell contact, and acquire a mes-
enchymal spindleshaped migrating phenotype. 

 The key event of EMT is the switch of 
E-cadherin (typical of epithelial cells) to 
N-cadherin (typical of mesenchymal cells), 
which renders the single cell more motile and 
invasive. 

 Tumor cells can also up-regulate other mesen-
chymal markers such as vimentin, fi bronectin, 
and snail. Transcription factors such as snail and 
the basic helix-loop-helix protein TWIST1 are 
able to bind to E cadherin promoter and repress 
its transcription. Several receptor tyrosine kinases 
are able to induce EMT, such as the transforming 
growth factor β, EGF, FGF and Notch, that are 
associated with a more aggressive phenotype of 
cancer cells. Also hypoxia may induce EMT. 

 A mesenchymal phenotype is the hallmark of 
tumor aggressiveness in human malignant gli-
oma. Several transcription factors have been 
identifi ed as master regulators of ETM in high 
grade glioma: C/EBPβ, Stat3 [ 85 ], snail [ 86 ], and 
TWIST1 [ 87 ]. In GBM cell lines, upregulation of 
insulin like growth factor binding protein 4 
(IGFBP4) was recently related to upregulation of 
molecules involved in EMT [ 88 ]. 

 CXCR4 has also been demonstrated to be 
involved in the cell migration and lymph node 
metastasis of cancers. Activation of CXCR4 with 
SDF-1 triggers G protein signaling that activates 
a variety of intracellular signal transduction path-
ways and molecules regulating migration, chemo-
taxis, cell survival, proliferation, and adhesion. 

SDF-1/CXCR4 contributes to tumor progression 
by induction of EMT. In GBM cell lines, EMT 
process can be triggered by the SDF-1/CXCR4 
axis and eventually tumor cell invasion and pro-
liferation are induced via activation of PI3K/
AKT and ERK pathway [ 89 ]. Moreover, SDF-1 
up-regulates survivin, an inhibitor of apoptosis 
proteins, via MEK/ERK and PI3K/AKT path-
way, leading to cell cycle progression and EMT 
occurrence dependent on survivin [ 84 ]. 

 Recently a gene signature study involving 31 
genes related to cell cycle, cell junctions, and cell 
adhesion demonstrated that enrichment of EMT 
pathway was associated with radioresistant phe-
notype in glioma [ 90 ].  

    MicroRNA 

 MicroRNAs represent an abundant class of 
endogenously expressed short nucleotide small 
noncoding RNA molecules that function to 
silence gene expression through a process of 
posttranscriptional modifi cation. They exhibit 
varied functions during normal development and 
tissue homeostasis, and their dysregulation plays 
major roles in many cancer types [ 91 ]. 

 Various studies have demonstrated the pres-
ence of microRNA aberrations in GBM and 
GBM CSCs. Aberrantly expressed microRNAs 
have widespread effects on tumorigenesis, 
including on critical GBM pathways such as 
receptor tyrosine kinase signaling, p53 signaling, 
and cell cycle control. Thus, microRNAs play a 
role in malignant transformation, progression, 
invasiveness, and response to therapeutic inter-
ventions. [ 91 ].  

    Genomic Heterogeneity 

 Studies involving the use of microarray and DNA 
sequencing technology have evidenced distinct 
genomic subtypes of GBM, including the pro-
neural, neural, mesenchymal, and classical geno-
types. Different subtypes have different 
expression patterns and differences in clinical 
outcomes which can have important effects on 

9 Basic Knowledge of Glioblastoma Radiobiology



150

prognosis and potential therapeutic targeting 
[ 14 ]. In addition, GBM can present loss of het-
erozygosity in multiple chromosomes and there 
are different patterns of dysregulated epidermal 
growth factor receptor, platelet-derived growth 
factor receptor, p53, phosphatase and tensin 
homolog, cell cycle proteins, and isocitrate dehy-
drogenase 1 [ 14 ]. Many GBM variants have been 
categorized by specifi c mutations, but these 
mutation patterns are often overlapping. 
Moreover, regional variation in chromosomal 
abnormalities, gene expression, and mutation can 
be found within a tumor mass and may account 
for mixed clinical responses to therapy.   

    Conclusions 

 GBM is aggressive and radioresistant tumors. 
Biological therapies interfering with altered path-
ways as well as high LET radiation can increase 
response to radiation. A better knowledge of the 
biology and radiobiology of GBM is of primary 
importance in order to develop new strategies to 
improve outcome of patients.     
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          Introduction 

 The immune system plays an important role in 
both counteracting and facilitating cancer devel-
opment, and it contributes to the effects of stan-
dard cancer treatments. As such, the immune 
system is most certainly involved in the response 
of glioblastoma to radiotherapy; however, it is dif-
fi cult to elucidate the specifi c role of immunity 
due to limitations in animal models and the diffi -
culty in obtaining tissue to study molecular cor-
relates of progression and response. Yet there is 
abundant evidence that leukocytes and other 
immune mediators recognize and respond to glio-
blastoma, and indirect evidence that they partici-
pate in the therapeutic response to radiation. After 
a brief introduction on the role of the innate and 
adaptive immune response to cancer, this chapter 
will review the effects of radiotherapy on the anti-
tumor immune response, including infl ammation, 
T-cell priming, and immune suppression. We will 
fi rst introduce the concept of radiation induced 
immunogenic cell death, its application to the 
unique immunological landscape of the CNS, and 

present available evidence that radiation induces 
an immune response against glioblastoma. We 
will then discuss some of the barriers of the brain/
tumor microenvironment that may interfere with 
effective anti-tumor immunity, and conclude with 
suggested approaches to better harness the 
immune response in treatment of glioblastoma 
with radiotherapy.  

    A Brief Overview of Anti-tumor 
Immunity 

    Basic Elements and Structure 
of the Immune System 

 The immune system is a complex network of 
leukocytes, soluble elements, and epithelial barri-
ers that cooperate to protect the host organism from 
exogenous pathogens and endogenous pathogenic 
processes by recognizing and responding to danger 
associated molecular patterns (DAMPs). A brief 
overview of the components of the immune system 
will be helpful for understanding its role in the 
response of glioblastoma to radiotherapy.  

    Innate Immunity 

 The immune system can be broadly divided into 
the innate and adaptive arms. The innate immune 
system is the fi rst line of defense against pathogens 

mailto:Benjamin.cooper@nyumc.org


156

and transformed cells. Comprising  macrophages, 
dendritic cells (DCs), neutrophils, natural killer 
(NK) cells, basophils, eosinophils, and the com-
plement system of soluble proteins, these ele-
ments have the germ-line encoded ability to 
recognize DAMPs and initiate infl ammation. 
These DAMPs are often pathogen associated, 
such as the endotoxin components of bacterial 
cell walls or double stranded RNA produced in 
many viral infections. However, all cells both 
normal and transformed contain immune stimu-
latory molecules such as heat shock proteins 
(HSPs) [ 1 ,  2 ], high-motility protein group B1 
(HMGB1) [ 3 ], and uric acid [ 4 ], all of which are 
danger signals when released from damaged and 
dying cells. Whether initiated by pathogens, or 
by the growth of transformed cells, cell turnover 
and death release antigens along with these 
DAMPs which are taken up by antigen present-
ing cells (APCs) such as DCs. In turn, DCs can 
activate adaptive immune responses by present-
ing antigen to lymphocytes in the context of the 
major histocompatibility complex (MHC) class I 
and class II molecules.  

    Adaptive Immunity 

 The adaptive immune system is a more recent 
development in evolution, common only to ver-
tebrates, and is characterized by specifi city and 
memory. Lymphocytes, the effector cells of the 
adaptive immune system, come in two varieties, 
B-cells and T-cells. B-cells are responsible for 
making antibodies, soluble immunoglobulin pro-
teins that form the basis for humoral immunity by 
opsonizing and neutralizing specifi c extracellular 
targets. T-cells come in many varieties, including 
the CD8 +  cytotoxic T-cells which target and kill 
intracellular pathogens and transformed cells, 
and the CD4 +  helper and regulatory T-cells that 
regulate the immune system through the produc-
tion of cytokines and by facilitating the matura-
tion of B-cells. The T-cell receptor (TCR) enables 
T-cells to recognize their specifi c targets, which 
are short peptide antigens presented by APCs in 
the context of MHC class I (for CD8 +  T-cells) or 
class II (for CD4 +  T-cells).  

    Adaptive Immune Responses Must 
Be Primed 

 The baseline state of the adaptive immune system 
is anergic. In order to prevent autoimmunity, lym-
phocytes must fi rst be primed by antigen present-
ing cells prior to responding to antigenic stimuli. 
The fi rst signal needed for priming occurs when a 
naïve T-cell interacts with a DC presenting its cog-
nate peptide antigen bound to MHC. Additional 
co-stimulatory signals are necessary to activate 
naïve T-cells, which are provided by DCs in 
response to activation by DAMPs through Toll-
Like receptors (TLRs). These co-stimulatory sig-
nals are both protein ligands expressed on the DC 
surface membrane (e.g., CD80 and CD86) and 
soluble cytokines (such as IL-2) that act in a para-
crine fashion on T-cells to induce activation and 
proliferation that defi ne T-cell priming. 

 A system of immune checkpoints counterbal-
ances this process, regulating primed T-cells by 
limiting their proliferative potential. It exists as an 
economy mechanism to return the immune sys-
tem to its basal anergic state, and to prevent auto-
immunity. One such checkpoint is the cytotoxic 
T-lymphocyte antigen-4 (CTLA-4) molecule that 
competes for binding with co-stimulatory recep-
tors, sending anti-proliferative and pro- apoptotic 
signals to activated T-cells. Another example is 
the programmed death ligand 1 and 2 (PD-L1 and 
PD-L2), expressed by DCs in the lymph nodes 
and by other cells in the periphery, including 
tumor cells. These directly inhibit T-cells by sig-
naling through the PD-1 receptor and triggering a 
feedback of T-cell apoptosis.  

    Anti-tumor Immunity 
and Immunosurveillance of Cancer 

 There has long been a link between the immune 
system and cancer. As early as the middle of the 
nineteenth century, a correlation between infl am-
mation and tumor rejection was observed in sar-
coma patients who experienced tumor rejection 
after cutaneous streptococcal infection. Based on 
these observations, William Coley developed 
the fi rst immunotherapy to cancer in the late 

B. Cooper et al.



157

nineteenth century [ 5 ]. These eponymously 
named Coley’s Toxins were a concoction of ther-
mally inactivated streptococcus and serratia bac-
teria that were injected into sarcomatous tumors, 
with reported anecdotal success. Even today 
there remains a reported link between infl amma-
tion and tumor protection in patients with glio-
blastoma who tend to have longer survival if they 
have postoperative infections [ 6 ]. 

 Accumulating evidence that the immune system 
can recognize and eliminate tumors converged in 
the formal hypothesis proposed by Burnet and 
Thomas in the middle twentieth century that fi ght-
ing cancer is one of the integral functions of the 
immune system. This was demonstrated experi-
mentally by Schreiber and colleagues using a 
murine model of chemically induced sarcoma [ 7 ]. 
In this model, tumors that developed in immune-
defi cient mice were more immunogenic and were 
readily rejected by mice with a competent immune 
system. This is consistent with the observation that 
immunosuppressed humans have increased sus-
ceptibility to cancer [ 8 ]. Furthermore, recent 
advances in cancer immunotherapy demonstrate 
improved survival of patients with metastatic mela-
noma [ 9 ] and prostate cancer [ 10 ] in response to 
treatment with immunotherapy strategies aimed at 
recovering and amplifying T-cell responses.  

    Tumors Develop in Immune- 
Competent Hosts by Evading 
the Immune System 

 Due to selective pressure imparted by the immune 
system, cancer can only progress once it devel-
ops a means to evade recognition and destruction 
by lymphocytes. One simple method of escape 
utilized by tumors and viruses alike is downregu-
lation or inactivation of the cellular machinery 
responsible for MHC class I (MHC-I) antigen 
processing and presentation. If tumor peptide 
antigens are not presented by MHC-I, cytotoxic 
T-lymphocytes (CTLs) cannot recognize and 
eliminate transformed cells, although MHC 
downregulation does make tumors more suscep-
tible to NK cell cytotoxicity. Tumors can also 
escape the immune system through interference 

with CTL priming. One mechanism for this 
involves interactions between the tumor and 
intratumoral DCs [ 11 – 13 ]. Mediated by the 
tumor microenvironment [ 14 ], intratumoral DCs 
often have an immature or regulatory phenotype 
characterized by the presentation of tumor anti-
gens without co-stimulation. This mechanism 
results in cross-tolerance and anergy of T-cells 
[ 15 – 17 ]. The importance of this immunosuppres-
sive mechanism is highlighted by the close tem-
poral correlation of antigen specifi c tolerance of 
CD4 +  and CD8 +  tumor specifi c T-cells with 
accelerated tumor growth [ 18 ,  19 ]. Additionally, 
regulatory DCs (regDCs) can facilitate tumor 
immune escape, as adoptive transfer of regDCs 
into tumor bearing mice is suffi cient for promot-
ing tumor growth and metastasis [ 20 ,  21 ]. 

 One of the most effective means of disrupting 
anti-tumor immunity is by inhibiting the effector 
function of CTLs. In their evolving cross-talk 
with the host’s immune system, tumors recruit 
Tregs and myeloid elements—mainly tumor 
associated macrophages (TAMs) and myeloid 
derived suppressor cells (MDSCs)—that upregu-
late the immunosuppressive cytokines transform-
ing growth factor-β (TGF-β) and IL-10 [ 22 – 25 ]. 
These anti-infl ammatory cytokines hinder anti- 
tumor immunity by blunting the cytotoxic activ-
ity of CTLs. Moreover, TAMs and MDSCs 
modify the tumor microenvironment by produc-
ing arginase and nitric oxide synthase that deplete 
L-arginine, an essential nutrient for proper T-cell 
function [ 26 ,  27 ]. Furthermore, these immune- 
suppressive myeloid cells produce reactive oxy-
gen and nitrogen species that modify the 
chemokine and antigen receptors on CTLs, both 
locally and systemically, impairing their tumor 
homing and cytotoxic ability [ 28 ].   

    The Immune System 
and Glioblastoma 

    CNS Immunity and Immune Privilege 

 The CNS is commonly thought to be an immune 
privileged site, with the widespread misconception 
that tumors within the CNS are not accessible to 
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immune regulation and destruction. This idea 
largely originates from experiments by Medawar 
et al. demonstrating that allogeneic tissues trans-
planted into the CNS are not quickly and vigor-
ously rejected in the same manner as tissues 
transplanted to other parts of the body [ 29 ]. 
Historically, there are three observations that 
have been invoked to support this notion of CNS 
immune privilege: (1) The blood brain barrier 
(BBB) prevents passive diffusion of leukocytes 
and antibodies into the CNS, (2) there is no lym-
phoid tissue in the CNS to mediate T-cell prim-
ing, and (3) there are few lymphocytes in the 
CNS under baseline physiologic conditions. 

 However, there is mounting evidence that while 
different from other sites, the CNS is not truly 
immune privileged [ 30 ]. The BBB prevents pas-
sive diffusion of soluble molecules into the CNS, 
but does not exclude lymphocytes. Furthermore, 
infl ammation in the brain potentiates traffi cking of 
primed lymphocytes, partially by breaking down 
the BBB, making it “leaky” and exposing T-cells 
to chemokines that mediate recruitment of primed 
T-cells to sites of infl ammation. One of the hall-
marks of glioblastoma is abnormal vasculature, 
which is supported by the radiographic fi nding of 
gadolinium contrast extravasation causing 
enhancement on magnetic resonance imaging 
(MRI). Given this glioma associated breakdown in 
the blood brain barrier, the BBB is unlikely to pre-
vent elements of the immune system from infi ltrat-
ing into glioblastoma, and there is evidence that 
T-cells can enter the CNS and detect recurrent 
glioblastoma in patients [ 31 ]. Adoptively trans-
ferred T-cells specifi c for glioblastoma can also 
home to tumors, again supporting the potential 
role for the immune system in the anti-glioma 
response to radiotherapy. 

 Despite the anatomical structure and absence 
of traditional lymphoid tissue in the CNS, func-
tional lymphatic vessels lining the dural sinuses 
have been identifi ed which are capable of trans-
porting both fl uid and immune cells from the 
CSF to the deep cervical lymph nodes [ 32 ]. 
Immune priming can still occur in the CNS, 
although the specifi c mechanism of T-cell prim-
ing is an active area of research. One possible site 
for priming is in the cervical lymph nodes. 
Intracranial injection of soluble antigen drains 

through the cribriform plate and can be detected 
in the cervical lymph nodes [ 33 ], and exogenous 
DCs introduced into the CNS migrate to the cer-
vical lymph nodes through the same route and 
can prime effective immune responses against 
antigens in the CNS. There is a question regard-
ing the nature of the APC responsible for T-cell 
priming against CNS antigenic targets such as 
epitopes associated with glioblastoma since there 
are few DCs in the CNS, and microglia and other 
endogenous APCs have not been identifi ed in the 
cervical lymph nodes draining the CNS. However, 
once T-cells are primed they readily circulate 
from the peripheral blood into the CNS. While 
relatively sparse, there are lymphocytes in the 
brain, and these have effector function. Multiple 
sclerosis is an apt example of an autoimmune dis-
ease mediated by T-cells penetrating into the 
CNS, a phenomenon well characterized in the 
experimental autoimmune encephalomyelitis 
model of MS in which anti-neuronal T-cells are 
induced by peripheral vaccination, demonstrat-
ing that the CNS is not impervious to immune 
infi ltration and attack [ 34 ].  

    Evidence for an Anti-glioma 
Immune Response 

 Even in the absence of treatment, there is evi-
dence for a spontaneous immune response to 
glioblastoma. Histopathological analysis of glio-
mas demonstrate a T-cell infi ltrate [ 34 ] recruited 
by the activated endothelium in tumor vascula-
ture. Even in the absence of treatment, an infl am-
matory signature characterized by the invasion of 
tumors by lymphocytes portends a more favor-
able clinical outcome, suggesting that the 
immune system does respond to glioblastoma 
[ 35 ,  36 ]. Additional evidence of an anti-glioma 
response comes from vaccination trials targeting 
 EGFRvIII  that demonstrated the generation of 
 EGFRvIII  specifi c T-cells that could recognize 
and kill glioblastoma cells. Many of these patients 
went on to develop recurrent tumors, and patho-
logical analysis revealed an absence of  EGFRvIII  
expression, which is consistent with specifi c 
immune mediated destruction of  EGFRvIII  
tumor cells [ 37 ].  
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    Evidence for Glioma Induced Immune 
Evasion 

 GBM cell lines secrete soluble factors that lead to 
an enrichment of Tregs [ 38 ], contributing to poor 
outcome. Unlike many other tumor pathologies, 
increasing CD8 +  T-cell numbers do not correlate 
with an improved prognosis in glioblastoma, 
possibly due to immunoregulatory elements of 
the tumor microenvironment [ 39 ]. Patients with 
intracranial neoplasms also tend to have fewer 
peripheral CD4 +  T-cells and defective TCR medi-
ated signaling that may lead to cellular immune 
dysfunction [ 40 ,  41 ]. Most intratumoral DCs are 
recruited from peripheral monocytes which dif-
ferentiate into DCs within the tumor; however, 
this differentiation is actively inhibited in glio-
blastoma [ 42 ,  43 ]. Moreover, glioma cells express 
low levels of MHC-I [ 44 ] making them diffi cult 
to detect by T-cells, and downregulation of MHC 

correlates with tumor cell invasion [ 45 ]. Glioma 
cells can even inhibit T-cell function directly by 
expression of immune checkpoint inhibitors such 
as PD-L1 [ 46 ,  47 ]. 

 The immune infi ltrate in glioma is generally not 
directed against the tumor; rather it tends to actively 
participate in immune evasion (Fig.  10.1 ). 
Analogous to the situation in peripheral tumors, 
many of these infi ltrating leukocytes are immuno-
suppressive, preventing an effective anti-tumor 
immune response. Macrophages and microglia 
form the majority of these infi ltrating leukocytes, up 
to 30 % of the tumor cell mass. Glioma associated 
macrophages (GAMs) are actively recruited by the 
tumor via a complex chemo-attraction process 
involving chemokines, cytokines, and matrix pro-
teins [ 48 – 52 ]. The chemokines CXCL1 and tumor 
necrosis factor of mouse embryo (TROY) secreted 
by glioma cells participate in GAM recruitment [ 50 , 
 53 ]. GAMs and glioma cells then exist in symbiosis 

  Fig. 10.1    Immunosuppression, invasion, and the glioma tumor microenvironment       
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through an elaborate paracrine network sustained 
by mediators such as colony stimulating factor-1 
(CSF-1), a powerful chemokine for microglial 
recruitment. This invasive stimulus is reciprocated 
by GAMs through epidermal growth factor receptor 
activation (EGFR) and matrix metalloprotease 
(MMP) 2, 9, and 14 production [ 49 ,  50 ]. 
Experiments with CD11b-HSVTK mouse models, 
which specifi cally deplete microglia and macro-
phages, result in an 80 % reduction in glioma vol-
ume, demonstrating the importance and necessity 
of GAMs in the growth and development of glio-
blastoma [ 54 ]. Both glioma cells and tumor asso-
ciated macrophages secrete immunosuppressive 
cytokines such as TGF-β1, β2, and β3 [ 55 – 57 ], as 
well as IL-6 [ 58 ,  59 ], IL-10 [ 60 ], prostaglandin E 
[ 61 ], and gangliosides.

   Pretreatment immune parameters are prognos-
tic in many disease processes. Elevation of one 
such factor, the pretreatment neutrophil- 
lymphocyte (NL) ratio, has been shown to corre-
late with poor outcomes in cancer of the bladder 
[ 62 ], colon [ 63 ], prostate [ 64 ], and GBM [ 65 ]. 
While the exact mechanism is not known, NL ratio 
correlates with levels of MDSCs which can pro-
mote tumor growth and invasion as well as inhibit 
T-cell responses both peripherally and in the 
tumor. The threshold of signifi cance for the NL 
ratio varies with investigator and disease site, but a 
cut-off of 4 was selected in a study of 84 patients 
with GBM. Patients with a pre- corticosteroid NL 
ratio greater than 4 had a median survival of 7.5 
versus 11.2 months, which was signifi cant on both 
univariate and multivariate analysis, highlighting 
the importance of host immunity and lymphocytes 
in GBM outcome [ 65 ].  

    GAMs Induce Growth and Invasion 
of GBM 

 In vitro studies have demonstrated the ability 
of tumor cells to recruit microglia to the tumor 
site and transform these leukocytes into 
 tumor- supportive cells [ 66 ]. Both microglia and 
tumor cells release cytokines, including TGF-β1 
which promote tumor invasion and progression 
in addition to suppressing the local anti-tumor 
immune responses [ 67 ,  68 ]. CD133 +  glioma stem 

cells also stimulate this tumor growth and inva-
sion through production of TGF-β1 [ 69 ]. Tumor 
cells, stem cells, microglia, and macrophages 
also make proteases such as MMP-9 which 
enzymatically degrade extracellular matrix facil-
itating tumor invasion [ 70 ]. Pro-infl ammatory 
cytokines such as IL-1 also increase the migra-
tory capacity of glioma cells [ 71 ,  72 ].   

    Effects of Radiation Therapy 
on the Glioma Immune Response 

 Classical radiobiology attributes the therapeutic 
effect of radiotherapy to the cytotoxic effect of 
radiotherapy-induced DNA damage in tumor 
cells. However, emerging evidence points to 
additional mechanisms wherein radiotherapy 
infl uences the immune system and, hence, tumor 
immunity [ 73 ]. The effect of radiotherapy on the 
immune system is complex, with the induction of 
mechanisms that both suppress and stimulate 
anti-tumor immune responses [ 74 ]. 

 The following section will discuss the various 
effects of radiotherapy on the immune system. The 
fi rst aspect involves the direct effects on lympho-
cytes, including leukopenia and immunogenic cell 
death [ 75 ]. Following this, an examination of the 
evidence in non-glioma and glioblastoma model 
systems will highlight the experimental evidence 
demonstrating how radiotherapy infl uences the 
immune system and its effects on glioblastoma. 
Radiotherapy can also affect the blood–brain bar-
rier (BBB), angiogenesis, lymphocyte recruitment, 
and normal microglia (which play a role in the 
CNS immune system) and these effects on tumor 
immunity will be described. An understanding of 
the various mechanisms by which radiotherapy 
affects tumor immunity may enable selective thera-
peutic promotion of anti-tumor effects and inhibi-
tion of pro-tumor effects in order to improve the 
effi cacy of RT in treating glioblastoma. 

    Radiation Induced Leukopenia 

 The most direct action of RT on the immune sys-
tem is through depletion of lymphocytes by radi-
ation induced apoptosis [ 76 ]. Lymphocytes are 
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exquisitely sensitive to radiation and are readily 
eliminated by exposure to doses of even a single 
fraction of 1.8–2 Gy [ 77 ], the fractionated dose 
routinely used in the treatment of 
GBM. Effectively all lymphocytes circulating 
through the intracranial vasculature are exposed 
to radiation throughout the 6–7 week course of 
partial brain radiotherapy routinely prescribed 
for GBM. This results in lymphopenia, an effect 
compounded by temozolomide and other chemo-
therapeutics administered to patients concur-
rently with radiotherapy. This effect has been 
demonstrated in patients undergoing extracorpo-
real blood irradiation, a process that results in no 
dose delivered to bone marrow or lymphatic tis-
sue. After this treatment the systemic lymphocyte 
concentration dropped by 50% in response to 
even modest doses of less than 60 cGy [ 78 ]. 
Models of radiation exposure to circulating leu-
kocytes from a typical GBM treatment plan esti-
mates that a single 2 Gy fraction results in 
exposure of 5 % of the circulating blood volume 
to a lymphotoxic dose of greater than 0.5 Gy. 
Upon completion of a standard 60 Gy course of 
fractionated radiation, 99 % of the blood volume 
is exposed to a potentially lymphotoxic dose 
[ 79 ]. This immunosuppressive effect of radiation 
on the immune system must be considered when 
combining RT and immunotherapies.  

    Chemotherapy Induced 
Immunosuppression 

 In addition to radiotherapy, standard treatments 
including chemotherapy and corticosteroids can 
contribute to immune suppression, making the 
immunomodulatory effects of RT diffi cult to iso-
late from the effects of other medical therapies. 
Temozolomide, the most common chemothera-
peutic agent used to treat GBM, can cause leuko-
penia and resultant immune suppression [ 80 – 82 ]. 
Corticosteroids used for managing cerebral 
edema can also contribute to immunosuppression 
by inducing apoptosis of T-cells and thymocytes 
[ 83 – 85 ], resulting in an increased risk for oppor-
tunistic infections [ 86 ].  

    RT Induces Immunogenic Cell Death 

 In contrast to its immunosuppressive effects, 
radiotherapy can potentiate anti-tumor immunity 
by inducing immunogenic death of cancer cells 
[ 87 ]. The destruction of tumor cells by RT and 
the subsequent release of tumor antigens and 
immune adjuvants facilitate the priming of anti- 
tumor CTLs [ 88 ]. Radiation facilitates the trans-
fer of tumor antigens from dying cancer cells to 
APCs by inducing the translocation of calreticu-
lin (CRT) to the cell membrane, an “eat me” sig-
nal for receptor mediated endocytosis by APCs. 
As discussed above RT also releases ATP and 
other DAMPs such as HSPs [ 1 ,  2 ], HMGB1 [ 3 ], 
and uric acid [ 4 ], which act as endogenous adju-
vants. These stimulate APCs to express pro- 
infl ammatory cytokines and membrane bound 
co-stimulatory molecules that mediate T-cell 
priming. Radiation induced immunogenic cell 
death has been modeled in vitro, and depends on 
both dose and fractionation [ 89 – 91 ]. Preclinical 
evidence for radiation induced immunogenic cell 
death abounds in many tumor models, including 
breast cancer, prostate cancer, and melanoma, 
and there is some evidence gathered in vitro for 
glioma. For example, single fractions of up to 
20 Gy induce apoptosis as well as the expression 
and release of the endogenous adjuvant HSP70 
from the U87 glioma cell line [ 92 ].  

    Immunogenic Cell Death and T-cell 
Priming in Non-glioma Models 

 There is evidence from both humans and mice 
that radiotherapy can induce a specifi c anti-tumor 
immune response. By experimental necessity, 
much of this evidence comes from murine tumor 
lines (primarily melanoma) which allow for mea-
surement of specifi c CTL responses against 
known peptide epitopes. Studies of ionizing radi-
ation in murine melanoma show that both single 
doses of 15–20 Gy and fractionated RT induce 
cross-presentation of tumor associated antigens 
[ 93 ], and this results in cross-priming of CTLs 
detected in the tumor and tumor draining lymph 
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nodes [ 94 ], and is dependent on TLR4 signaling 
[ 3 ]. There is some correlation between the num-
ber of CTLs primed and the dose of single frac-
tion radiation, but fractionated treatment results 
in the same number of primed CTLs, irrespective 
of RT dose [ 95 ]. Conversely, when combined 
with anti-CTLA-4 blockade, fractionated, but not 
single dose radiation, appeared to optimally 
induce anti-tumor responses in breast and 
colorectal syngeneic tumor models [ 96 ].  

    Combinations of Radiotherapy 
and Immunotherapy in Glioblastoma 
Models 

 Since radiotherapy alone is rarely a curative 
treatment, combinations of radiotherapy with 
immune modulators have been a focus of study in 
order to improve treatment effi cacy. The combi-
nation of immune checkpoint blockade and radi-
ation is an effective strategy for inducing 
anti-tumor immunity in murine glioma models, 
seen for both CTLA-4 antagonists in combina-
tion with IL-12 [ 99 ] as well as PD-1 blockade 
with a systemically administered monoclonal 
antibody [ 98 ]. Mice were implanted with GL261 
glioma cells intracranially and then treated with 
the small animal radiation research platform, 
which allows for stereotactic radiation delivery. 
Median survival was approximately doubled 
( p  < 0.05) in the combined radiation and anti- 
PD- 1 arm when compared to the untreated con-
trol group or either treatment modality alone. 
More importantly, there were more cytotoxic 
T-cells and less Tregs observed in the combined 
treatment arm compared to the control arms [ 98 ]. 
Alternatively, mice harboring poorly immuno-
genic GL261 tumors implanted and grown ortho-
topically and then treated with stimulatory 
antibodies directed at 4-1BB combined with 
8 Gy of cranial RT delivered in two fractions 
results in complete tumor rejection in two-thirds 
of mice, with 5 of 6 long term survivors rejecting 
future tumor challenge. Antitumor immunity was 
associated with increased glioma-specifi c pro-
duction of interferon-ɣ with an increased number 
of tumor-infi ltrating lymphocytes [ 99 ]. 

 Combinations of these immunostimulatory 
approaches are even more effective at producing 
clinically relevant anti-tumor immunity in murine 
models. Using the GL261 intracranial model of 
glioblastoma, focal radiotherapy (10 Gy) com-
bined with both CTLA-4 blockade (shutting off 
the brake) and activation of 4-1BB (stepping on 
the gas) results in an extension of mouse median 
survival to 67 days compared with 24 days with 
RT alone [ 100 ]. Some prolongation in survival 
was seen in RT combined with CTLA-4 block-
ade compared to focal RT alone but not seen in 
RT combined with 4-1BB compared to RT alone. 
Furthermore, treatment with triple therapy 
resulted in a higher density of CD4 +  and CD8 +  
tumor infi ltrating lymphocytes, and depletion of 
CD4 +  cells, but not CD8 +  cells, had a detrimental 
effect on tumor control, calling into question the 
benefi t of CD8 +  CTLs in this anti-glioma 
response. These promising preclinical results 
have led to clinical studies now accruing testing 
the effects of anti-PD-1 (Pidilizumab—
NCT01952769; Nivolumab—NCT02017717) 
and anti-PD-L1 (MEDI4736—NCT02336165) 
clinical trials.  

    RT Induces Humoral Immune 
Responses to GBM 

 In addition to cellular mediated immunity dis-
cussed above, there is evidence that radiation can 
promote priming of B-cells resulting in glioma 
specifi c antibody formation. In a clinical study 
involving 24 patients with newly diagnosed glio-
blastoma, glioma-expressed antigen 2 (GLEA2) 
seroreactivity was measured prior to, during, and 
after RT, and these levels were compared to 
healthy controls and patients with lung cancer. 
Radiotherapy induced a transient increase in 
GLEA2 specifi c antibodies during the course of 
RT [ 101 ]. Importantly, development of glioma 
specifi c antibodies such as GLEA2 and PDH- 
fi nger protein 3 (PHF3) correlate with improved 
survival in patients treated for GBM, suggesting 
a role for an anti-tumor humoral immune 
response in the treatment response to radiother-
apy [ 102 ].  
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    RT Improves Antigen Presentation 
by GBM and Stimulates Anti-tumor 
Immunity 

 Not only does radiotherapy facilitate the priming 
of glioma specifi c T-cells through the induction 
of immunogenic cell death, RT also induces 
expression of MHC-I on glioblasts making them 
better targets for CTL killing. Antigen presenta-
tion by MHC-I is crucial for anti-tumor immu-
nity through interactions with the T-cell receptor 
of tumor specifi c CTLs [ 103 ], and one mecha-
nism by which GBM evades immune destruction 
is through the downregulation of antigen presen-
tation [ 45 ]. In adenocarcinoma, radiotherapy 
counteracts this mechanism for immune escape 
by upregulating antigen processing and presenta-
tion by tumor cells [ 104 ]. A similar effect has 
been observed in GL261 gliomas in mice treated 
with whole brain RT (WBRT; 8 Gy in two frac-
tions), vaccination with irradiated GL261 cells 
injected peripherally, or both WBRT and vacci-
nation. Upregulation of MHC-I was observed 
after WBRT, and there was an associated increase 
in CD4 +  and CD8 +  T-cell infi ltration; however, 
RT or vaccination alone did not confer a signifi -
cant survival advantage. Combined treatment 
increased long-term survival in the range of 
40–80 % compared to 0–10 % in mice treated 
with vaccination alone. Furthermore, surviving 
mice demonstrated antitumor immunity by 
rejecting rechallenge with GL261 cells, suggest-
ing the generation of a protective immune 
response from treatment with radiotherapy com-
bined with vaccination [ 105 ].  

    Induction of Pro-infl ammatory 
Cytokines by RT 

 Radiation therapy can have an infl ammatory 
effect on the glioma microenvironment through 
upregulation of specifi c cytokines. Cytokines are 
a diverse group of small soluble proteins that 
include chemokines, colony-stimulating factors, 
interleukins (IL), interferons, and tumor necrosis 
factors (TNF). They act in an autocrine and 
paracrine fashion to induce the differentiation, 

proliferation, and migration of leukocytes and 
neural precursors [ 106 ]. Radiation has been 
shown to promote the upregulation of the pro- 
infl ammatory cytokines TNF-α and IL-1β, and 
the chemokine monocyte chemoattractant pro-
tein-1 (MCP-1) in rats treated with WBRT using 
a single dose of 10 Gy [ 107 ]. The potent pro-
infl ammatory cytokines IL-1β and IL-6 were also 
shown to be increased in glioblastoma cell lines 
exposed to radiation [ 108 ]. TNF-α, a cytokine 
that can induce infl ammation and apoptosis, is 
induced in astrocytes and microglia grown in cell 
culture and treated with multiple 2 Gy RT doses, 
an effect that may contribute to an anti-tumor 
immune response against GBM [ 109 ]. This was 
confi rmed in mice treated with either single dose 
or fractionated WBRT up to 40 Gy with an over 
twofold increase of TNF-α mRNA [ 110 ]. 

 Radiotherapy has a similar pro-infl ammatory 
effect when delivered internally using nanoparti-
cle bound Rhenium-188 which delivers beta par-
ticle radiation directly to intracranial tumors in 
the 9L Fisher rat glioma model. Using this 
method, two fractions of 8 Gy increased periph-
eral levels of IL-2 and interferon-ɣ and resulted 
in recruitment and activation of immune cells to 
the tumor. These recruited leukocytes have not 
been rigorously defi ned, but include CD11b/c+ 
amoeboid cells resembling monocytes, macro-
phages, and microglia with increased expression 
of MHC-I and MHC-II. NK cells, DCs, CD4 + , 
and CD8 +  cells were also recruited. Furthermore, 
83 % of rats treated with these radioactive 
nanoparticles were often cured of their tumors, 
which were universally fatal in all control rats. 
Surviving animals were resistant to rechallenge 
with 9L glioma cells, suggesting protective immu-
nological memory [ 111 ]. 

 Some pro-infl ammatory cytokines induced by 
RT can have effects on the tumor microenviron-
ment that promote the growth and invasion of 
gliomas. For example, IL-1β is upregulated in 
response to RT, and this induces hypoxia- 
inducible factor 1α (HIF-1α) through the Ras 
pathway. HIF-1α is a critical cytokine in angio-
genesis that promotes blood vessel development 
as well as tumor invasion and progression in 
patients with GBM [ 112 ]. Radiation induced 
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HIF-1α could lead to angiogenesis even under 
normoxic conditions [ 113 ]. 

 Not all effects of radiotherapy promote anti- 
tumor immunity. Radiation can also induce regu-
latory cytokines that can suppress infl ammation 
and the anti-tumor immune response. Radiation 
delivered both in vitro and in vivo induces TGF-β 
production by glioma cells [ 114 – 117 ]. This 
increase in TGF-β is thought to promote self- 
renewal and effective DNA damage repair in 
glioblastoma stem cells (GSC) leading to radia-
tion resistance [ 14 ,  118 ]. Promising preclinical 
research involving LY36947, a small molecule 
inhibitor of the TGF-β1 receptor kinase, in com-
bination with radiation in GBM cell lines demon-
strated a decrease in DNA damage response and 
a 75 % reduction in neurosphere formation [ 119 ]. 
Further understanding of the cytokine response 
to RT will drive novel drug development and 
hopefully provide an effective tool to combat 
radioresistance of GBM. 

 The effect of RT on glioma and normal brain is 
complex, inducing a combination of pro- 
infl ammatory and anti-infl ammatory cytokines. 
This is supported by cytokine mRNA induction in 
the brains of Fischer rats treated with WBRT in a 
single fraction of 15 Gy. Four hours after treatment 
there is a spike in IL-1β and TGF-β1 expression, 
as well as an early increase in phospholipase A 2  
and COX-2, indicating a mixed pro- and anti-
infl ammatory state after RT. In addition to induc-
ing infl ammation, there was enhanced glioma cell 
infi ltration observed after F98 glioma cells were 
introduced intracranially after WBRT [ 120 ].  

    RT Breaks Down the BBB 

 The brain parenchyma is unique in regards to the 
rest of the body due to the unique biologic inter-
face known as the blood-brain barrier (BBB) that 
isolates the CNS from the rest of the systemic 
circulation. The BBB is created by tight junctions 
between capillary endothelial cells in the brain 
and is crucial for brain homeostasis [ 121 ]. 
Integrity of the BBB also isolates the CNS from 
many immune active substances including immu-
noglobulins. Breakdown of the BBB is enhanced 

by RT in a dose dependent manner. There is evi-
dence that RT at low doses (18–24 Gy) given to 
children with acute leukemia does not disrupt the 
BBB. In a study of 23 patients who had CSF and 
plasma levels of Ara-C measured before, during, 
and after prophylactic cranial irradiation, there 
was not a signifi cant change in the CSF:plasma 
ratio, implying lack of BBB breakdown due to 
radiation delivered at these low doses [ 122 ]. A 
study of 14 patients with primary brain tumors 
injected systemically with  99M Tc-glucoheptonate 
and then radiated with 30–40 Gy in 2 Gy per frac-
tion demonstrated the contribution to BBB break-
down by the tumor and radiation individually, as 
well as the combined tumor and treatment effect 
on the BBB. The area of the brain containing the 
tumor had a pretreatment enhancement that was 
22 % higher than the uninvolved brain. The unin-
volved, but radiated brain enhanced 25 % above 
background and the treated brain containing 
tumor enhanced 75 % over the pretreatment 
uninvolved brain demonstrating the marked BBB 
destruction caused by the combination of local 
tumor and RT effects [ 123 ]. This breakdown of 
the BBB by radiation likely facilitates treatment 
by allowing immunoglobulins, complement, leu-
kocytes, and chemotherapeutics access to the 
tumor microenvironment.  

    RT Enhances Macrophage 
and Monocyte Recruitment 

 As gliomas grow, they become heavily infi ltrated 
with glioma associated microglia and macro-
phages (GAMs) that can make up as much as one-
third of the tumor mass [ 124 ], and this recruitment 
is further enhanced by radiotherapy [ 125 ]. This is 
demonstrated in an autopsy study of patients with 
brain tumors treated with I-125 implants to a 
mean dose of 62.3 Gy, with brain tissue obtained 
at time points ranging from 0.75 to 60 months 
after radiotherapy [ 126 ]. Immunohistochemistry 
revealed an acute infl ux of migrating macro-
phages, apparently concerned with the elimina-
tion of necrotic debris, with microglial 
accumulation in the region directly adjacent to the 
necrotic center.  
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    Glioma and Microglia Promoted 
Angiogenesis 

 Another important hallmark of malignancy in 
gliomas is angiogenesis, the development of 
blood vessels in order to meet the metabolic 
demands of the growing tumor [ 127 ]. While 
much of the work on GBM has been focused on 
the tumor cells ability to drive angiogenesis 
[ 128 ], there is increasing evidence that the 
microglia may be a major driver of blood vessel 
formation. GAMs express Flt-1, a tyrosine 
kinase inhibitor that binds to VEGF, and is a 
positive regulator of angiogenesis [ 129 ]. When 
combined with glioma cells, Flt-1 knockout cells 
led to tumors of decreased volume and vascular-
ity, suggesting the importance of GAMs in 
angiogenesis [ 130 ]. 

 A different in vivo technique was employed 
in order to study the effects of radiation on the 
normal brain parenchyma [ 131 ]. Their main 
focus was to look at a process termed vasculo-
genesis, the development of tumor vasculature 
by colonizing of circulating endothelial cells 
from the bone marrow. They had previously 
reported on the importance of GAMs in vasculo-
genesis by implanting tumor cells in preirradi-
ated MMP-9 knockout mice and controls to 
demonstrate the lack of tumor growth or vascu-
logenesis in the tumors without MMP-9 support 
from the surrounding microenvironment [ 132 ]. 
They fi rst used an orthotopic tumor model of 
U251 GBM cells implanted intracranially and 
the mice were given whole brain RT. Growth and 
regression was confi rmed in a radiation dose 
dependent manner by histology and MRI. The 
irradiated cells demonstrated vascular damage 
and increased HIF-1 leading to increased recruit-
ment of GAMs. Irradiated, hypoxic tumors also 
demonstrated increased levels of SDF-1 which 
has been shown to phosphorylate CXCR4 [ 133 ] 
and lead to revascularization. The addition of 
drug AMD3100, which blocks the SDF-1/
CXCR4 interaction, prevented the return of 
blood fl ow in irradiated tumors thus preventing 
tumor recurrence. These promising results have 
led to clinical trials including AMD3100 in the 

treatment regimen of high grade glioma in con-
junction with radiation (clinicaltrials.gov identi-
fi ers: NCT01977677, NCT01339039).   

    Clinical Experience Targeting 
the Immune System 
After Chemoradiation 

 There have been a number of efforts recently to 
combine immunotherapy with radiotherapy to 
augment the anti-tumor immune effects of radio-
therapy (Table  10.1 ). A strategy to increase both 
the likelihood and duration of anti-tumor immu-
nity in response to immunotherapy is to add 
radiotherapy as an adjunct to bolster the immune 
response [ 134 ,  135 ]. When combined with radio-
therapy, immunotherapeutic approaches can be 
broadly separated into (1) the promotion of 
cross- priming of tumor specifi c CTLs, (2) the 
stimulation of immune effector function of CTLs 
primed by RT, and (3) neutralization of the 
immunosuppressive effects of the tumor micro-
environment. Essentially all current clinical 
approaches fall into the fi rst two categories, with 
the third category primarily in the preclinical 
stage.

      TLR Agonists 

 TLR-3 is the receptor for poly-ICLC, a double 
stranded RNA shown to increase the antibody 
response to antigen, and augment the activation 
of natural killer cells, macrophages, and T-cells 
[ 136 – 140 ]. The North American Brain Tumor 
Consortium conducted a single-arm phase II trial 
of poly-ICLC in conjunction with radiation in 
patients with newly diagnosed supratentorial 
glioblastoma [ 141 ]. Poly-ICLC was administered 
intramuscularly three times per week at 20 mcg/kg, 
and radiation was delivered 5 days per week to a 
total dose of 60 Gy in 2 Gy within 1 week of 
starting poly-ICLC. The combined treatment was 
followed by poly-ICLC for up to 1 year, or until 
the tumor progressed. Thirty eligible patients 
demonstrated a 1 year overall survival of 69 % 
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which compares favorably to RT alone but is 
comparable to the current standard of care, radiation 
with concurrent temozolomide [ 82 ].  

    Adoptive Cell Transfer 

 Adoptive cell transfer is a type of immunother-
apy that involves the isolation of autologous 
blood-borne or tumor-infi ltrating lymphocytes 
followed by their selection, expansion, and acti-
vation ex vivo and subsequent reinfusion into the 
host [ 142 ]. In a phase I study, patients with pro-
gressive primary or recurrent malignant glioma, 
previously treated with standard radiotherapy, 
were inoculated intradermally with irradiated 
autologous tumor cells and granulocyte 
macrophage- colony stimulating factor as an 

adjuvant. Cells from surgically removed inguinal 
lymph nodes were then removed, expanded, and 
reintroduced intravenously. There were no Grade 
3 or 4 toxicities and 3 of 10 patients demonstrated 
regression or stable disease [ 143 ]. A subsequent 
phase I trial from this group demonstrated similar 
results with 4/12 patients glioma patients treated 
in the upfront setting demonstrating partial 
regression [ 144 ].  

    Dendritic Cell Based Vaccines 

 Active immunotherapy utilizing DCs has the 
advantage of eliciting a specifi c de novo immune 
response against selected tumor antigens. 
Another vaccination method employed to combat 
the inherent heterogeneity of glioma cells was to 

   Table 10.1    Prospective trials highlighting immunotherapeutic strategies for gliomas   

 Immunotherapeutic 
approach  Class 

 Representative 
therapeutic  Setting  Design/primary endpoint 

 Cellular  Adoptive 
T-cell transfer 

 Activated T-cells  [ 143 ]—PG/RG  [ 143 ,  144 ]—Phase I/safety 

 [ 144 ]—PG 

 Vaccination  Tumor- 
associated 
antigen 
vaccine 

 Dendritic cells 
pulsed with 
tumor-associated 
antigen 

 [ 145 ]—RG  [ 145 ]—Phase I/II 

 [ 146 ]—PG/RG  [ 146 ]—Phase I/immunogenicity 

 [ 147 ]—PG  [ 147 ]—Randomized phase II/effi cacy 

 Tumor-specifi c 
antigen 
vaccine 

 Vaccine targeted to 
EGFRvIII 
(Rindopepimut) 

 [ 149 ]—PG  [ 149 ]—Phase I/safety 

 [ 150 ]—PG  [ 150 ]—Phase II/effi cacy 

 [ 151 ]—PG  [ 151 ]—Phase II/effi cacy 

 Whole tumor 
lysate 

 DCVax  [ 152 ]—PG  [ 152 ]—Phase I/safety 

 [ 153 ]—PG/RG  [ 153 ]—Phase I/safety 

 [ 154 ]—PG/RG  [ 154 ]—Phase I/dose escalation 

 [ 155 ]—RG  [ 155 ]—Phase I/II 

 [ 156 ]—RG  [ 156 ]—Phase I/safety 

 [ 157 ]—PG/RG  [ 157 ]—Phase II/effi cacy 

 [ 158 ]—PG  [ 158 ]—Pilot/feasibility 

 [ 159 ]—PG  [ 159 ]—Phase I/safety 

 [ 160 ]—PG  [ 160 ]—Phase I/dose escalation 

 [ 161 ]—PG  [ 161 ]—Phase I/II 

 [ 162 ]—PG  [ 162 ]—Phase I/dose escalation a  

 [ 163 ]—PG  [ 163 ]—Randomized phase II/effi cacy 

 Heat shock 
proteins 

 HSPPC-96  [ 165 ]—RG  [ 165 ]—Phase I/dose escalation 

 [ 166 ]—RG  [ 166 ]—Phase II/effi cacy 

 Glioma stem 
cells 

 Dendritic cells 
transfected with 
mRNA from GSCs 

 [ 167 ]—PG  [ 167 ]—Phase I/II 

   PG  primary glioma,  RG  recurrent glioma,  GSC  glioma stem cells 
  a Manuscript describing patients from both whole tumor lysate and tumor-associated antigen protocols NCT00068510 
and NCT0061200  
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target glioma-associated antigen (GAA) in the 
hopes of generating a more potent cytotoxic anti- 
tumor immune response. In a phase I/II trial, 22 
patients with recurrent glioblastoma underwent 
treatment with autologous dendritic cells loaded 
with synthetic GAA and poly-ICLC. The treat-
ment was well tolerated with 9/22 patients dem-
onstrating progression free status for at least 1 
year [ 145 ]. A separate phase I trial was recently 
reported from the Cedars-Sinai group that tested 
a similar strategy in 17 newly diagnosed and 
three recurrent GBM patients, as well as one 
brainstem glioma patient. The median overall 
survival in the newly diagnosed cohort was an 
impressive 38 months [ 146 ]. The highest level of 
evidence supporting this approach to treatment, 
currently only published in abstract form, is a 
randomized, double-blinded, placebo controlled 
trial evaluating the addition of a tumor- associated 
antigen loaded DC vaccine (ICT-107) to standard 
radiotherapy and temozolamide. This trial ran-
domized 124 patients after 6 weeks of concurrent 
chemoradiation in a 2:1 ratio to vaccine or pla-
cebo and demonstrated a statistically signifi cant 
2 month advantage in progression-free survival 
in the ICT-107 vaccine group. There was no dif-
ference in overall survival at the time of abstract 
reporting, but the patients in the study continue to 
be followed [ 147 ]. 

 In a different vaccine study, DCs were loaded 
with synthetic antigenic peptides from  EGFRvIII , 
a common driver mutation in GBM [ 148 ,  149 ]. 
Twelve patients were treated with intradermal 
injection of DCs pulsed with an  EGFRvIII - 
specifi c peptide. The injections were given in 
three equal doses, 2 weeks apart, without further 
intervention until clinical or radiographic pro-
gression. This therapy was well tolerated, and 83 
% of the patients demonstrated an immune 
response with an impressive overall median sur-
vival of 22.8 months. This success led to a phase 
II multi-institutional trial [ 150 ,  151 ] using a simi-
lar DC based therapy after concurrent chemora-
diation that demonstrated median overall survival 
of 26 months which was signifi cantly longer 
when compared to a group of matched controls 
(HR 5.3;  p  = .0013;  n  = 17). Interestingly, 82 % of 
patients lost  EGFRvIII  expression at progression, 
which is indirect evidence that vaccination led to 

specifi c anti-tumor immunity, immunoediting, 
and immune escape. This immunotherapeutic 
strategy warrants further investigation in a ran-
domized, controlled trial. 

 Since it is not known which antigenic peptides 
will produce the most robust immune response, 
another approach to vaccination is to load DCs 
with antigens derived from each patient’s indi-
vidual tumor, creating a personalized vaccine 
specifi c for each patient. This was tested in a 
phase I study [ 152 ] in which patients with recur-
rent GBM received autologous DCs pulsed with 
lysate prepared from each patient’s tumor and 
then re-introduced in three injections. Evidence 
of specifi c cellular immunity was observed in 57 
% of patients, and 50 % of patients who under-
went re-operation had a signifi cant CD8 +  T-cell 
infi ltrate. This treatment was well tolerated with 
no signifi cant adverse or autoimmune effects 
reported. A subsequent trial demonstrated similar 
results in a cohort of 14 patients [ 153 ], and mul-
tiple other groups performed phase I or phase I/II 
trials in the primary or recurrent glioma setting 
with comparable results [ 154 – 162 ]. Perhaps the 
most provocative trial employing whole tumor 
lysate is the randomized phase II trial by a group 
in Taiwan. This trial randomized 34 patients with 
newly diagnosed GBM between chemoradiation 
(60 Gy + temozolomide) and chemoradiation 
with the addition of a tumor lysate DC vaccine. 
With a median follow-up of 33 months the over-
all survival in the vaccination group was 32 
months versus 15 months in the control group 
( p  < .002) [ 163 ]. A multi- institutional phase III 
trial is warranted to confi rm these compelling 
preliminary data.  

    Vaccination: Heat Shock Proteins 

 Heat shock proteins are another form of person-
alized autologous vaccine that has been tested in 
clinical trials after chemoradiation. HSPs are 
molecular chaperones that are thought to partici-
pate in the processing and presentation of peptide 
antigens on MHC-I. HSPs purifi ed from tumor 
cells are associated with tumor specifi c peptide 
antigens, and these HSP-peptide complexes 
induce tumor specifi c immunity that can result in 
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tumor rejection [ 164 ]. This approach has been 
utilized in a phase I dose escalation trial involv-
ing 12 patients with recurrent GBM treated with 
the HSP gp96 purifi ed from surgically resected 
tumor. Eleven of the 12 patients treated demon-
strated a tumor specifi c peripheral immune 
response. The median survival was 47 weeks in 
the 11 immune responders compared to 16 weeks 
in the single non-responder [ 165 ]. These results 
led to a multi-center phase II trial evaluating 41 
patients previously treated with standard partial 
brain irradiation to 60 Gy with concurrent temo-
zolamide and presented with operable, recurrent 
GBM. The median survival was similar in this 
expanded cohort of patients at 43 weeks [ 166 ]. 
An interesting fi nding that certainly warrants fur-
ther examination was the signifi cant negative 

correlation between pre-vaccination lymphope-
nia and survival, highlighting the importance of 
an intact immune system pretreatment. These 
exciting results have led to a RTOG 1470 phase 
II randomized trial comparing bevacizumab and 
gp96 vaccination with bevacizumab alone in 
patients with resectable, recurrent GBM.   

    Conclusions 

 We are entering an exciting time in the treatment 
of what has historically been a universally fatal 
disease. While there have been many advances in 
the past decade there is still much work to be 
done. There are many trials currently open and 
accruing (Table  10.2 ) and many more are ongoing. 

   Table 10.2    Trials actively recruiting studying immunotherapy in brain tumors   

 Immunotherapeutic 
approach  Class  Therapeutic  Clinicaltrial.gov identifi er 

 Cellular  Chimeric antigen 
receptor (CAR)—
engineered T-cells 

 • Genetically modifi ed HER2/CAR 
CMV-specifi c CTLs 

 • NCT01109095 

 • Anti-EGFRvIII CAR transduced PBL  • NCT01454596 

 Vaccination  Dendritic cell 
vaccine 

 • Tumor lysate  • NCT01808820, 
NCT01204684, 
NCT02010606, 
NCT01635283, 
NCT01957956, 
NCT00045968 

 • Dendritic Cell Vaccine in 
combination with Imiquimod cream 

 • Tumor specifi c peptide 

 • NCT01792505, 
NCT01678352, 
NCT01902771 
NCT01400672 (with RT) 

 • ICT-121 DC vaccine 

 • ADU-623  • NCT02193347, 
NCT02078648, 
NCT02149225, 
NCT01920191, 
NCT01498328 

 • NCT02049489 

 • NCT01967758 

 Virus  • Live attenuated, oral (Sabin) serotype 
1 poliovirus vaccine (PVSRIPO) 

 • NCT01491893 

 • Measles Virus Derivative Producing 
CEA (MV-CEA) 

 • NCT00390299 

 Heat shock 
proteins 

 • NCT00390299gp96 vaccination  • NCT02122822 

 • NCT00390299HSPPC-96  • NCT01814813 

 Immunomodulation  IDO inhibitor  • Indoximod  • NCT02052648 

 Anti-PD1  • CT-011  • NCT01952769 

 Anti-CLTA-4 and 
Anti-PD1 

 • Ipilumimab and Nivolumab  • NCT02017717 

 Anti-PD-L1  • MEDI4736  • NCT02336165 
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Future studies will need to take a careful look at 
pretreatment immune competence as well as 
investigate how to best incorporate radiation 
therapy with regards to timing, total dose, and 
fractionation. Checkpoint inhibitors and agonists 
need to be studied both alone and in combination 
with radiation to ensure the maximum effi cacy. 
Overall survival remains the most reliable measure 
of treatment outcome rather than tumor response.

   A concerted effort in both understanding the 
cross talk of GBM with the host’s immune system 
and in testing immunotherapy in this disease will 
signifi cantly contribute to win the battle against a 
disease that is so devastating to patients of all 
ages in all walks of life.     
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       Malignant gliomas are the most common tumors 
of the Central Nervous System (CNS). The inci-
dence rates were higher in more developed coun-
tries than in less developed ones [ 1 ]. The evidence 
that the incidence is constant worldwide suggests 
that environmental, geographical, and nutritional 
factors have not a specifi c role in this cancer, 
where genetic and epigenetic factors more prob-
ably account for its etiology [ 2 ]. The World 
Health Organization (WHO) classifi es astrocyto-
mas on histologic type, with tumor grade depend-
ing on the degree of nuclear atypia, mitotic 
activity, microvascular proliferation, and necro-
sis, with increased anaplasia corresponding to 
higher tumor grade. Grades are low-grade, or 

WHO grade I (pilocytic astrocytoma) and grade 
II (diffuse astrocytoma) and high-grade, or WHO 
grade III (anaplastic astrocytoma) and grade IV 
(glioblastoma, GB) [ 3 ,  4 ]. The most common, 
biologically aggressive and lethal subtype of 
brain tumors is glioblastoma (GB, WHO grade 
IV) which is characterized by high cellular pro-
liferation, infi ltration, necrosis, angiogenesis, 
resistance to apoptosis, genomic instability and 
by high cell density and atypia [ 5 ,  6 ]. 

 The age represents one of the most important 
prognostic factors [ 7 ]. The peak incidence is 
between 45 and 70 years, average age at diagno-
sis is 64 years for glioblastomas and 45 years in 
the case of anaplastic gliomas [ 8 ]. Patients suffer-
ing from GB have a median survival of 15 months 
[ 9 ,  10 ], only 5 % survive more than 5 years 
despite aggressive therapies [ 11 ]; therefore, this 
makes it a considerable public health issue [ 2 ]. 

    Risk Factors and Etiology 

 Risk factors for developing gliomas are poorly 
identifi ed, thus prevention does not really exist. 
Many environmental, dietary, and lifestyle  factors 
were investigated but unequivocal evidences 
were not found so far [ 12 ]. Most GB appear to be 
sporadic, although several genetic disorders have 
been associated with increased incidence, such as 
tuberous sclerosis, neurofi bromatosis type 1 and 
type 2, von Hippel Lindau disease, Turcot and 
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Li-Fraumeni syndromes [ 2 ]. Adults affected by 
more benign brain tumors such as meningiomas 
or low grade gliomas that received radiotherapy 
as initial treatment also exhibited higher risk for 
developing GB [ 12 ]. It appears that for the major-
ity of cases of malignant gliomas, there is no a 
specifi c known cause. What is now considered a 
new challenge is the defi nition of the molecular 
epidemiology of malignant gliomas, by the 
genome-wide association studies, genomic and 
epigenetic expression arrays, and all the possible 
methods able to match population controls. These 
studies are related to single nucleotide polymor-
phisms of genes associated with DNA repair, cell 
cycle control, metabolism, infl ammation. 
However, despite all these studies, that included 
large cooperative studies, so far why patients 
may develop malignant gliomas is not known. 
Moreover, the role/s of the individual genomic 
susceptibility associated with gliomagenesis is 
still not completely elucidated [ 13 ].  

    Genetic Pattern 

 The study performed by The Cancer Genome 
Atlas (TCGA) project sequenced 601 cancer- 
related candidate genes in more than 200 human 
GB samples. The study also analyzed genome- 
wide DNA copy number changes, DNA methyl-
ation status, and protein-coding and noncoding 
RNA expression [ 14 ]. Another study considered 
20,661 protein-encoding genes in 22 GB sam-
ples and allineated the genetic alteration with 
DNA copy number and profi les of gene expres-
sion [ 15 ]. 

 These studies provided an exhaustive view of 
the complex genomic profi le of GB, evidentiat-
ing a set of crucial signaling pathways commonly 
mutated in GB controlling cellular proliferation, 
survival (apoptosis and necrosis), invasion, and 
angiogenesis [ 5 ,  14 – 16 ]. 

 Many oncogenes have been indicated overex-
pressed/amplifi ed and/or activated:

    1.    Epidermal growth factor receptor (EGFR), 
involved in the control of cell proliferation, is 
amplifi ed and overexpressed in more than 

one-third of glioblastomas, sometimes in a 
truncated and rearranged form. The most 
common alteration is the deletion of exons 
2–7 from the extracellular domain, resulting 
in a truncated mutant receptor, with the vari-
ant 3 (EGFRvIII) being the more frequent 
observed  EGFRvIII enhanced tumorigenicity 
by increasing proliferation and reducing apop-
tosis, probably through the Ras-Shc-Grb2 
pathway [ 17 ].   

   2.    Platelet-derived growth factor (PDGFR) is 
one of the major mitogen in the connective 
tissue cells and glia; it is a dimer of A and B 
chains. The ligands are recognized by two 
types of cell surface receptors, PDGFR-α and 
PDGFR-β, which belong to the tyrosine 
kinase family of receptors. In both low- and 
high-grade astrocytomas overexpression of 
PDGFR-α was reported, indicating that 
PDGFR-α is involved in tumor cell prolifera-
tion in both early and late stages of glioma-
genesis. In contrast, amplifi cation of the 
PDGFR-β gene was detected only in a small 
fraction (16 %) of glioblastomas [ 17 ].   

   3.    MDM2 (Mouse double minute 2) contains a 
TP53 DNA-binding site. It forms a complex 
with TP53, thereby abolishing its transcrip-
tional activity. Thus, in normal cells, this 
autoregulatory feedback modulates both the 
activity of the TP53 protein and the expres-
sion of the MDM2 gene. An increase of TP53 
levels blocks the entry into the cycle in the G 
1 phase; at the same time, TP53 induces the 
expression of MDM2, resulting in a TP53–
MDM2 complex formation that may over-
come the G 1 checkpoint and allows the entry 
into the S-phase of the cell cycle. Therefore, 
MDM2 amplifi cation/overexpression consti-
tutes an alternative mechanism to escape from 
TP53-regulated control of cell cycle [ 17 ].     

 GB is also characterized by mutations leading 
to loss of function of key tumor suppressor genes:

    1.    PTEN (Phosphatase and tensin homolog) on 
chromosome 10 encodes a central domain 
with homology to the catalytic region of pro-
tein tyrosine phosphatases, which is crucial 
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for the protein phosphatase and 3′-phos-
phoinositol phosphatase activities. The amino 
terminal domain of PTEN is fundamental for 
the regulation of cell migration and invasion 
by dephosphorylating focal adhesion kinase. 
The PTEN gene is mutated in 15–40 % of 
glioblastomas [ 18 ].   

   2.    p53 on chromosome 17 is the guardian of 
the genoma preventing the propagation of 
cells with unstable genomes, by arresting 
the cell cycle in the G1 phase or inducing 
apoptosis, through its function as a tran-
scription factor, binding and regulating at 
transcriptional level the promoters of >2500 
potential effector genes. The best known of 
these effectors is the transcriptional target 
CDNK1A, which encodes the protein for the 
CDK2 inhibitor p21. This gene is not altered 
in gliomas but its expression is generally 
abrogated by functional inactivity of p53 or 
by mitogenic signals through the PI3K and 
MAPK pathways [ 5 ].   

   3.    Rb (Retinoblastoma tumor suppressor gene). 
 In quiescent cells, hypophosphorylated Rb 

blocks cell proliferation by sequestering the 
E2F transcription factors, which prevents the 
transactivation of genes essential for the pro-
gression of the cell cycle. Mitogenic stimuli 
trigger the activation of the MAPK cascade 
leading to the induction of cyclin D1 and its 
association with the cyclin-dependent kinases 
CDK4 and CDK6. These CDK complexes in 
turn phosphorylate Rb, triggering E2F trans-
activation of transcriptional targets, determin-
ing S-phase entry and progression. In Gliomas 
Rb-mediated cell cycle control is generally 
abrogated through different genetic altera-
tions [ 5 ].   

   4.    p16/INK4A (Tumor suppressor) is encoded 
by the CDKN2A controlling cell growth by 
the inhibition of the cyclin-dependent kinases 
CDK4 and CDK6, by reducing their capacity 
to phosphorylate the Rb protein, and thus 
allowing G1/S-phase transition of the cell 
cycle. Thus, the loss of cell cycle control 
may be derived from the altered expression 
of any of the following genes: loss of 
CDKN2A (p16) expression, overexpression/

amplifi cation of CDK genes, or loss of RB 
function [ 17 ].   

   5.    p19 Arf  .  The CDKN2A (p16 or INK4a) locus 
codes for two gene products (p16 and p19  Arf ). 
The putative tumor suppressor p19  Arf  blocks 
MDM2-induced degradation and silencing of 
p53 [ 17 ].   

   6.    Loss of heterozygosity (LOH) on large 
regions at 10q, 10q23, and 10q25-26 loci or 
loss of the entire copy of chromosome 10 are 
the most frequent genetic alterations in glio-
blastomas [ 17 ].   

   7.    DCC (deleted in colorectal cancer) gene 
located at 18q21. It encodes a 1447-amino 
acid transmembrane domain protein belong-
ing to a family of neural cell adhesion mole-
cules and is preferentially expressed in the 
nervous system. DCC immunohistochemistry 
reveals that loss of expression increases dur-
ing progression from low-grade astrocytoma 
(7 %) to glioblastoma (47 %) [ 17 ].     

 Recently it was report as, on 291GB, the 46 % 
of case had at least one somatic mutation in gene 
involved in epigenetic events. In particular, these 
mutations determined the alteration of DNA 
methylation, histone modifi cation, and nucleo-
some positioning, and were generally related to 
altered gene expression [ 19 ]. The genes are those 
involved in DNA methylation (isocitrate dehy-
drogenase [IDH] 1, IDH2), histone modifi cation 
(mixed lineage leukemia 2 [MLL2], MLL3, 
MLL4, Enhancer of zeste 2 [EZH2], and histone 
deacetylase 2 [HDAC2]), and chromatin remod-
eling (a-thalassaemia ⁄mental retardation syn-
drome X-linked [ATRX], death-domain 
associated protein [DAXX], CREB binding pro-
tein [CREBBP] and SWI ⁄ SNF-related matrix- 
associated, actin-dependent regulator of 
chromatin A2 [SMARCA2]) [ 20 ].  

    Primary and Secondary 
Glioblastoma 

 Glioblastomas may be primary or secondary with 
respect to their clinical history and there is a great 
difference in the age distribution of patients. 
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Primary glioblastomas, also termed de novo, are 
more common in older patients, aged >50 years 
[ 18 ], occurring from the acquisition of multiple 
genetic alterations resulting in an acute de novo 
appearance with no evidence of previous symp-
toms or antecedent lower grade pathology [ 18 ]. 
Secondary glioblastomas are less frequent and 
tend to occur in younger patients, aged below 45 
years; they develop through the progression from 
lower grade astrocytoma (WHO grade II) towards 
higher malignancy grades. About 70 % of grade 
II gliomas progress into grade III/IV within 5–10 
year from diagnosis. It is worth noting that, in 
spite of their different clinical histories, primary 
and secondary GB are morphologically and clini-
cally indistinguishable and characterized by an 
equally poor prognosis. However, although these 
GB subtypes reach a common phenotypic end-
point, recent genomic studies have revealed dif-
ferent genetic profi les between primary and 
secondary GB as well as new glioma subclasses 
within each category [ 5 ]. 

 Recently a large-scale genomic and epig-
enomic profi ling studies, such as The Cancer 
Genome Atlas, have produced new data that have 
allowed a better insight into gliomagenesis [ 21 ]. 
In this study it was identifi ed a CpG island meth-

ylator phenotype (G-CIMP) in gliomas and this 
phenotype was associated with  IDH1  mutation. 
The authors showed as G-CIMP patients were 
younger at diagnosis and display improved sur-
vival, moreover G-CIMP was distinctive of sec-
ondary GB, because G-CIMP was more prevalent 
among low- and intermediate-grade gliomas. 

 The genetic pathway to primary and second-
ary glioblastomas at a population level is sum-
marized in Fig.  11.1 .

       Epigenetic Determinants 

 The hallmarks of cancer and also of GB consists of 
epigenetically deregulated genes able to increase 
survival, proliferation, insensitivity to inhibitory 
signals, angiogenesis, and metastatic and invasion 
potential (Fig.  11.2 ) [ 22 ]. Epigenetic determi-
nants, like DNA methylation and histone modifi -
cations, can affect the transcription of mRNA and 
microRNA (miRs) that in turn regulate the expres-
sion of several key cellular proteins [ 23 ,  24 ]. 

 The transcriptome analysis studies recently 
performed have evidentiated that about 90 % of 
the human genome is transcribed and transcrip-
tion is not occurring only for protein-coding 

Low-grade astrocytoma

Anaplastic astrocytoma

WHO grade II

TP53 Mutation (59%)
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CpG island methylator phenotype

WHO grade III

  Fig. 11.1    The genetic pathway to primary and secondary glioblastomas       
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  Fig. 11.2    Genetic and epigenetic determinants in human glioblastoma       

regions [ 25 ]. The expression of signifi cant num-
bers of noncoding RNA (ncRNA) is regulated 
during development for each specifi c cell-type 
and these RNA, named microRNA (miR) and 
long noncoding RNA (lncRNA), are associated 
with different cell functions [ 26 ]. Previous stud-
ies have reported that ncRNA, other than being 
considered key regulators of cellular differentia-
tion and proliferation, may also be considered as 
tumor suppressive or have oncogenic activities in 
many types of cancer [ 27 ]. Recent fi ndings seem 
to indicate miRs, particularly miR-29, as control-
ler of epigenetic regulatory enzymes [ 23 ]. miR- 
29c was signifi cantly downregulated in glioma 
cell lines and human primary glioma tissues. In 
addition the overexpression of miR-29c reduced 
the proliferation and arrested the cell cycle, sug-
gesting that miR-29c may be a tumor suppressor 
involved in the progression of glioma [ 28 ]. 

 The chromosomal structure stability and the 
control of gene expression are known to be regu-

lated by an appropriate maintenance of DNA 
methylation [ 29 ]. 

 CpG islands (CGIs), that are sites of transcrip-
tion initiation, 1000 base pairs (bp) long, show a 
frequent absence of DNA methylation, an ele-
vated G + C base composition and little CpG 
depletion. Silencing of CGI promoters is achieved 
through dense CpG methylation or polycomb 
recruitment [ 30 ]. It has been proposed that altered 
DNA methylation profi les may result in the 
development and progression of gliomas [ 21 , 
 31 ]. Cancer cells often have simultaneously both 
global hypomethylation and regional hypermeth-
ylation, with the latter occurring particularly at 
select gene-associated CpG islands that are gen-
erally unmethylated [ 32 ]. 

 The glioma CpG island methylator phenotype 
(G-CIMP) tumors are often reported in second-
ary GB, which presents a grade progression from 
low-grade glioma to high-grade GB [ 33 ]. 
Moreover G-CIMP are distinguished by both 
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mutations in IDH1 or IDH2 and hypermethyl-
ation of DNA (proneural type) [ 21 ]. IDH are 
NAD+ and NADP+-dependent enzymes that 
catalyze the third step of the tricarboxylic acid 
(TCA) cycle. Mutations in IDH1 trigger to the 
accumulation of 2-hydroxyglutarate (2-HG) that 
in turn impairs the activity of 10–11 translocation 
(TET) methylcytosine dioxygenase, which deter-
mines DNA hypermethylation [ 34 ,  35 ]. 

 DNA methylation can also coordinate epigen-
etic modifi cations of the surrounding chromatin 
by the engagement of proteins that bind methyl-
ated CpG sequences (methyl-CpG-binding 
domain [MBD] proteins) connected with histone 
deacetylases (HDACs) and histone methyltrans-
ferase (HMTs) [ 36 ]. Histone modifi cations func-
tionally affect the regulation of transcription [ 19 ] 
and it has been reported that the enzymes 
involved in histone modifi cations are deregulated 
in gliomas. Particularly, the most studied epigen-
etic enzymes, Ezh2, a lysine methyltransferase, is 
overexpressed in glioblastoma and it is required 
for GB stem cell maintenance [ 37 ]. EZH2 is the 
catalytic subunit of Polycomb Repressive 
Complex 2 (PRC2), and has a substrate specifi c-
ity for the lysine 27 of histone 3 (H3K27) and 
produces dimethylated H3K27 (H3K27me2) or 
H3K27me3 [ 38 ]. Trimethylation of histone H3 
lysine 27 (H3K27me3) has been reported as cru-
cial epigenetic modifi cation during development, 
including neural cell differentiation. Aberrant 
H3K 27me3 is generally reported in many types 
of cancer [ 38 ], and many studies have shown that 
H3K27me3-mediated gene silencing is a mecha-
nism different from gene silencing triggered by 
DNA methylation [ 39 ]. In fact, H3K27me3 and 
DNA methylation are generally not simultane-
ously present in CpG islands in genome-wide 
analysis [ 40 ]. 

 The pattern of gene silencing mediated by 
H3K27me3 can vary during differentiation due 
to the presence of H3K27 methylases (EZH2 
and EZH1) and demethylases (UTX and 
JMJD3) [ 41 ]. 

 A previous study reported, in infant and adoles-
cent GB, that frequent heterozygous mutations in 
H3F3A, which encodes the replication- independent 
histone H3 variant H3.3, determine amino acid 

substitutions at two crucial positions within the his-
tone tail (K27M, G34R⁄ G34V) [ 42 ,  43 ]. 

 Cases of GB with the H3F3A G34 mutation 
are characterized by high rates of mutation in 
TP53, ATRX, and DAXX, high levels of alterna-
tive lengthening of telomeres (ALT) activity, 
DNA hypomethylation and a hemispheric loca-
tion, whereas cases of GB with the H3F3A K27 
mutation are characterize by high frequencies of 
TP53 mutation, DNA hypomethylation, a mid-
line location and diffuse pontine location, and a 
poor prognosis. Given that ATRX and DAXX 
are essential for the incorporation of H3.3 at peri-
centromeric heterochromatin and at telomeres, 
mutations in these genes are strongly related with 
alternative lengthening of telomeres and with the 
expression of specifi c genes that determines glio-
magenesis [ 42 ]. 

 Histone H3.3 mutated in K27 operates in a 
dominant-negative manner leading to a general 
decrease of the repressive H3K27me3 [ 44 ]. The 
reduced levels of H3K27me3 might also affect 
the total DNA methylation status determining 
DNA hypomethylation which in turn activates 
gene expression. The K27 mutant and the con-
sequent decrease of H3K27me3 have the same 
effect of the loss of EZH2 function, which indi-
cates that EZH2 might exert as tumor suppres-
sor. However, these evidences are not in 
agreement with the fi nding that high EZH2 
activity increases the level of H3K27me3 and 
that EZH2 may operate as an oncogene by 
repressioning of tumor suppressor genes [ 45 –
 48 ]). Ezh2 mRNA is regulated by miRNA-101, 
a microRNA downregulated in GB [ 49 ]. The 
possible dual role of EZH2 as oncogene or 
tumor suppressor in human cancers indicates 
that signals outcoming downstream of altered 
EZH2 activity depend on the context. 

 It is worth noting that mutations in H3F3A 
take place exclusively with mutations in IDH1 
[ 50 ]. As mentioned, IDH1 mutations determines 
the accumulation of 2-HG, that operates as inhib-
itor of multiple α-ketoglutarate (α-KG)-
dependent dioxygenases, that includes histone 
demethylases and the TET protein family [ 34 , 
 51 ,  52 ]. This inhibition determines particular 
changes in the patterns of histone and DNA 
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methylation. The different mutations are corre-
lated with GB with clear clinical characters, due 
to distinct molecular profi les that involved differ-
ences in gene expression and DNA methylation 
profi les.  

    Role of Hypoxia in Epigenetic 
Regulation of Gene Expression 

 Hypoxia represents a negative prognostic factor 
for several cancers, including those of the brain 
[ 53 ]. Hypoxia is mostly present in high-grade 
gliomas [ 54 ,  55 ] and the level of oxygen concen-
trations in GB ranges between 2.5 and 0.5 % for 
mild hypoxia and 0.5–0.1 % for moderate/severe 
hypoxia [ 56 ]. Severe hypoxia is less frequent but 
commonly found in surrounding areas of exten-
sive cellular necrosis [ 57 ], which are a histopath-
ological feature of GB and consist of foci of 
micronecrosis encircled by pseudopalisading 
hypercellular neoplastic cells [ 58 ]. 

 These hypoxic microenvironments maintain 
glioblastoma stem cells (GSCs) and promotes 
reprogramming towards a cancer stem cell pheno-
type [ 59 ,  60 ]. Cellular hypoxia is toxic, mainly 
when severe hypoxia leads to cell death; however 
cancer cells have developed adaptive mechanisms 
through epigenetic modifi cations which allow 
them to survive and even grow in hypoxic condi-
tions [ 61 ,  62 ]. It is widely known that the tran-
scriptional responses, which are crucial for cell 
adaptation to hypoxic conditions, are predomi-
nantly controlled by the hypoxia-induced tran-
scription factor (HIF) family, the master regulator 
of oxygen homeostasis [ 63 ]. The HIF transcrip-
tional complex is a heterodimer composed of one 
of three oxygen sensitive α-subunits (HIF-1α, 
HIF-2α, or HIF-3α) and a constitutively expressed 
β-subunit, HIF-1β [ 64 ]. In the presence of oxygen 
(normoxic condition), HIF-α is hydroxylated by 
prolyl hydroxylase enzymes (PHD1, PHD2, and 
PHD3) enabling interaction with the Von Hippel 
Lindau (VHL) protein and subsequent ubiquitina-
tion and proteasomal degradation. In the absence 
of oxygen (hypoxic condition), PHD activity is 
inhibited, which leads to stabilization and nuclear 
translocation of the HIF-α subunits enabling them 

to bind to nuclear HIF-1β and form transcription-
ally active heterodimer, involved in the transcrip-
tion and upregulation of over 100 genes involved 
in tumorigenesis [ 63 ]. 

 The most important result of HIF activation is 
a metabolic shift in aerobic glycolysis known as 
Warburg effect, through the regulation of the 
expression of glucose transporters (GLUTs) and 
metabolic enzymes such as pyruvate kinase (PK), 
particularly the embryonic isoform M2, hexoki-
nase II (HK2), lactate dehydrogenase (LDH), 
pyruvate dehydrogenasekinase (PDK) [ 63 – 66 ]. 

 However, the hypoxia-induced transcription 
factors require the cooperation of epigenetic 
events in order to meet the activation of hypoxic 
response pathways [ 67 ]. Particularly, epigenetic 
modifi cations both at the DNA and histone level 
are able to regulate the HIF binding to target gene 
promoters. Hypoxia itself has the ability to 
induce epigenetic modifi cations, resulting in 
transcriptional changes and chromosomal remod-
eling and further instability by changing DNA 
methylation histone modifi cations, and micro- 
RNAs [ 68 – 71 ]. 

 Epigenetics and hypoxia can interact each 
other in different ways:

    1.    HIF stabilization is infl uenced by the epige-
netically controlled expression of VHL and 
PHD3.   

   2.    Epigenetic mechanisms regulate HIF binding 
by maintaining a transcriptionally active chro-
matin conformation within and around HIF 
binding site regions. This may occur through 
the action of the HIF-1α coactivation complex 
or through direct modifi cations of the HRE 
binding sites which prevent HIF binding.   

   3.    Many histone demethylase enzymes are HIF-1 
target genes and as a consequence, they have 
a role in the regulation of transcription during 
the hypoxic response.   

   4.    Signifi cative changes in histone modifi cations 
and DNA methylation occur in response to 
hypoxic exposure [ 68 ].     

 Several studies suggest that the hypoxic 
response depend on the cooperation of epi-
genetics since, when studying the HIF-1α coacti-
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vation complex, several epigenetic modifying 
enzymes have been found in direct contact with 
HIF-1α during the initial cellular response to 
hypoxia [ 68 ]. In fact, it is known that the histone 
acetyltransferase enzyme CBP/p300 is associate 
with HIF-1α and is involved in the coactivation 
of a series hypoxia-inducible genes. This interac-
tion can be abolished by factor-inhibiting HIF 
(FIH) hydroxylation or the oxygen-dependent 
binding of VHL protein, which inhibits HIF-1α 
transactivation through the recruitment of histone 
deacetylase (HDAC) enzymes. Other members 
of the HIF-1α coactivation complex SRC-1 and 
TIF2 have also been found to have histone acet-
yltransferase activity which enhances the 
hypoxia-inducible activity of HIF-1α both inde-
pendently and in synergy with CBP/p300 [ 68 ]. 

 Histone deacetylase enzymes such as HDAC1, 
3, and 7 have also been involved in the actions of 
HIF-1α [ 68 ]. A range of global histone modifi ca-
tions are observed in hypoxia, determining gene 
transcription activation and repression. 
Particularly, it has been shown that hypoxia 
increased H3K4me3 (associated with activation 
of gene transcription) and decreased levels of 
H3K27me3 (a repressor of transcription) in both 
activated and repressed hypoxia-responsive 
genes studied [ 68 ,  72 ], suggesting that this event 
may determine a more adaptable chromatin 
response to hypoxia. 

 There are few studies which have investigated 
the DNA methylation changes occurring during 
hypoxia. It has been proposed that chronic 
hypoxia can lead to hypomethylation and conse-
quent increase of genomic instability and aneu-
ploidy which is generally observed in 
tumorigenesis [ 62 ,  69 ,  73 ]. 

 In addition, it has been reported that the HIFs 
demand epigenetic-modifying proteins to pro-
mote tumor malignancy in GB. In fact, it was 
demonstrated that the histone methyltransferase 
mixed-lineage leukemia 1 (MLL1) is induced by 
hypoxia and it increases the hypoxic responses. 
Loss of MLL1 downregulates the expression of 
HIF2α and target genes and reduced the self- 
renewal, growth, and tumorigenicity of GSCs 
which expressed higher levels of MLL1 in 
hypoxia than matched non-stem tumor cells [ 74 ]. 

 Moreover, hypoxia can impact on the regula-
tion of a subset of Jumonji proteins that have his-
tone demethylase properties, specifi cally at lysine 
and arginine residues and contain a common 
catalytic Jumonji C domain. In fact, it has been 
reported that HIF-1α is implicated in the transac-
tivation of Jumonji proteins in a hypoxic envi-
ronment, both in vitro and in vivo. Jumonji 
proteins as JMJD1A, JMJD2B, JMJ2C, and 
JARD1A are direct targets of HIF, and their 
expression is induced upon HIF binding in 
response to hypoxia. In particular, it has been 
shown that JMJD1A is upregulated by hypoxia in 
breast cancer cell MCF7 and glioblastoma cell 
U87 [ 75 – 78 ].  

    Conclusions 

 Malignant gliomas are the most common primary 
brain tumor in adults, but the prognosis for 
patients with these tumors remains poor despite 
advances in diagnosis and standard therapies 
such as surgery, radiation therapy, and chemo-
therapy. Progress in the treatment of gliomas 
now depends to a great extent on the understand-
ing of the complex interplay between genetic and 
epigenetic determinants in the different sub-
classes of gliomas.

   Patient personalized therapies will not only 
improve the effectiveness of the therapeutic 
scheme by inhibiting specifi c signaling pathways 
but also may also overcome the problem of drug/
radio-resistance. By aiming at multiple targets at 
once, the new treatment will limit the tumor’s 
ability to overcome drug resistance by affecting 
different pathways simultaneously and therefore 
limiting their proliferative capacity and their 
resistance.     
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          Introduction 

 Glioblastoma is among the most prevalent and 
lethal primary tumor of the brain [ 1 – 3 ]. Despite 
the aggressive therapeutic options, the prognosis 
for patients with glioblastoma remains extremely 
poor, with a median survival slightly above 1 
year [ 4 ]. The major problems with this malig-
nancy are the highly infi ltrative nature and the 
resistance to therapy of tumor cells [ 2 ,  3 ]. 

 Radiotherapy is the most effective nonsurgical 
therapeutic treatment for glioblastoma, because it 
can conform to highly irregular target volumes 
[ 5 ,  6 ], but tumor recurrence is yet almost inevi-
table [ 7 ]. Since tumor recurrence usually occurs 
in the initial treated tissues/areas and local con-
trol is not improved even by an increase in radia-
tion dose [ 8 ], this tumor is considered to be 
radioresistant [ 5 ,  6 ]. 

 Resistance to therapy is attributable to the cel-
lular and phenotypical heterogeneity that charac-
terizes this tumor [ 9 ]. Indeed, glioblastoma is a 
highly heterogeneous tumor, with distinctive his-
topathological and molecular features [ 10 ]. 

Increasing evidence supports the hypothesis that 
the intratumoral heterogeneity derives from a 
combination of genetic/epigenetic events (that 
lead to coexisting genetically distinct clones) and 
of a cellular hierarchy dominated by a subpopu-
lation of cells exhibiting stem cell properties, 
named glioblastoma stem cells (GSCs) [ 1 ]. In 
addition, multiple interactions between tumor 
cells and microenvironment contribute to tumor 
progression.  

    Tumor Microenvironment 

 The bulk of tumors is composed of a variety of 
cell types: tumor cells, cancer stem cells, and 
several other nonmalignant host cells, including 
fi broblasts, stromal cells, glial cells, immunitary 
system cells, and blood and lymphatic vessels. 
All these cells are embedded in an extracellular 
matrix. It has become increasingly evident that 
not only the genetic aberrations in malignant 
cells, but also the interaction among cancer cells, 
nonmalignant cells, soluble factors, and other 
elements of the tumor microenvironment are crit-
ical in the pathophysiology of cancer. Complex 
multilevel communication and interaction 
between tumor cells and nonmalignant cells have 
the ability to adapt tumor cells to the microenvi-
ronment and to change it to their own advantage 
[ 11 ]. Microenvironment cells can secrete a num-
ber of factors, such as growth factors, neuro-

mailto:monica.mangoni@unifi.it


190

trophic factors, and chemokines, that play a vital 
role in controlling the course of pathology [ 12 ]. 
Different cell types from the tumor microenvi-
ronment can communicate also by transferring of 
bioactive molecules, including microRNAs, that 
contribute to tumor progression [ 11 ]. In addition, 
the tumor-vasculature not only nourishes glio-
blastomas, but also provides a specialized niche 
for cancer stem cells [ 13 ]. Recent studies show-
ing that glioblastoma cells grown as orthotopic 
xenografts are more radioresistant than the same 
cells grown in vitro have suggested that the brain 
microenvironment, besides its pivotal role in 
tumor maintenance, is also implicated in radiore-
sistance [ 14 ]. 

 The tumor microenvironment is abnormal and 
these abnormalities can fuel tumor progression 
and treatment resistance. Normalization of the 
microenvironment can improve treatment out-
come in mice and patients with malignant and 
nonmalignant diseases [ 15 – 19 ].  

    Glioblastoma Stem Cells 

 While ambiguity remains over the precise origin 
of GSCs, several reports supported the implica-
tion of GSCs in initiation, progression, and 
regrowth of the tumor after therapy [ 1 ,  9 ,  20 ]. In 
fact, GSCs have a high tumorigenic capacity [ 21 , 
 22 ], a highly migratory nature [ 23 ], and display 
many of the properties of normal neural stem 
cells, that render them relatively insensitive to 
radiotherapy [ 24 – 27 ]. 

 The defi nitions of GSCs are various, but it is 
generally accepted that they possess clonal self- 
renewal, and multilineage differentiation poten-
tial. In addition, when injected in immunodefi cient 
mice, GSCs are able to reconstitute glioblastoma 
tumors phenotypically similar to the disease orig-
inally present in the patient from which they are 
derived [ 7 ,  20 ,  22 ,  24 ,  28 ]. 

 Like normal stem cells, GSCs are dependent 
on cues from the surrounding microenvironment 
and are located in specialized regions called 
“niches,” most notably the perivascular and 
hypoxic niches [ 1 ]. These niches are composed 
of several tumor-associated stromal cells (i.e., 

vascular and immune cells, neural precursor 
cells, microglia, myofi broblasts) and extracellu-
lar components, and provide GSCs with molecu-
lar signals that promote the stem cell phenotype 
[ 29 – 33 ]. 

 GSCs living in perivascular and hypoxic 
niches express the surface marker CD133/prom-
inin- 1 that has been the fi rst and most widely 
used antigen for the enrichment of GSCs and has 
been validated in fresh patient’s specimens [ 22 , 
 25 ]. The association between the expression of 
CD133 and the clinical outcome of glioblastoma 
patients has been demonstrated in several clinical 
studies [ 34 – 36 ]. 

 However, more recently some doubts on the 
assumption that CD133 is a universal marker for 
GSCs have been raised, since experimental evidence 
showed the existence of both CD133+ CD133− 
populations in GSCs and demonstrated that also 
CD133− cells were able to form tumors [ 37 ]. 

 These reports have suggested that a single 
marker is insuffi cient to identify the GSC popula-
tion. The search for more robust GSCs surface 
markers has led to the identifi cation of other mol-
ecules, such as CD15/SSEA-1 [ 38 ], CD44, inhib-
itors of DNA-binding protein(Id)-1 [ 39 ], CD90 
[ 40 ], L1CAM, integrin α6, A2B5, and Musashi 
homolog 1 (MSI1) [ 22 ,  41 – 44 ]. 

 Interestingly, the identifi cation of GSCs has 
provided new explanations of glioblastoma radia-
tion resistance [ 45 ]. Indeed, in in vitro and in vivo 
studies Bao and colleagues [ 25 ] showed that after 
ionizing radiation glioblastoma tumor cells 
became extremely enriched for GSCs and that 
irradiated GSCs were more radioresistant as 
compared to the non-stem cells population and 
were able to repopulate both in vitro and in vivo. 
These data suggested that GSCs may play a piv-
otal role in glioblastoma radioresistance and 
tumor aggressiveness [ 28 ]. 

 Radiation therapy targets the proliferative 
potential of the tumors by killing rapidly dividing 
cells within the bulk of the tumor, but cancer 
stem cells remain unaffected. Thus, the therapeu-
tic treatment leads to the selection of the more 
aggressive GSCs, resulting later in recurrence of 
the tumor, which becomes also resistant to fur-
ther conventional therapy [ 24 ]. 
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    Mechanisms of GSCs Radiation 
Resistance 

    Enhanced DNA Repair 
 Ionizing radiation therapeutic effect relays on its 
capability to produce unrepairable DNA dam-
ages, mostly double-strand breaks, within tumor 
cells [ 46 ]. In addition to these lethal DNA dam-
ages, also radiation-induced sublethal damages 
contribute to tumor lethality [ 26 ]. DNA lesions 
triggered by irradiation activate the DNA dam-
age checkpoint signaling, a complex signal 
transduction pathway that includes several pro-
teins, such as Chk1/2 kinases, ataxia telangiecta-
sia mutated (ATM), MRE11-RAD50-NBS1 
(MRN) complex, DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs), ATM and Rad3 
related (ATR), Rad17, and other checkpoint pro-
teins [ 26 ,  47 ,  48 ]. The activation of the DNA 
damage checkpoint induces cell-cycle arrest to 
allow the cells to repair DNA, or triggers a pro-
apoptotic signal to eliminate those cells where 
the DNA damage is irreparable [ 49 ,  50 ]. 
Interestingly, GSCs have been reported to be 
more effi cient in repairing damaged DNA and 
more resistant to radiation-induced apoptosis as 
compared to non- stem glioma cells both in vitro 
and in vivo [ 25 ]. 

 Indeed, CD133+ cells show an enhanced basal 
activation of ATM, Chk1, Chk2, and Rad17, that 
may be further upregulated in response to DNA 
damage, resulting in an increased survival of 
GSCs after irradiation [ 51 ,  52 ]. Accordingly, 
CD133+ glioma cells radiosensitivity is partially 
restored by treatment with specifi c inhibitors of 
Chk1/2 [ 25 ] and ATM kinases [ 51 ]. 

 A recent study showed that the protein poly 
(ADP-ribose) polymerase (PARP)-1, involved in 
single-strand break repair, plays a pivotal role in 
the constitutive activation of the DNA repair 
machinery and the subsequent radioresistance of 
GSCs [ 53 ]. PARP inhibitors, such as veliparib 
and olaparib, have been shown to radiosensitize 
glioblastoma cells both in vitro and in vivo [ 54 , 
 55 ] and are tested in clinical trials for glioblas-
toma and brain tumors (  http://clinicaltrials.gov    , 
NCT01390571, NCT00994071, NCT00687765). 

 Moreover, the DNA damage response machin-
ery is activated also by BMI-1, a polycomb com-
plex protein shown to be enriched in GSC and 
required for maintaining GSC self-renewal [ 28 ]. 
BMI-1 has been suggested to increase GSCs radio-
resistance since it is rapidly recruited to sites of 
DNA damage in CD133+ GSCs after irradiation, 
colocalized with ATM kinase and the histone 
gamma-H2AX and preferentially copurifi ed with 
non-homologous end joining (NHEJ) proteins 
[ 56 ]. Loss of BMI-1 leads to weakened DNA repair 
and increases sensitivity to radiation, and results in 
inhibition of glioblastoma proliferation [ 57 ].  

    Evasion of Cell Death Pathways 
 Radioresistance of GSCs has been suggested to 
derive also from the activation of anti-apoptotic 
factors. Indeed, it has been observed that GSCs 
express several anti-apoptotic genes (i.e., BCL-2, 
BCL2L1a, and MCL1) to a higher extent as com-
pared to differentiated cells [ 58 ,  59 ]. Moreover, 
increased levels of ATF5, a transcription factor 
that promotes cell survival by stimulating the 
transcription of the anti-apoptotic protein MCL1 
[ 60 ], have been observed in glioblastoma. 

 Specifi c inhibitors of the 26S proteasome, a 
protease complex involved in cell death, such as 
MG132, saquinavir, and bortezomib, have shown 
to induce cell death and to increase glioma cell 
radiosensitivity [ 61 – 63 ]. 

 Although confl icting results have been 
obtained in clinical studies evaluating bortezo-
mib as a single agent or in combination with 
established therapeutic regimens [ 64 ], a phase I 
trial using bortezomib and concurrent temozolo-
mide and radiotherapy demonstrated that bort-
ezomib is effective in the treatment of central 
nervous system malignancies, with a tolerable 
toxicity profi le [ 65 ]. Furthermore, bortezomib, in 
association with temozolomide and radiation 
therapy, is now undergoing a phase II study for 
the treatment of patients with newly diagnosed 
glioblastoma multiforme or gliosarcoma (  http://
clinicaltrials.gov    , NCT00998010). 

 As described in Chap.   9    , ionizing radiation 
may also affect alternative forms of programmed 
cell death, such as autophagy [ 66 ].  
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    Quiescence 
 It is well known that cells change their sensitivity 
to radiation all along the cell cycle, ranging from 
greatest sensitivity while in mitosis to extreme 
resistance in late S-phase [ 67 ]. Cellular quies-
cence may be involved in the acquired or consti-
tutive resistance of cancer stem cells to 
radio-chemotherapy [ 68 ]. Indeed, Liu et al. 
observed that CD133+ GSCs derived from 
treatment- refractory recurrent glioblastoma 
tumors showed a quiescent phenotype distinct 
from the differentiated cells within the majority 
of tumor mass [ 23 ]. Radioresistant clones of 
GSCs exhibit a decreased glucose uptake and 
preferentially activate the fatty acid oxidation 
pathway, thus using lipid metabolism and autoph-
agy for energy production [ 69 ]. This metabolic 
adaptation allows radioresistant GSCs to retain 
their quiescent status, and therefore strengthens 
their repair abilities against radiation-induced 
DNA damage. 

 Surviving cells reenter cell cycle division after 
radiation treatment, thus the fractionation of the 
radiation treatment could be able to kill also 
radioresistant GSCs.    

    Hypoxia 

 Tumor hypoxia has been linked to resistance to 
radiation treatment, recurrence of cancer and 
poor prognosis of glioblastoma patients [ 70 – 72 ]. 
Hypoxia and hypoxia-related factors have been 
shown to play a pivotal role in supporting the sur-
vival and maintaining the intrinsic cellular fea-
tures of GSCs, rendering them more resistant to 
radiation treatment, and thus driving glioblas-
toma initiation and progression [ 73 – 76 ]. 
Experimental evidence also suggested that 
hypoxia may be able to reprogram CD133− 
GSCs to become CD133+ [ 77 ]. McGee et al. 
demonstrated that glioblastoma radiosensitivity 
was improved by increasing the intratumoral 
oxygenation through the normalization of the 
vasculature [ 78 ]. 

 Tumor hypoxia exists in two principal forms: 
(a) chronic hypoxia, derived from a limitation of 
oxygen diffusion due to tumor expansion and (b) 

acute or cycling hypoxia, caused by intermittent 
blood fl ow due to altered structure or function of 
the blood vessels within the tumor, that provokes 
cycling changes in tumor oxygenation [ 79 ]. 
Previous reports highlighted only the role of 
chronic hypoxia on cancer cells radiosensitivity 
[ 80 ,  81 ], but the observation that, following 
radiotherapy, tumor commonly recurred in 
regions with numerous intermittent vascular sta-
sis [ 82 ] led the researchers to investigate also 
cycling hypoxia effects [ 83 ,  84 ]. Hsieh et al. [ 5 , 
 6 ] showed that cycling hypoxia induced more 
radioresistance in glioma cells as compared to 
non-interrupted hypoxia, thus concluding that 
cyclically hypoxic cells are the utmost resistant 
to radiation and could therefore be responsible 
for tumor relapse. 

 Hypoxia stimulates the synthesis of the 
hypoxia inducible factors (HIFs), a family of 
transcription factors that regulate the expression 
of a number of genes critical for tumor progres-
sion, angiogenesis, resistance to therapy and can-
cer stem cells phenotype maintenance, thus 
allowing GSCs to survive [ 58 ,  59 ,  85 – 87 ]. The 
expression of HIFs correlates with tumor radio-
therapy response [ 88 ,  89 ]. The main HIFs iso-
forms in cancer are HIF-1α, mostly regulating 
acute hypoxic responses, and HIF-2α, that con-
trols prolonged hypoxic gene activation [ 26 ,  90 ]. 
Both HIF-1α and HIF-2α appeared to promote a 
stem-like phenotype in GSCs, by inducing the 
expression of CD133 through the activation of 
Sox2, Oct4, and Notch, transcription factors 
associated with the control of stem cells self- 
renewal and multipotency [ 31 – 33 ,  75 ]. While 
HIF-1α was expressed both in GSCs than in non- 
stem cells and was stabilized only in acute low 
oxygen conditions, HIF-2α was specifi cally pres-
ent in GSCs and worked both on low and physi-
ological oxygen levels. This result suggested 
differential roles of the two isoforms in GSCs, 
with HIF-2α having the dominant role in GSCs. 
Moreover, HIF-1α has been demonstrated to 
recruit endothelial and pericyte progenitor cells, 
thus promoting angiogenesis and tumor cell inva-
siveness in glioblastoma [ 91 ]. For that reasons, 
both HIFs isoforms have been proposed as tar-
gets for glioblastoma treatment [ 31 – 33 ,  92 – 94 ].  
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    Angiogenesis and Vasculogenesis 

 Tumor response to radiation therapy depends on 
tissue vascularity [ 95 ,  96 ]. Interestingly, GSCs 
have been described to play a pivotal role in 
tumor angiogenesis promotion [ 45 ,  95 ]. GSCs- 
derived tumors have been shown to exhibit a 
greater vascularity than tumors originated by 
non-stem tumor cells, partly because of the sig-
nifi cantly higher VEGF expression levels found 
in GSCs as compared to non-stem glioblastoma 
cells [ 95 ]. This enhanced VEGF production 
induced an increase in endothelial cell migration 
and vessel formation both in vitro [ 95 ] and 
in vivo [ 97 ]. Moreover, it has been reported that 
GSCs were able to directly differentiate in cells 
of the endothelial lineage and that a signifi cant 
portion of the newly formed vessels were of gli-
oma stem cells origin [ 98 – 100 ]. Accordingly, the 
direct targeting of endothelial cells led to a reduc-
tion of the tumor bulk.  

    Extracellular Matrix Components 

 Increasing evidence support the hypothesis that 
the interactions between GSCs and extracellular 
matrix (ECM) components within the tumor may 
infl uence GSCs response to radiotherapy in sev-
eral ways [ 101 ]. First, they may operate as a 
deposit for growth factors with a modulatory role 
in radiation responses, such as epidermal growth 
factor (EGF) and fi broblast growth factor (FGF), 
which appear to decrease radiation-induced 
GSCs apoptosis in vitro [ 25 ]. In addition, the 
observation that expression and activation of 
integrins b1 [ 102 ], avb3, and avb5 [ 103 ] was 
associated with an enhanced radioresistance of 
glioma cells in vitro led to hypothesize that the 
ECM components could act as a milieu for the 
initiation of integrin-induced prosurvival signals 
in GSCs after radiotherapy. Furthermore, it has 
been suggested that the vicinity of GSCs to ECM 
components could promote GSCs survival and 
proliferation following irradiation. This hypoth-
esis is sustained by some studies, reporting that 
the ECM glycoprotein tenascin C is mainly 
expressed in the stem-like cells in glioblastoma, 

participates in the generation of an environmental 
niche for neural stem cell development, and may 
contribute to glioblastoma progression and 
metastasis [ 104 ,  105 ]. In addition, the observed 
correlation between tenascin C expression and 
glioblastoma patients’ poor survival [ 106 ] sug-
gests that tenascin C may exert a radioprotective 
effect on GSCs, likely through the stimulation of 
the growth of cells survived to ionizing 
radiation.  

    Nitric Oxide and Reactive Oxygen 
Species 

 Recent studies have supported the potential role 
of nitric oxide (NO) in glioblastoma resistance to 
radiation therapy. Charles et al. [ 107 ] observed 
that endothelial nitric oxide synthase (eNOS) 
was expressed in tumor endothelial cells, which 
were in proximity of the NO receptor-expressing 
GSCs. NO produced from the endothelial cells 
activated the Notch pathway in GSCs, enhancing 
tumor formation and progression. Since GSCs 
radiosensitivity has been demonstrated to be 
increased by the inhibition of the Notch pathway 
[ 99 ,  100 ], it has been speculated that NO 
increases GSCs radioresistance through the acti-
vation of the Notch pathway in the perivascular 
niche [ 101 ]. 

 Since lower levels of reactive oxygen species 
(ROS) have been observed in stem cells of the 
central nervous system, an increased expression 
of ROS scavengers has been suggested as a fur-
ther mechanism underlying GSCs radioresis-
tance [ 108 ,  109 ]. In fact, a higher activity of 
free radical scavenging pathways could spare 
stem cells from DNA damage following radio-
therapy [ 26 ].  

    Signaling Pathways Involved 
in Radiation Resistance 

 Accumulating evidence suggests that multiple 
signaling pathways may be involved in the pro-
tection of GSCs from radiation-induced injury 
[ 110 ] (see Fig.  12.1 ).
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      Wnt/β-Catenin 

 The Wnt/β-catenin signaling pathway is a pivotal 
developmental pathway reported to contribute to 
stem cell maintenance and growth [ 111 ,  112 ]. 

 The radioprotective function of Wnt in GSCs 
has been further confi rmed by the observation that 
radioresistant GSCs expressed high levels of active 
β-catenin [ 113 ], whose expression levels have 
been previously shown to correlate with glioblas-
toma patients’ poor prognosis [ 114 ]. The mecha-
nisms through which Wnt/β-catenin favor GSCs 
radioresistance are not fully elucidated but it has 
been suggested that this signaling pathway may 
allow GSCs to tolerate extensive radiation- induced 
DNA damage and may induce the malignant trans-

formation of non-tumorigenic stem cells to GSCs 
by promoting genomic instability [ 115 ,  116 ].  

    PI3K/Akt/mTOR 

 Aberrant activation of PI3K/Akt/mTOR pathway 
is frequently observed in glioblastoma, and cor-
relates with patients’ poor prognosis [ 117 ,  118 ]. 
This signaling pathway has been reported to reg-
ulate migration and invasiveness of GSCs that 
display a preferential sensitivity to Akt inhibition 
as compared to non-GSCs [ 119 ]. 

 The PI3K signaling is frequently activated in 
glioblastoma due to the loss of the phosphatase 
and tensin homologue (PTEN) tumor suppressor 

  Fig. 12.1    Main signaling pathways involved in GSCs 
radioresistance.  Hh  Hedgehog Homolog,  Gli  Gli tran-
scription factors,  RTK  receptor tyrosine kinase,  PI3K  
phosphatidylinositol 3-kinase,  Akt  also known as Protein 
Kinase B (PKB),  mTOR  mammalian target of rapamycin, 

 JAK  Janus kinase,  STAT  signal transducer and activator of 
transcription,  PARP  poly ADP ribose polymerase,  SMAD  
small mother against decapentaplegic,  TGFR  transform-
ing growth factor receptor       
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gene [ 120 ]. Notably, PTEN deletion promotes 
self-renewal and prevents differentiation of GSCs 
[ 121 ]. It has been demonstrated that lack of 
PTEN, with the subsequent activation of the 
PI3K/Akt pathway, confers radiation resistance 
in glioblastoma cell lines, while the induction of 
PTEN restores radiosensitivity [ 122 ,  123 ]. PI3K/
Akt/mTOR pathway can be also activated by 
EGFR, whose amplifi ed expression or mutation 
is frequently observed in glioblastoma and has 
shown to promote radioresistance of glioma cells 
by increasing the PI3K/Akt signaling [ 124 ,  125 ]. 

 Another factor able to mediate Akt signaling 
activation is the Insulin-Like Growth Factor 
(IGF)-1/IGF type 1 receptor (IGF1R) axis. IGF1 
and IGFR1 have been found overexpressed in 
GSCs after radiation, and have shown to protect 
GSCs from radiation toxicity through the activation 
of Akt signaling [ 126 ]. In addition, also the IGF 
Binding Protein 2 (IGFBP2), whose expression is 
often increased in glioblastoma and inversely cor-
relates with patient outcome [ 127 ,  128 ], has shown 
to support GSCs self-renewal, growth, and radiore-
sistance by activating the Akt pathway [ 5 ,  6 ,  23 ]. 

 PI3K/Akt/mTOR inhibitors have shown to 
decrease GSCs invasiveness and tumorigenicity 
both in vitro and in vivo, while increasing GSCs 
apoptosis [ 124 ,  129 ,  130 ]. The inhibition of 
mTOR by the selective inhibitors rapamycin and 
AZD2014 showed to sensitize glioblastoma cells 
to radiation therapy both in vitro and in vivo stud-
ies [ 131 – 133 ]. These encouraging results led sev-
eral mTOR inhibitors, such as everolimus, and 
temsirolimus, to be tested in clinical trials in 
association with radiochemotherapy for glioblas-
toma [ 134 ,  135 ] (  http://clinicaltrials.gov    , 
NCT00553150, NCT01062399, NCT00316849, 
NCT01019434). More recently, the dual inhibi-
tion of both PI3K and mTOR has been proposed 
as a more useful therapeutic strategy for glioblas-
toma, and novel molecules with dual inhibitory 
activity have been developed. The dual blockade 
of PI3K and mTOR with PI-103, which is known 
to reduce glioblastoma tumor volume [ 136 ], has 
been also proven effective in sensitizing glioblas-
toma cells to radiation therapy [ 137 – 139 ]. 
Furthermore, the EGFR-mediated radioresis-
tance have been shown to be disrupted in glioma 

models by EGFR tyrosine kinase inhibitors, such 
as ZD6474, AG1478, and ZD1839 (gefi tinib) 
[ 117 ,  140 – 142 ] that decrease clonogenic capabil-
ity and migration of glioma cells [ 143 ]. 

 Although the promising results of preclinical 
studies, clinical trials testing EGFR inhibitors in 
patients with glioblastoma have shown mixed 
results [ 124 ,  144 – 146 ] (  http://clinicaltrials.gov    , 
NCT00124657, NCT00052208, NCT00187486, 
NCT00977431). The multitarget therapeutic 
approach has been suggested as a possible strat-
egy to improve patients’ outcomes. Accordingly, 
the EGFR inhibitor combination treatments have 
produced improved results as compared to mono-
therapy [ 147 ].  

    Notch 

 The Notch pathway is required to support the 
proliferation and differentiation of normal neural 
stem cells [ 124 ] but its anomalous activation has 
been shown to promote also stemness and tumor-
igenicity of GSCs [ 148 ]. Notch appears to pro-
mote GSCs resistance to radiotherapy via the 
activation of the PI3K/Akt signaling pathway and 
by inducing the anti-apoptotic proteins Bcl-2 and 
Mcl-1 [ 149 ]. In addition, Notch signaling has 
been proposed to regulate GSCs resistance to 
radiation by driving GSCs into quiescence, simi-
larly to normal neural stem cells [ 150 ,  151 ]. 

 The γ-secretase inhibitors, Notch-targeting 
agents that block the release of the Notch intra-
cellular domain, have been shown to inhibit 
GSCs growth and tumorigenic potential [ 152 , 
 153 ] and to impair xenograft tumor formation in 
in vivo experiments [ 147 ]. Interestingly, the treat-
ment with γ-secretase inhibitors also renders 
GSCs more sensitive to radiation therapy [ 99 , 
 100 ,  154 ]. The novel Notch inhibitor RO4929097 
is currently being evaluated, in association with 
  radiochemotherapy    , in an early clinical trial for 
patients with newly diagnosed malignant glioma 
(  http://clinicaltrials.gov    , NCT01119599). 
Moreover, a phase II trial evaluating RO4929097 
as a single agent is now ongoing for patients with 
recurrent or progressive glioblastoma (  http://clin-
icaltrials.gov    , NCT01122901).  
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    Hedgehog-Gli 

 The Hedgehog (Hh) signaling pathway has been 
reported to be involved in the development of 
brain tumors [ 26 ], including glioma [ 155 ], where 
the Hh intracellular mediator Gli was fi rstly 
described [ 156 ]. In particular, the Hh-Gli signal-
ing has been shown to regulate self-renewal, pro-
liferation, and tumorigenic potential of GSCs 
through interaction with differentiated tumor 
cells and microenvironment [ 157 ,  158 ]. 

 Moreover, the inhibition of Hh signaling 
increases the effect of radiation on GSCs, depletes 
GSCs, and signifi cantly improves survival in a 
glioblastoma xenograft model [ 157 ,  159 – 161 ].  

    STAT3 

 The STAT3 signaling pathway has been reported 
to be involved in mesenchymal transformation of 
glioblastoma and to inversely correlate with 
patient survival [ 162 ]. Furthermore, it has been 
shown that GSCs, differently from differentiated 
cells, exhibit the active form of STAT3, whose 
inhibition interrupts maintenance and growth of 
GSCs [ 163 ,  164 ]. Yang et al. [ 31 ] revealed that 
STAT3 activation contributes to GSCs resistance 
to radiation therapy. Indeed, they confi rmed that 
radioresistant GSCs express STAT3 to a higher 
extent than glioma non-stem cells, and demon-
strated that STAT3 inhibition reduced the per-
centage of GSCs, and increased their 
radiosensitivity. Resveratrol, a natural polyphe-
nol found in red wine, has been shown to induce 
apoptosis in cancer cells, thus leading to tumor 
growth blockade and radiochemosensitization 
[ 165 ,  166 ], by suppressing STAT3 signaling axis 
[ 167 ]. Afterward, Yang et al. [ 31 – 33 ] observed 
that the inhibition of STAT3 by resveratrol sup-
presses stemness features and invasiveness of 
GSCs, and enhances their radiosensitivity.  

    c-MET Tyrosine Kinase 

 The c-MET tyrosine kinase has been reported to 
promote the survival, growth, and invasion of 

several cancers including glioblastoma [ 168 ]. It 
has been shown that this protein is overexpressed 
in GSCs [ 169 ], and plays a pivotal role in 
enhancement, maintenance, and invasiveness of 
GSCs [ 168 ,  170 ]. In addition, the observation 
that c-MET inhibition disrupts GSCs clonogenic-
ity, tumorigenicity, and radioresistance demon-
strate that c-MET signaling also exhibits 
radioprotective functions in GSCs [ 168 ]. Several 
molecules targeting c-MET pathway have been 
developed and are undergoing clinical evaluation 
[ 171 – 173 ].  

    CXCL12-CXCR4/CXCR7 Axis 

 The signaling system formed by the chemokine 
CXCL12 and its receptors CXCR4/CXCR7 plays 
a pivotal role in growth, angiogenesis, and inva-
siveness of glioblastoma [ 118 ,  174 ]. CXCR4 and 
CXCL12 levels have been reported to correlate 
with tumor grade and poor prognosis in glioblas-
toma patients [ 174 ]. Moreover, the CXCL12- 
CXCR4/CXCR7 pathway has been described to 
promote survival, self-renewal, angiogenesis, 
metastatic potential, and resistance to radiation of 
GSCs [ 118 ,  174 ]. In vivo studies revealed that 
CXCR4-positive glioma cells were enriched for 
GSCs, and were more tumorigenic and more 
radioresistant than CXCR4-negative cells [ 22 , 
 175 ,  176 ]. The machinery underlying CXCL12- 
mediated GSCs radioresistance has yet to be 
fully elucidated, but it has been suggested that the 
CXCL12 pathway acts through direct and indi-
rect mechanisms:

    1.    It directly promotes GSCs survival, self- 
renewal, and metastatic potential [ 118 ,  174 ].   

   2.    It indirectly stimulates tumor angiogenesis 
and vasculogenesis through the endothelial 
cells and tumor cells paracrine signals, and 
the recruitment of CXCR4-positive GSCs 
toward the perivascular niche [ 175 ,  177 ,  178 ].    

  The involvement of the CXCL12-CXCR4/
CXCR7 axis in GSCs radioresistance has been 
strengthened by the recent observation that 
CXCR7 blockade after irradiation signifi cantly 
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reduced tumor growth and relapse, and enhanced 
survival in a xenograft model of glioblastoma, 
likely affecting GSCs [ 179 ]. 

 Plerixafor (AMD3100), a drug that impedes 
the binding of CXCL12 to CXCR4, has been 
reported to inhibit the radiation-induced vasculo-
genesis in a glioblastoma xenograft model, thus 
preventing tumor recurrence after irradiation 
[ 96 ]. Interestingly, the association of AMD3100 
with irradiation has shown to prevent radiation- 
stimulated invasion of glioma cells in irradiated 
normal brain [ 180 ]. 

 A phase I/II study evaluating the plerixafor- 
temozolomide- radiotherapy combined treat-
ment in patients with newly diagnosed high 
grade glioma is ongoing (  http://clinicaltrials.gov    , 
NCT01977677).  

    TGF-β 

 TGF-β has been described to promote a number 
of cellular processes implicated in glioblastoma 
initiation and progression [ 181 ], and to correlate 
with tumor aggressiveness, degree of malig-
nancy, and poor prognosis in glioma patients 
[ 182 ,  183 ]. 

 TGF-β signaling has been also reported as a 
central actor in GSCs stemness maintenance and 
self-renewal promotion [ 10 ,  184 ,  185 ]. Moreover, 
TGF-β increases the radiation resistance in GSCs, 
likely through the activation of the DNA damage 
stress response and the inhibition of apoptosis 
[ 181 ,  186 ]. 

 The abrogation of TGF-β signaling by the 
TGFβR-I kinase inhibitor LY2109761 has been 
reported to increase radiation response and pro-
longs survival in glioblastoma. LY2109761 was 
able to reduce GSCs self-renewal and prolifera-
tion, and potentiated the antitumor effi cacy of 
radiation in GSCs in vitro and in GSCs-derived 
tumors in vivo [ 181 ]. Furthermore, the effective-
ness of LY2109761 on glioblastoma was evalu-
ated also in combination with the current clinical 
standard regimen, consisting in radiotherapy plus 
temozolomide [ 187 ]. LY2109761 showed radio-
sensitizing effects on glioblastoma cells, and 
inhibited tumor growth alone and in combination 

with radiation and temozolomide both in vitro 
and in vivo. Currently, a phase I/II evaluating the 
eventual clinical benefi ts of the combination of 
the TGF-βRI kinase inhibitor LY2157299 with 
radiochemotherapy in patients with newly diag-
nosed malignant glioma is ongoing (  http://clini-
caltrials.gov    , NCT01220271).  

    SirT1 

 SirT1, a NAD(+)-dependent histone deacetylase, 
has been reported to play crucial roles in several 
biological processes, including stress response, 
DNA repair, tumorigenesis, and radiosensitivity 
[ 188 ,  189 ]. In particular, Chang et al. [ 190 ] 
observed that GSCs expressed SirT1 to a higher 
extent as compared to glioma non-stem cells. 
Moreover, they showed that the inhibition of 
SirT1 increased radiosensitivity and radiation- 
induced apoptosis in GSCs, thus proposing Sirt1 
as a pivotal modulator of GSCs resistance to 
radiotherapy.   

    miRNAs 

 MicroRNAs (miRNAs) are small   non-coding 
RNA     molecules involved in the modulation of 
gene expression and in the regulation of several 
cellular processes, such as apoptosis, prolifera-
tion, differentiation, invasiveness, stress 
responses, and angiogenesis [ 191 ]. 

 miRNAs can act either as tumor suppressors 
or as oncogenes [ 191 ], and have been found to be 
implicated in glioblastoma pathogenesis [ 31 – 33 ] 
and to play a role in cancer stem cell properties, 
contributing to treatment resistance [ 192 ]. 
Indeed, an altered miRNAs expression has been 
observed in radioresistant glioblastoma cells [ 2 , 
 3 ], and has been shown to predict prognosis and 
therapy response in glioblastoma [ 192 – 194 ]. Of 
note, it has been reported that miRNAs markedly 
regulated several pathways involved in glioma 
resistance to therapy (i.e., PI3K/Akt, ATM/Chk2 
kinase, p53) [ 192 ,  195 ,  196 ]. 

 Studies on solid tumors [ 197 ] showed that fi ve 
miRNAs (miR-9, miR-21, miR-200a, miR-218, 
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and miR-203) were associated to radioresistance. 
Accordingly, a miR-21 inhibitor has shown to 
enhance the sensitivity of glioblastoma cells to 
ionizing radiation-induced apoptosis and cell 
growth blockade, at least in part by reducing 
G(2)-M arrest [ 198 ]. A recent study revealed that 
also miR-210, a miRNA involved in cellular 
adaption to hypoxia and in stem cell survival 
and stemness maintenance, plays a role in GSCs 
radioresistance [ 199 ]. Other reports showed that 
the radiosensitivity of glioma cells was affected 
by a number of additional miRNAs, such as miR-
7, miR-18a, miR-100, miR-101, MiR-181a, and 
miR-421 [ 152 ,  153 ,  198 ,  200 ,  201 ]. 

 On the other hand, the transfection of GSCs 
with miR-145, a tumor-suppressive miRNA that 
regulates stem cells properties and inversely cor-
relates with tumor growth and metastasis in sev-
eral cancers [ 202 ,  203 ], has been shown to induce 
the differentiation of GSCs and to suppress their 
expression of anti-apoptotic genes, thus reducing 
GSCs tumorigenicity and resistance to radiation 
[ 32 ]. Moreover, the simultaneous administration 
of miR-145 and radiotherapy enhanced the sur-
vival rate of mice intra-cranially transplanted with 
patient-derived glioblastoma CD133+ GSCs [ 32 ]. 

 Furthermore, miR-34-a, miR-124, miR-137, 
and the miR-302/367 cluster have been reported 
to induce GSCs differentiation and to suppress 
glioblastoma cells growth and invasiveness [ 73 , 
 74 ,  204 ,  205 ]. These fi ndings suggest that the 
regulation of miRNAs could become a novel ther-
apeutic strategy to enhance the radiosensitivity of 
GSCs and suppress the progression of glioblas-
toma. However, a full knowledge of the complex 
biological networks controlled by miRNAs and of 
all the miRNAs associated to radioresistance is 
still lacking. Thus, further studies are needed to 
have a complete picture of the roles played by 
miRNAs in the process of radioresistance, before 
to introduce them in therapeutic settings.  

    Conclusions and Perspectives 

 Growing body of data accounts for GSCs role in 
initiation, progression, and radioresistance of 
glioblastoma. Thus, GSCs are now being explored 
as crucial targets for novel therapeutic strategies. 

 Despite intensive studies, the molecular mecha-
nisms underlying GSCs radiotherapy resistance 
are not yet fully understood. A better knowledge of 
the mechanisms of GSCs radioresistance could 
help to develop novel targeted therapies able to 
sensitize GSCs to radiation, in order to eradicate 
GSCs and to overcome treatment resistance, thus 
improving patients’ outcome. Progresses in the 
knowledge of GSCs biology, in addition to 
improve the development of targeted drugs, would 
be useful also for the optimization of radiotherapy 
treatment planning. Indeed, the classical radiother-
apy treatments deliver the radiation dose homoge-
nously over the tumor, assuming that the cancer 
stem cells are randomly distributed [ 206 ]. More 
information about the total number and spatial dis-
tribution of GSCs within the tumor may allow to 
apply higher irradiation doses in the hypoxic/
GSCs-enriched tumor regions, resulting in glio-
blastoma patients’ improved outcome [ 207 ]. 
Hence, additional investigations for the identifi ca-
tion of more direct GSCs markers to improve the 
biological imaging of GSCs are necessary. In addi-
tion, since GSCs can undergo a metabolic transfor-
mation as compared to the non-stem tumor cells, 
functional and metabolic imaging could permit a 
better identifi cation and targeting of GSCs. 

 Nevertheless, since glioblastoma is formed by 
a heterogeneous cell population, targeted molec-
ular therapies aimed to eradicate GSCs should 
not be suffi cient alone. Thus, GSCs-targeting 
agents should be associated with effective che-
motherapeutic drugs and/or radiotherapy in order 
to target both GSCs and bulk tumor cells. In addi-
tion, given the numerous evidence showing that 
hypoxic/perivascular niches supply nourishing 
and radioresistance-inducing signals to GSCs, 
therapeutic strategies able to target tumor micro-
environment appear to be essential. 

 Finally, it has to be noted that since GSCs 
share many characteristics with normal stem 
cells, the targeting of GSCs could also lead to the 
disruption of the protective normal stem cell 
reservoir. 

 Thus, identifying the discrepancies between 
GSCS and normal neural stem cells is crucial for 
designing novel therapies able to target GSCs 
without affecting normal stem cells, for a safe 
therapy for glioblastoma.     
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         Introduction 

 Tumor cell death is the fi nal goal of both radio- 
and chemotherapy. Radiotherapy determines vari-
ous effects in cancer cells, ranging from reversible 
damage to death [ 1 ,  2 ]. Besides necrosis, one of 

the most known types of radiation- induced death 
is apoptosis, which was long thought to be the 
only type of programmed cell death (PCD) 
yielded by treatments against cancer [ 1 – 4 ]. In the 
last years, it is becoming evident that other types 
of PCD are triggered by both chemo- and radio-
therapy [ 1 ,  2 ,  5 ]. To date, regulated necrosis 
(including necroptosis or PCD type III), mitotic 
catastrophe, apoptosis (PCD type I), and autoph-
agy-related cell death (PCD type II) are among 
the known main types of cell death induced by 
ionizing radiation (IR) [ 1 ,  2 ,  6 ]. It is becoming 
even more evident that cell death pathways are 
not always mutually exclusive, as thought in the 
past. Shifts from one type towards another type of 
cell death pathway via complex regulatory signals 
can occur, which partly depend on the initiating 
stimuli, and vary depending on the targeted cell 
type [ 7 ,  8 ]. Furthermore, radiation triggers a 
series of events, which involve not only tumor 
cells, but also its microenvironment [ 4 ,  9 ]. 

 Recently, novel approaches which aim at 
investigating the global tumor cell gene expres-
sion after radiation, through transcriptome analy-
sis, and investigations on signals coming from 
tumor stroma, are shedding light on multiplex 
mechanisms induced by radiation, which are 
responsible for both tumor cell sensitivity and 
resistance to therapy [ 1 ,  9 ]. 

 Temozolomide (TMZ) is a chemotherapeutic 
drug capable of crossing the blood–brain barrier 
and is today the fi rst choice agent for human 
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glioblastoma (GB) treatment, besides radiation 
[ 10 ,  11 ]. Data from literature indicate that TMZ 
effects on tumor cells include apoptosis and 
autophagy-related cell death, the latter being 
considered the most frequent type of cell death 
induced by this drug [ 5 ]. 

 Given the complexity of the molecular profi le 
of GB [ 12 ,  13 ], tailored, patient-oriented thera-
pies are desirable. Advances in GB pathobiologi-
cal and molecular understanding derived from 
large-scale omic studies are individuating an 
increasing number of targetable molecules for 
GB therapy [ 13 ]. However, to date, translation of 
these molecular acquisitions into clinical practice 
has not yet led to satisfying results, partly due to 
the extreme heterogeneity of GB. Molecular 
medicine combined with traditional radio- and 
chemotherapy could be a possible route to 
improve therapeutic effi cacy. Pharmaceutical- 
based radiation sensitizers, as well as the combi-
nation of TMZ with other agents, that will target 
multiple key molecules involved in the altered 
molecular pathways of GB have the potential to 
increase the impact of both radiation and TMZ on 
tumor cells specifi cally [ 14 – 16 ]. In this chapter, 
we will address the main types of cell death 
induced by both IR and TMZ in cancer and pos-
sible modulation of cell death pathways to 
improve the effi cacy of various, single or com-
bined treatments. We will pay particular attention 
to apoptotic and autophagic pathways and their 
role in GB treatment. We will not deal with other 
debatable types of IR-induced cell death (i.e. 
senescence, which, at present, is considered 
either as an irreversible suppression of tumor 
growth or as a state of dormancy, although clono-
genic survival assays seem to indicate that senes-
cence could be also considered a type of cell 
death) [ 6 ,  17 ].  

    Necrosis, Regulated Necrosis/
Necroptosis, and Mitotic 
Catastrophe 

 Necrosis is triggered in cells that enter mitosis 
with severely damaged DNA [ 6 ]. It is character-
ized by cell and mitochondrial swelling; denatur-
ation and coagulation of proteins; disruption of 

cell membrane and subcellular organelles; ran-
dom fragmentation of DNA and release of cyto-
toxins. Necrosis elicits an infl ammatory response 
and usually follows high doses of radiation [ 6 ]. In 
the past, necrosis was considered a cell demise 
mechanism by default, to be separated from pro-
grammed types of cell death. More recently, 
much of the data from literature indicates that 
necrosis can occur in a regulated manner follow-
ing specifi c signals, after which necrosis should 
be named [ 6 ]. Some investigators observed that 
blocking apoptosis, through chemical inhibition 
or molecular manipulation of caspases via recep-
tor interaction protein kinases 1 and 3 (RIP1 and 
RIP3), induced a series of events resulting in cell 
necrosis (RIP1/RIP3-dependent regulated necro-
sis) [ 6 ]. Necroptosis is today considered a spe-
cifi c type of regulated necrosis, triggered by 
TNFR1 ligation, and dependent by RIP1 activa-
tion (it should be better named “RIP1-dependent 
regulated necrosis”). It is inducible by radiation 
[ 6 ] and is being explored as a possible targetable 
pathway in GB [ 18 ]. 

 Mitotic catastrophe is an event that occurs dur-
ing or because of aberrant mitosis, from premature 
or inappropriate entry of cells into mitosis, associ-
ated with various morphological and biochemical 
modifi cations [ 19 ]. It is morphologically charac-
terized by the formation of nuclear envelopes 
around individual clusters of missaggregated chro-
mosomes [ 6 ]. Various agents capable of destabi-
lizing microtubules can induce it, and it is a major, 
mitotic-linked mechanism of delayed cell death 
following radiation of solid tumors [ 20 ]. Much of 
the information about this type of PCD is derived 
from in vitro studies on GB cell lines. Moreover, 
mitotic catastrophe associated with delayed apop-
tosis has also been observed in patient-derived 
p53-defi cient stem- like glioma cells and differen-
tiated cells treated with IR (5–10 Gy) [ 21 ]. 
Recently, transcriptome studies in vitro, through 
total RNA sequencing analysis, identifi ed, after 
irradiation, an altered expression pattern of genes 
involved in the mitotic process, including G2-, 
spindle assembly checkpoint-, and centrosome-
associated genes [ 1 ,  22 ]. 

 In several experimental studies, radiosensiti-
zation of glioma cells yielded an increase in 
tumor cell death also through mitotic catastrophe. 
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To this purpose, the modulation of growth factors 
and kinases known to be involved in both GB 
growth and radioresistance is revealing to be a 
promising approach. In one study [ 23 ], an 
increase of cell death by mitotic catastrophe was 
observed both in vitro and in vivo in irradiated 
glioma cells, after modulation of the hepatocyte 
growth factor/MET signaling pathway. In other 
studies, the silencing of ILK kinase or polo-like 
kinase 1 enhanced radiation-induced cell death 
by mitotic catastrophe [ 24 ,  25 ].  

    Apoptosis, Cancer, Ionizing 
Radiation, and Temozolomide 
(Focus on Glioblastoma) 

    Apoptotic Pathway 

 Apoptosis (PCD I) is a common type of cell death 
observed in various tissues and cell types (for 
review see [ 3 ]). Apoptosis is an essential part of 
life for multicellular organisms which plays an 
important role in development and tissue homeo-
stasis. In a physiological context, apoptosis is 
delicately regulated and balanced. Failure of this 
regulation results in pathological conditions such 
as developmental defects, autoimmune diseases, 
neurodegeneration, or cancer. 

 The earliest recognized morphological changes 
in apoptosis involve compaction and segregation 
of nuclear chromatin, condensation of the cyto-
plasm, and loss of adhesion to neighboring cells or 
to the extracellular matrix. The plasma membrane 
convolutes or blebs, producing fragments of cells 
(apoptotic bodies). These fragments are mem-
brane-bound and contain nuclear components. 
The apoptotic bodies, which show changes in sev-
eral cell surface molecules, are quickly taken up 
by nearby cells and degraded in a relatively short 
time, usually resulting in the elimination of dead 
cells without generating an infl ammatory response. 
Biochemically, apoptosis is characterized by the 
double-stranded cleavage at the linker regions 
between nucleosomes, resulting in the formation 
of multiple DNA fragments, phosphatidylserine 
externalization, and is accompanied by the expres-
sion of a series of genes and proteins. The main 
actors of apoptosis are caspases. 

 In mammals, apoptosis may occur via two 
major pathways: (1) the extrinsic pathway (death 
receptor pathway) or (2) the intrinsic pathway 
(mitochondrial pathway). 

 Although the caspase cascade involved in 
extrinsic and intrinsic pathways are different, 
both pathways can eventually merge. Caspases 
can be functionally divided into two further sub- 
groups: the apoptosis initiators including cas-
pase- 2,-8,-9,-10 and the apoptosis executors 
including caspase-3,-6,-7. These two pathways 
are regulated by several pivot proteins such as 
p53; Bcl-2; Nuclear Factor kappa-light-chain- 
enhancer of activated B cells (NFκB); and 
MAPKs [ 26 ,  27 ].
    1.    The extrinsic pathway, mediated by extracel-

lular stimuli including IR and chemotherapy, 
is triggered by the binding death receptor 
(DR) family, which includes tumor necrosis 
factor receptor 1 (TNF-R1), Fas, DR3, 
TRAIL-R1/2 (DR4/5) and DR6, which con-
tain cytoplasmic regions, namely the death 
domains (DD), which, when bound to their 
appropriate ligands, recruit the Fas-associated 
death domain (FADD). When death stimuli 
occur, Fas ligand (Fas-L) combines with Fas 
to form a death complex. The Fas/Fas-L com-
posite recruits the adaptor protein FADD and 
pro-caspase-8, forming a death-inducing sig-
naling complex (DISC). Auto-activation of 
caspase-8 at the DISC is followed by activa-
tion of effector caspases, which function as 
downstream effectors of the cell death pro-
gram. According to the recommendations of 
the Nomenclature Committee on Cell Death 
[ 6 ], extrinsic apoptosis is defi ned “a caspase- 
dependent cell death subroutine”, which “can 
be suppressed (at least theoretically) by pan- 
caspase chemical inhibitors” or “by the over-
expression of viral inhibitors of caspases”. 
The same study group [ 6 ] assessed that it can 
occur through three major cascades:
    (a)    Death receptor signaling and activation of 

the caspase-8-10 and caspase-3 cascade.   
   (b)    Death receptor signaling and activation of 

the caspase-8, tBID, MOMP, caspase-9, 
and caspase-3.   

   (c)    Ligand deprivation-induced dependence 
receptor signaling followed by (direct or 
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MOMP-dependent) activation of the 
caspase- 9 and caspase-3 cascade.    

      2.    The intrinsic pathway is mediated by diverse 
apoptotic stimuli, such as extracellular stim-
uli (e.g., UV, IR, and cytotoxin) or intracel-
lular signals (e.g., DNA damage, nuclear 
instability). 

 These signals lead to apoptosis via the 
involvement of mitochondria; apoptotic stim-
uli transmit death signals to the mitochondria 
and increase the permeability of the outer 
mitochondrial membrane, which leads to the 
release of apoptogenic proteins, such as cyto-
chrome  c , Smac/DIABLO, and Omi, from the 
mitochondria into the cytoplasm. After its 
release, cytochrome  c , in the presence of ATP, 
associates with apoptosis protease-activating 
factor (Apaf-1) and pro-caspase-9 to compose 
the “apoptosome”, which downstream triggers 
a caspase 9/3 signaling cascade, culminating 
in apoptosis. Smac/DIABLO and Omi accel-
erate caspase activation by inactivating the 
Inhibition of Apoptosis (IAPs) family mem-
bers that function as endogenous caspase 
inhibitors. Aiming at cell homeostasis, anti- 
apoptotic mechanisms are also activated, 
which deliver signals to the mitochondrial 
membrane [ 6 ]. Apoptosis-associated mito-
chondrial membrane permeability is primarily 
controlled by BCL-2 family members, which 
include three subgroups:
   (a)    Anti-apoptotic proteins (Bcl-2, Bcl-xL, 

and Mcl-1) which, under conditions that 
favor cell survival, bind and inhibit pro-
apoptotic BCL-2 proteins.   

  (b)    Multi-domain pro-apoptotic proteins (Bak 
and Bax) which, upon death stimuli, 
undergo conformational change and insert 
into the outer mitochondrial membrane, 
thus increasing membrane permeability.   

  (c)    Proteins with the BH3 domain only (Bid, 
Bim, Bik, Bad, Noxa, and PUMA) that 
bind to and inhibit the anti-apoptotic Bcl-2 
family members, releasing the pro-apop-
totic Bax and Bak. Bax and Bak play an 
essential role in the release of apoptogenic 
proteins. While the anti-apoptotic proteins 

regulate apoptosis by blocking the mito-
chondrial release of cytochrome  c , the 
pro-apoptotic proteins act by promoting 
such release. The initiation of apoptosis 
depends on the balance between the pro- 
and anti-apoptotic proteins.    

      According to the recommendations of the 
Nomenclature Committee on Cell Death (2012), 
the intrinsic apoptosis is a process mediated by 
mitochondrial outer membrane permeabilization 
associated with a release of inner membrane space 
proteins into the cytosol, a generalized and irre-
versible dissipation of the mitochondrial mem-
brane potential, and the inhibition of the respiratory 
chain function [ 6 ]. A differentiation between 
caspase- dependent and caspase-independent 
intrinsic apoptosis is also recommended [ 6 ].  

    Apoptosis and Cancer 

 Over 50 % of neoplasms have defects in apop-
totic machinery (For review see [ 3 ]). Cancer cells 
often harbor mutations in pro-apoptotic proteins 
(e.g. Apaf-1, Bax and p53) and can also rely on the 
overexpression of anti-apoptotic agents (e.g. Akt, 
Bcl-2, Bcl-xL, and IAPs) as a means to protect 
them from cell death. 

 The increased expression of pro-survival 
Bcl-2 family proteins and mutations in the tumor 
suppressor gene TP53 are the most frequent and 
better characterized alteration that impact apop-
tosis pathways in cancer. 

 When there is disruption in the balance of anti-
apoptotic and pro-apoptotic members of the Bcl-2 
family, the result is dysregulated apoptosis in the 
affected cells. There are many studies that demon-
strate the role of Bcl-2 family members and p53 
alterations in cancer, including GB [ 28 ,  29 ]. 

 Cancer cells have various modalities to block 
classical apoptotic pathways [ 3 ]. An effi cient 
way for tumor cells to acquire resistance to apop-
tosis is through inactivation of the pro-apoptotic 
signaling pathways. 

 p53, a major mediator of the intrinsic apoptotic 
pathway, is a very frequently mutated gene in 
cancer. p53 pathways alterations may shut down 
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both the intrinsic and extrinsic apoptotic path-
ways in tumors, through different mechanisms. 

 Dysregulation of many other genes facilitates 
tumorigenesis, in fact, by interfering with the 
downstream function of p53: p53 alterations 
have been found in 27.9 %, whereas the p53 
pathways are dysregulated in 85.3 % of GB [ 13 ]. 

 Dysregulation of tumor resistance-related anti-
apoptotic signaling includes not only anti- 
apoptotic Bcl-2 family members and p53 pathway, 
but also other anti-apoptotic routes. Other relevant 
anti-apoptotic pathways in cancer, particularly in 
GB, include the phosphatidylinositol 3-kinase 
(PI3K)-Akt and the NFκB [ 13 ]. EGFR and its con-
stitutively active mutated form EGFRvIII, high 
stimulators PI3K/Akt/ mammalian target of 
rapamycin (mTOR) pathway, can interact with the 
pro-apoptotic PUMA, resulting in its cytoplasmic 
sequestration and inactivation [ 30 ]. Furthermore, 
EGFRvIII was found to inhibit therapy-induced 
apoptosis via up- regulation of Bcl-xL and subse-
quent blockage of effector caspase activation [ 31 ]. 
Several IAP Family members are also dysregu-
lated in cancer. 

 GB is highly heterogenous, and an array of 
molecular, genetic, and epigenetic alterations 
concurs to its progression and resistance to apop-
totic and other types of cell death [ 13 ]. 

 Overactivation of the PI3K/Akt pathway ren-
ders tumor cells resistant to apoptosis also by 
several other mechanisms. 

 It regulates NFκB and related proteins, pro-
moting tumorigenesis through suppression of 
apoptosis [ 32 ].  

    Apoptosis and IR 

 Apoptosis has long been thought to be the main form 
of cell death in response to cancer cell radiation. 

 Radiotherapy is a well-established and effec-
tive form of cancer treatment [ 33 ]. The early IR 
effects are usually evaluated in vitro by the MTT 
assay, whereas the clonogenic assay is the cur-
rently used method for assessing long-term IR 
effects [ 34 ]. IR can directly act on the atomic 
structures of nucleic acids, proteins, and lipids 
([ 2 ,  35 ] and references therein). 

 An indirect damage is also caused by free 
radicals produced from water radiolysis ([ 35 ] and 
references therein). 

 Both the direct and indirect effects of IR initi-
ate a series of downstream signaling events that 
result in the damage of macromolecules (DNA is 
the main target) that fi nally can lead to cell death. 
After IR, DNA undergoes single-strand breaks 
(SSBs) and double-strand breaks (DSBs). 
Unrepaired DSBs can result in cell death. 

 It is emerging that other mechanisms occur in 
determining tumor cell damage and death after 
IR. Cytotoxic molecules, released during treat-
ment, may also kill neighboring cells (local 
bystander effects) ([ 35 ] and references therein). 
Furthermore, there is evidence of an IR-triggered 
tumor-specifi c immune response, which exert 
antineoplastic effects at the systemic level (long- 
range bystander, out-of fi eld, or abscopal effects), 
resulting in CD8-induced apoptotic tumor cell 
death [ 36 ]. 

 Among PCD types, IR-induced apoptosis has 
been extensively investigated for more than two 
decades [ 37 ]. The intrinsic pathway was found to 
be the main route of IR-induced apoptosis [ 6 ]. 

 IR was also found to trigger apoptosis through 
the extrinsic pathway, via Fas up-regulation 
mediated by p53 [ 38 ]. 

 According to some authors, IR-induced apop-
tosis has an effect only on the linear component of 
the linear-quadratic formula, which describes the 
initial portion of the radiation survival curve in the 
“low” dose range (<3–4 Gy), which grossly cor-
responds to doses-per-fraction used in clinical RT 
([ 4 ] and references therein); it is well known that 
there is a direct correlation between IR sensitivity 
to the induction of apoptosis and loss of clonoge-
nicity, for several tumor types. However, other 
authors ([ 4 ] and references therein) have instead 
denied correlation between IR sensitivity and sen-
sitivity to apoptosis. Furthermore, no association 
between IR failure and resistance to apoptosis 
was found in a large series of patients affected by 
colorectal carcinomas ([ 4 ] and references therein). 
According to some authors, there is an “early” 
apoptosis peak occurring a few hours after IR, in 
several cell types (e.g. lymphoid cells), which 
correlates with cell loss in clonogenic assay 
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([ 4 ] and references therein). Instead, in other 
tumor types including epithelial and mesenchy-
mal subtypes, a late apoptosis occurs ([ 4 ] and ref-
erences therein), which does not correlate with 
cell loss in clonogenic assay and is not dose-
dependent in the “low” dose range (<3–4 Gy). 

 In an in vivo mouse model, fractionated radia-
tion was more effi cient than single dose adminis-
tration in determining apoptotic death ([ 4 ] and 
references therein). However, a paradox effect of 
IR is also observable. Tumor growth and repopu-
lation were found via prostaglandine E2, induced 
by caspase-3, after tumor cell radiation ([ 4 ] and 
references therein). 

 Transcriptome analysis through total mRNA 
sequencing demonstrated that the expression of 
both pro-apoptosis and anti-apoptosis genes is 
altered after irradiation of the human GB cell line 
U-251 MG [ 1 ]. 

 A temporal difference was found, since the 
majority of pro-apoptosis genes were “early con-
tinually responsive”, whereas anti-apoptosis gene 
response occurred later [ 1 ]. Interestingly, despite 
the activation of an array of pro-apoptotic mole-
cules, cell death was not induced, whereas inacti-
vation of pro-apoptosis molecules in the nucleus, 
along with late activation of anti- apoptotic genes, 
could partly explain GB radioresistance [ 1 ]. 

 The impact of IR in determining tumor cell 
death via apoptosis is today being revaluated, 
and some investigators claim that apoptosis actu-
ally accounts for a minor portion of cell death in 
solid tumors, following IR [ 37 ]. However, eluci-
dating apoptosis-altered mechanisms could 
serve to identify novel targets for radiotherapy, 
as well as alternative pathways of cell demise 
inducible by IR.  

    Apoptosis and TMZ 

 TMZ is an imidazotetrazine derivative and a 
novel oral cytotoxic agent that alkylates and 
methylates DNA [ 11 ]. One of the principal 
mechanisms responsible for its cytotoxicity 
against malignant cells is the methylation of 
DNA, resulting in the fragmentation of DNA and 
disrupted DNA replication, and thus growth 
suppression and apoptotic cell death. TMZ does 

not require hepatic metabolism for activation and 
is able to penetrate the blood–brain barrier [ 11 ]. 
Due to this property, it is the fi rst choice drug 
used against GB, besides IR [ 10 ]. It has also been 
adopted in advanced melanoma patients enrolled 
in clinical trials [ 39 ,  40 ]. Its therapeutic effect is 
also dependent on other factors. A main determi-
nant of TMZ effi cacy is known to be the methyl-
ated  O  6 -methylguanine-DNA methyltransferase 
(MGMT) promoter [ 11 ,  41 ]. Patients bearing a 
methylated MGMT benefi t from TMZ. The pos-
sibility of increasing its chemotherapeutic effi -
cacy is being investigated by combining TMZ 
with other agents [ 14 – 16 ]. 

 The current standard therapy for GB patients, 
following surgical removal, is fractionated radio-
therapy and chemotherapy with concomitant and 
adjuvant TMZ [ 10 ]. However, less than half of the 
patients bearing methylated MGMT respond to 
therapy and chemoresistance develops rapidly, 
through largely unknown routes, probably involv-
ing various factors including epigenetic regulation 
through miRNA [ 42 ]. Apoptosis was the main 
type of GB cell death observed in several studies 
after TMZ alone or combined with other mole-
cules [ 11 ,  43 ,  44 ]. Roos et al. [ 43 ] found that 
TMZ-induced apoptosis was largely stimulated by 
p53 and required Fas receptor in p53 non-mutated 
glioma cells, whereas the mitochondrial apoptotic 
pathway was activated in p53-mutated glioma 
cells . Other investigators observed that TMZ-
induced apoptosis was dependent on the pro-apop-
totic protein Bak and independent of the 
pro-apoptotic protein Bax [ 45 ]. 

 It is, however, also emerging that the autopha-
gic pathway (and/or its interactions with apopto-
sis) is a major route determinant of GB cell death 
activated by TMZ.   

    Autophagy, Cancer, Ionizing 
Radiation, and Temozolomide 
(Focus on Glioblastoma) 

    Autophagic Pathway 

 Macroautophagy, hereafter referred to as autophagy, 
is an evolutionarily conserved, non-selective cat-
abolic process that takes place in all eukaryotic 
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cells, through lysosomal degradation and recycling 
of cytosolic components—ranging from damaged 
long-lived proteins, lipids, sugars, and nucleo-
tides to whole organelles and invading pathogens 
([ 46 ,  47 ] and references therein). Autophagy, in 
physiological processes, may be subdivided into 
“basal” autophagy, required for constitutive turn-
over of cytosolic components, and “induced” 
autophagy, which produces amino acids in 
response to starvation. Besides its primarily cata-
bolic and pro-survival roles, recent investigations 
have ascertained that autophagy is involved in 
multiplex pathophysiological processes, includ-
ing development, anti-aging, cell death, tumor 
suppression, and antigen presentation ([ 47 ] and 
references therein). 

 In general, autophagy plays a crucial pro- 
survival role in cell homeostasis, required during 
periods of starvation or following other either 
extra- or intracellular stresses. Its role in deter-
mining cell death is instead still controversial and 
likely not univocal, although it has been ascer-
tained that autophagy is involved in death signal-
ing ([ 47 ,  48 ] and references therein). 

 Autophagy pathways intertwine with apopto-
sis and other types of death routes [ 88 ]. The 
resulting cell type of cell demise likely depends 
on several other factors, including tumor type and 
the genetic and molecular profi le of tumor cell. 

 It has been proposed that cells die with autoph-
agy, and not by autophagy [ 49 ], and that apoptosis 
occurs concomitantly with features of autophagy 
[ 50 ]. Many experiments in vitro indicate that 
autophagic cell death occurs in cells with defec-
tive apoptosis. However, there is convincing evi-
dence that normal neuronal cells undergo 
autophagic cell death following insulin starvation 
[ 51 ]. Furthermore, autophagic cells, when coping 
with excessive stress leading to autophagy over-
stimulation, may commit suicide by undergoing 
cell death, which differs from apoptosis and other 
types of programmed death (“autophagy related 
PCD”). In order to differentiate autophagic from 
other types of PCD, the assessment of the autopha-
gic fl ux is required [ 46 ]. Morphologically, cells 
that die by autophagy are characterized by an 
increase in the number of autophagic vacuoles in 
the cytoplasm, followed by cell demise. 

 Autophagy is a complex machinery, which is 
carried out in sequential steps, accompanied by 
the expression of specifi c genes. Autophagy 
begins with the formation of autophagosomes, 
double membrane-bound structures surrounding 
cytoplasmic macromolecules and organelles. The 
initiating signal for autophagosome formation is 
poorly understood. In yeast, 31 different 
autophagy- related genes (ATGs) have been iden-
tifi ed, and many of them have mammalian ortho-
logs. Eighteen Atg proteins (Atg1-10; Atg12-14; 
Atg16-18), besides Atg29 and Atg31, can be 
grouped according to their functions at key stages 
of the autophagy pathway: (1) initiation; (2) 
nucleation; (3) elongation and maturation; (4) 
transport and fusion with the lysosomes. 

    Initiation 
 ULK1-Atg13-FIP200 complex: the macromo-
lecular complex implicated in the initiation step 
of autophagosome formation is the ULK1- 
Atg13- FIP200 complex. 

 Atg13 binds ULK1 or its homolog ULK2 and 
mediates their interaction with FIP200. 

 Activities of the ULK1 kinase complex are reg-
ulated by mTOR, depending on nutrient condi-
tions. Under normal or rich nutrient conditions, 
active mTORC1 interacts with the ULK1 kinase 
complex and phosphorylates ULK1 and mAtg13, 
hence blocking their activity. Under starvation con-
ditions, Atg13 and ULK1/2 are dephosphorylated, 
thereby activating ULK1/2, which phosphorylates 
FIP200 to induce autophagosome formation.  

    Nucleation 
 The PI3K complex: the formation of new 
autophagosomes requires the activity of Vps34, a 
PI3K class III. Phosphatidylinositol-3-phosphate 
(PI3P), its product, plays an essential role in the 
early stages of the autophagy pathway. The role 
of Vps34 has been established through the use of 
the well-known pharmacological inhibitors wort-
mannin and 3-methyladenine (3-MA), or the 
novel SAR405, who all lead to the inhibition of 
autophagosome formation [ 52 ]. 

 Vps34 is part of the autophagy-regulating mac-
romolecular complex (PI3K complex) consisting 
of Beclin-1/Atg6, Atg14/barkor, and p150/Vps15. 
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 The activity of Vps34 is enhanced by its inter-
action with Beclin-1. The evolutionarily con-
served domain of Beclin-1 is required for Vps34 
binding, autophagy, and tumor suppressor func-
tion. Several Beclin-1-binding proteins have 
been identifi ed, and the disruption of their inter-
action with Beclin-1 affects autophagosome for-
mation. The Beclin-1-binding partners that 
induce autophagy include Ambra-1, UVRAG, 
Bif-1, and Rubicon. It interacts to regulate the 
lipid kinase Vps34 protein and promote forma-
tion of Beclin-1-Vps34-Vps15 core complexes. 
On the other hand, the binding of the anti- 
apoptotic proteins Bcl-2 or Bcl-xL to Beclin-1 
inhibits autophagy. During starvation, the activa-
tion of c-Jun NH2-terminal kinase-1 (JNK1) 
results in the phosphorylation of Bcl-2 and 
Bcl-xL which releases their binding to Beclin-1, 
thus inducing autophagosome formation.  

    Elongation and Autophagosome 
Maturation 
 Two ubiquitin-like reactions are involved in the 
elongation of the pre-autophagosomal structures:
    1.    In the fi rst reaction, the ubiquitin-like protein 

Atg12 is covalently tagged to Atg5. Atg12 is 
fi rst activated by Atg7 (E1 ubiquitin- activating 
enzyme-like) and then transferred to Atg10 
(E2 ubiquitin-conjugating enzyme-like). 
Atg12 is fi nally covalently linked by its 
C- terminal glycine (Gly 186) to a lysine 
(Lys149) residue of Atg5 [ 53 ]. The Atg12- 
Atg5 then forms a conjugate with Atg16L1. 
This complex is essential for the elongation of 
the pre-autophagosomal membrane, but dis-
sociates from fully formed autophagosomes.   

   2.    The second ubiquitin-like reaction involves 
the protein microtubule-associated protein 1 
light chain 3 (MAP1-LC3/LC3/Atg8). LC3 is 
synthesized as a precursor form and is cleaved, 
at its C-terminus, by the protease Atg4B, 
resulting in the cytosolic isoform LC3- 
I. LC3-I is conjugated to phosphatidylethanol-
amine in a reaction involving Atg7 (E1-like) 
and Atg3 (E2-like) to form LC3-II. Due to the 
relatively specifi c association of LC3-II with 
autophagosomes, LC3-II is actually the only 
specifi c autophagy marker.      

    Transport to Lysosomes and Fusion 
 Once formed, autophagosomes fi rst fuse with 
endosomes to generate amphysomes. 
Amphysomes are acidifi ed by the activity of pro-
ton pumps provided by the endosomes. The 
amphisome than fuses with lysosomes to gener-
ate autophagolysosomes, in which lysosomal 
enzymes degrade the sequestered material. 

 The fusion steps involve proteins such as 
ESCRT, SNAREs, Rab7 [ 54 ]. Mutation or loss 
of proteins that are important for the formation of 
multivesicular bodies lead to an inhibition of 
autophagolysosome maturation [ 55 ]. 

 Two additional processes then follow: degra-
dation and utilization of degradation products. 

 Many studies have shed light on the functional 
role of autophagy in different cellular processes 
and the potential of autophagy modulation as a 
therapeutic strategy for different pathologic con-
ditions, including cancer [ 47 ]. 

 The regulation of autophagy is very complex 
[ 56 ]. Aminoacid starvation and the endocrine sys-
tem (insulin in particular) are physiological trig-
gers of autophagy. Numerous other factors occur 
in cancer. Most of them signal to the PI3K/Akt/
mTOR pathway, which is a master regulator of 
nutrient signaling and of autophagy. mTOR, a ser-
ine/threonine kinase which belongs to the family 
of phosphatidylinositol kinase-related kinases, is a 
key component that negatively regulates the induc-
tion of autophagy. The extent of autophagy is reg-
ulated by proteins upstream of mTOR signaling, 
including PTEN; PDK1; Akt; and TSC1/2.   

    Autophagy and Cancer 

 Even if resistant to apoptosis, tumor cells can 
still be induced to die by other mechanisms, and 
necrosis, senescence, and autophagy may be 
alternative goals for cancer therapy. The activa-
tion of autophagy represents a crucial moment 
in modern therapy; several lines of evidence 
indicate that GB cells seem to be poorly resis-
tant to therapies that induce autophagy [ 57 ]. For 
example, rapamycin’s disruption of the mTOR 
pathway induces marked autophagic processes 
in GB cells [ 58 ]. 
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 However, the role of autophagy in cancer is 
still a topic of intense debate. It is likely context- 
specifi c and presumably differs in different 
phases of cancer life [ 59 ]. Autophagy, in fact, 
may either prevent or stimulate cancer. 

 On the one hand, autophagy acts as a tumor 
suppressor, by eliminating potentially oncogenic 
misfolded proteins and other substrates, thus halt-
ing initial stages of cancer. Furthermore, autoph-
agy is known to be induced by p53 and PTEN, two 
of the most commonly tumor suppressor genes 
altered in cancer [ 60 ,  61 ]. Conversely, autophagy 
is inhibited via the direct interaction of oncogenic 
protein Bcl-2 with Beclin-1 ([ 47 ] and references 
therein). These data suggest that autophagy has an 
anticancer role. 

 On the other hand, autophagy promotes tumor 
growth by recycling substrates that fuel cancer 
cells under metabolic and therapeutic stress, 
guaranteeing an energy source and promoting 
their resistance to therapy. 

 The view that autophagy promotes resistance 
to cancer treatment is largely based on its capa-
bility of conferring tumor cells with high stress 
tolerance and on the observation that autophagy 
inhibition sensitizes cancer cells to DNA damag-
ing therapeutic agents. 

 However, multiple, sometimes contrasting, 
effects may result from autophagy activation in 
cancer. 

 Below, several tumor suppressor or cancer- 
promoting functions of autophagy are reported, 
derived from a thorough review on autophagy 
and cancer [ 48 ].
    1.     Tumor suppressor functions of autophagy :

    (a)    Autophagy inhibits necrosis and infl am-
mation and modulates infl ammatory 
response.   

   (b)    Autophagy halts oxidative stress and 
genomic instability.   

   (c)    Autophagy leads to tumor cell death.   
   (d)    Autophagy positively regulates immune 

response, by supporting the energy 
demands of antigen-presenting cells and 
T lymphocytes within a hypoxic tumor 
microenvironment, and inducing a CTL 
epitope mimicking tumor-associated 
antigens.   

   (e)    Autophagy inhibits metastasis.   
   (f)    Autophagy affects the epithelial to mes-

enchymal transition.   
   (g)    Autophagy restricts expansion of dormant 

tumor cells.    
      2.     Tumor-promoting functions of autophagy :

    (a)    Autophagy induces survival of tumor 
cells under a variety of stresses.   

   (b)    Autophagy is an adaptive metabolic 
response to hypoxia.   

   (c)    Autophagy is induced by nutrient 
starvation.   

   (d)    Autophagy promotes tumor cell metastasis.   
   (e)    Autophagy promotes resistance to cancer 

therapy.   
   (f)    Autophagy has a negative impact on local 

immunity, by inducing tumor cell resis-
tance to CTL-mediated lysis.    

      It is evident that autophagy may invest mul-
tiple roles and opposite functions in cancer, 
depending on the tumor cell context and 
microenvironment. 

 In cancer, multiple forms of exogenous stress-
ors, including cancer chemotherapeutic drugs and 
radiation, almost invariably promote autophagy in 
tumor cells [ 17 ]. In many cases, this autophagy is 
cytoprotective in function, mostly by interfering 
with the capacity of the tumor cell to undergo 
apoptotic cell death [ 62 ]. However, in literature 
there are also multiple examples in which chemo-
therapeutic drugs—alone or in combination—as 
well as radiation in combination with chemother-
apy, promote autophagic cell death [ 62 ]. It is also 
clear that there are cases in which the induced 
autophagy exhibits neither cytoprotective nor 
cytotoxic functions. 

 A direct link has been demonstrated between 
tumorigenesis and the disruption of autophagy. 
Beclin-1 is vastly the most investigated autopha-
gic gene in cancer. It is an essential mediator of 
autophagy. Binding to Class III PI3K, it starts 
autophagosome formation, and its decreased 
expression is associated with a reduced autopha-
gic vacuole formation [ 46 ,  47 ]. Interacting with 
Bcl-2, it can also induce apoptosis [ 46 ,  47 ]. 
Overexpression of Beclin-1 in MCF-7 human 
breast cancer cells was found to facilitate autophagy 
induced by serum and amino-acid deprivation, 
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which indicates that Beclin-1 is a necessary 
regulator for autophagy also in cancer [ 63 ]. 

 In mice, it was demonstrated that Beclin-1 is a 
haploinsuffi cient tumor suppressor [ 64 ,  65 ]. In 
humans, it was found monoallelically deleted in 
breast, ovarian, prostate cancers, and it showed a 
reduced expression in several types of cancers, 
including GB [ 66 – 68 ]. 

 In recent years, the expression of Beclin-1 
transcript was investigated as a prognostic factor 
in several cancers. Among 212 primary human 
brain tumors [ 67 ], medulloblastomas and most 
high-grade astrocytic, ependymal neoplasms and 
atypical meningiomas showed a signifi cant 
decrease of Beclin-1 cytoplasmic protein expres-
sion when compared to the majority of low-grade 
tumors. Furthermore, in the same study, the 
expression level of Beclin-1 mRNA was signifi -
cantly lower in all glial tumors when compared to 
all meningiomas, suggesting a possible different 
involvement of Beclin-1 in the different histo-
types of brain neoplasms. The prognostic role of 
Beclin-1 expression was also investigated by 
immunohistochemistry in high-grade glioma 
patients [ 69 ], in whom high Beclin-1 protein 
cytoplasmic expression positively correlated 
with apoptosis, and negatively with cell prolifer-
ation. High Beclin-1 expression was also signifi -
cantly correlated with survival, both in the 
univariate and multivariate analysis, with high 
KPS values, and with the accomplishment of an 
optimal postoperative therapy.  

    Autophagy and IR 

 There are contradictory messages regarding how 
autophagy affects the ways through which tumor 
cells die when they are treated with anticancer 
agents. Many anticancer agents have been reported 
to induce autophagy, leading to the suggestion that 
autophagic cell death may be an important mecha-
nism of tumor cell death by these agents [ 17 ,  70 ]. 

 Many anticancer agents can induce autophagy, 
including IR, temozolomide, tamoxifen, rapamy-
cin, and arsenic trioxide [ 70 ]. 

 In different experimental investigations on 
various tumor cell types, IR almost uniformly has 

been found to promote autophagy, which is 
usually thought to invest a protective effect on 
tumor cells [ 17 ]. 

 However, both promotion and inhibition of 
cancer cell radioresistance by autophagy have 
been documented, likely depending on experi-
mental and tumor cell context [ 17 ]. 

 Several investigations indicate that autophagy 
is cytoprotective and confers radioresistance both 
to spawn and to stem cancer cells [ 71 – 73 ]. 
Furthermore, silencing of Beclin-1, Atg3, and 
Atg4 genes sensitizes carcinoma cells to IR [ 74 ], 
and the number of irradiated glioma cells under-
going DNA double-strand breaks signifi cantly 
increases after autophagy inhibition [ 75 ]. 

 Other studies indicate, instead, a cytotoxic 
function of autophagy alone or combined with 
other agents in the radiosensitization of several 
cancer cell types, including GB [ 72 ,  76 – 79 ]. 
Autophagy up-regulation after apoptosis and 
mTOR alone or combined inhibition was identi-
fi ed as the main mechanism of radiosensitization 
in breast, lung, and glioma cancer cells [ 76 ,  77 , 
 80 ]. 

 Furthermore, an impaired therapeutic effi cacy 
after autophagy inhibition has been observed 
both in experimental studies and clinical trials in 
a study [ 77 ]. 

 Ionizing radiation determines the activation of 
multiplex pathways, which can be modulated in 
order to increase radiosensitization [ 1 ]. In response 
to radiation, the PI3K/Akt/mTOR pathway, a neg-
ative regulator of autophagy, is activated and fre-
quently mediates resistance [ 81 ,  82 ]. Several 
studies have shown that inhibition of PI3K/Akt/
mTOR signaling sensitizes tumor cells to different 
chemotherapeutic strategies [ 83 ]. Since GB cells 
appear to be dependent on this pathway for prolif-
eration [ 84 ], targeting key molecules of this path-
way could likely be a useful therapeutic strategy 
and has yielded promising results in several inves-
tigations. Inhibition of Akt radiosensitized U-87 
MG GB cells by enhancing autophagy [ 76 ]. 
Rad001 (everolimus, an mTOR inhibitor) induced 
autophagy and radiosensitization [ 85 ]. The com-
bined inhibition of Akt and mTOR synergized in 
increasing radiosensitization of U-87 MG, T98G, 
and U-373 MG GB cells [ 86 ]. 
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 Ionizing radiation causes genotoxic events, 
including DNA- double strand breaks, which acti-
vate DNA repairing usually through the DNA-
dependent protein kinase, or result in cell death, 
usually by apoptosis. Depending on the cell type 
and/or IR dose, DNA-dependent protein kinase 
may induce autophagy, as well as inhibition of 
the PI3K/Akt/mTOR pathway [ 87 ]. 

 Mitochondrial and lysosomal damage and 
autophagy are also being investigated in the attempt 
to increase tumor cell radiosensitization [ 72 ]. 

 It is known that autophagy and apoptosis can 
either inhibit or stimulate each other, through key 
common players, including Atg5, Bcl-2, cas-
pases, and p53 [ 88 ]. Given the complex, vari-
ously intertwined, processes of the autophagic 
and apoptotic pathways, a potentiation of both 
types of related cell death may be a common goal 
of novel radiosensitizing therapies. The impact of 
IR on PI3K/Akt/mTOR pathway activates a com-
plex cross-talk between autophagy and apoptosis 
and inhibition of mTOR radiosensitized prostate 
cancer cells by inducing autophagy [ 89 ]. 
Inhibition of one of the two death pathways and 
concurrent potentiation of the other one, as well 
as the induction of both death signaling path-
ways, has been observed [ 72 ]. 

 Further research is required to exploit the role 
of autophagy in radiosensitizing tumor cells.  

    Autophagy and TMZ 

 TMZ is currently the most effi cacious cytotoxic 
drug employed to combat GB. Besides the meth-
ylation status of MGMT, its effectiveness also 
depends on the expression level of the mTOR 
gene, and both TMZ and IR effi cacy were 
improved by targeting PI3K and mTOR pathway 
[ 90 ]. TMZ exerts its toxicity by inducing several 
DNA adducts and, according to several authors, 
by triggering autophagic cell death [ 5 ]. 

 In support of this conclusion, O 6 - benzylguanine, 
an inhibitor of MGMT, augmented the effects of 
TMZ through an increase in the promotion of 
autophagy, with no evidence of apoptosis. 
Interference with autophagy via 3-methyladenine 
suppressed the sensitivity of malignant GB cells 

to TMZ, indicating that sensitivity of GB to TMZ 
is mediated through autophagy. 

 Several studies have indicated that TMZ 
induces G2/M arrest and that cells subsequently 
die through autophagy, but not apoptosis [ 5 ,  91 ]. 

 A recent study by Palumbo et al. clearly 
showed that response to treatment with radiation 
alone or combined with TMZ involved autoph-
agy [ 79 ]. Two cell lines that differed in their sen-
sitivity to radiation were used (T98G and 
U-373 MG). At low doses of radiation (~2 Gy), 
T98G cells showed high sensitivity to radiation 
compared to the U-373 MG cells, which was 
associated with the promotion of autophagy with 
minimal evidence of apoptosis. Furthermore, 
pretreatment of both cell lines with rapamycin, a 
known autophagy inducer, sensitized the resis-
tant cells to radiation. Of critical importance, 
siRNA-mediated knockdown of Beclin-1 and 
Atg7 abrogated radiosensitivity, either alone or in 
combination with TMZ [ 79 ]. 

 In other investigations, both autophagy and 
apoptosis were induced after TMZ at therapeuti-
cally relevant dose levels ( < 100 μM), in a spe-
cifi c time-dependent manner [ 92 ]. 

 Senescence was induced as well, and the 
authors found that one of the DNA adducts pro-
duced after TMZ, the O 6 -methylguanine 
(O6MeG), mispaired with thymine, inducing 
erroneous repair process secondary lesions, which 
lead to DNA double-strand breaks. 

 O6MeG was responsible for the temporal 
sequences of autophagy, senescence, and apop-
tosis, the latter occurring as a late response to 
DSBs signaling. The authors suggest that the 
fate of GB cells, in terms of survival or death, 
largely depends on the balance of players 
involved in the process. In this experimental set, 
TMZ-induced autophagy was supposed to be 
cytoprotective, envisaging its inhibition as pro-
apoptotic in GB cells. 

 However, it is known that autophagy can be 
modulated at several points, both positively and 
negatively, and its inhibition at different steps 
likely results in its different effects [ 72 ]. For 
instance, Kanzawa et al. [ 5 ], in the same GB cell 
lines treated with TMZ, found that inhibition of 
early stage of autophagy by 3-methyladenine was 
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cytoprotective, whereas autophagy inhibition at a 
late stage through bafi lomycin induced apoptosis. 
Furthermore, the GB cell type and the therapeutic 
dose are also determinants for the pro-survival or 
pro-death role of autophagy. 

 All these data further support the hypothesis 
that autophagy modulation could increase the 
sensitivity of GB cells to therapy, and that caution 
is required on the desired effect based on tumor 
context.   

    Glioblastoma Therapy: Status-of- 
the-Art and New Perspectives 

 Gliobastoma (GB) is the most common and 
aggressive primary brain tumor, with a median 
survival of only about 4 months in patients with-
out therapy. A signifi cant, although limited 
(16–19 months), improvement of the median sur-
vival is obtained with current multimodal 
approach, which includes maximal surgical 
resection, with adjuvant radiotherapy and TMZ, 
with approximately 25–30 % of the patients alive 
at 2 years after diagnosis, and a <10 % 5-year 
survival rate [ 10 ,  93 ,  94 ]. 

 Recurrences are, in fact, the rule, given the 
high invasiveness of GB cells between normal 
brain cells, which makes them elusive targets for 
effective surgical management, and GB cell 
resistant to both IR and TMZ [ 11 ,  90 ]. 

 The high proliferative capability of GB and 
massive angiogenesis also contribute to GB’s 
poor prognosis. Moreover, GB is highly heterog-
enous, which impairs treatment effects, and thus 
requires novel therapeutic approaches and/or 
novel agents to be combined with the current 
standard of care. Therapeutic strategies are based 
on cellular and molecular mechanisms leading 
to: activation of apoptosis and/or other types of 
PCD, inhibition of growth factors and receptors, 
and blocking of angiogenesis. In the last decade, 
intensifi ed research efforts have been invested 
into studying the molecular pathways altered in 
GB, in order to identify novel therapy targets. 
Recently, the GB project Study Group of The 
Genome Cancer Atlas (TGCA) [ 13 ] identifi ed 
several molecular subtypes of GB, which could 

differently affect current therapy effi cacy, shed-
ding light on novel potential molecular drug tar-
gets. However, several genetic and epigenetic 
alterations are common to most GBs. Clinical 
and experimental data have demonstrated that the 
natural resistance of GB to apoptosis, and thus to 
IR and conventional chemotherapy, is largely 
based on the constitutive activation of several 
intracellular signaling pathways, of which the 
most relevant identifi ed to date is the PTEN/
PI3K/Akt/mTOR/NFκB pathway and its regula-
tors. The PI3K/Akt/mTOR signaling pathway is 
a main determinant of several processes related 
to cancer growth, invasiveness, and radioresis-
tance [ 95 ]. In GB, it is often over-activated 
through a loss-of-function of the phosphatase and 
tensin homolog (PTEN) tumor suppressor gene, 
and/or a hyper-activation of EGFR. The 
EGFRvIII variant activates persistent down-
stream PI3K/Akt/mTOR and RAS/RAF/MAPK 
signaling, inducing GB cell proliferation and sur-
vival [ 96 ]. Loss of PTEN tumor suppressor gene 
function, as well as overexpression of EGFR, 
occurring in 30–40 % and 57.4 % of GB, respec-
tively, are the most common alterations that pro-
mote GB growth and therapy resistance [ 13 ]. 
Alterations of the platelet-derived growth factor 
receptor (PDGFR), found in about 13.1 % of GB 
[ 13 ], may also induce PI3K/Akt/mTOR pathway 
over- activation [ 97 ]. 

 Besides targeting growth factors and angio-
genesis, combining IR/TMZ with the modulation 
of key determinants of GB metabolism may be a 
more effective treatment option. Autophagy sus-
tains metabolic pathways required for tumor 
growth and is altered in GB, therefore its modu-
lation could be envisaged as a possible support 
tool to IR and TMZ treatment. Furthermore, 
autophagy is the main pathway activated by both 
IR and TMZ. 

 In GB, it has been ascertained that radio- and 
chemoresistance largely depend on cancer stem 
cells, which have been found to express higher basal 
levels of Atg5, Atg12, and LC3 autophagic proteins 
than any other cancer cells [ 71 ], and which are more 
capable of repairing damaged DNA. Targeting stem 
cells by IR and combined therapy is a novel treat-
ment paradigm for GB patients. 
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 Novel therapeutic perspectives also derive from 
GB microenvironment and its modifi cation 
induced by radiotherapy. GB triggers a local 
immune response, and tumor infi ltrating lympho-
cytes, presenting antigen dendritic cells, and mac-
rophages are targetable by specifi c antibodies. 
Furthermore, vaccines against heat shock protein 
and EGFRvIII are under study and have yielded 
encouraging results in some clinical trials [ 9 ,  35 ]. 

 IR is known to trigger a pro-infl ammatory sig-
naling cascade and immune activation, which are 
further targets to be exploited for immunother-
apy. Orchestrated immune and infl ammatory cell 
modulation could improve radiation effects. This 
approach might open a new avenue for GB ther-
apy; the outcome of the few ongoing trials based 
on a similar treatment approach will provide 
more information [ 9 ,  35 ]. 

 In conclusion, resistance of GB to most anti-
neoplastic agents, including IR, is a major deter-
minant of poor cell death and is a challenge for 
tumor research. Due to the high heterogeneity of 
GB, the most promising approach is the complex 
one, by combining surgery, radiotherapy, chemo-
therapy, and targeted molecular therapy directed 
simultaneously towards different cellular patho-
genetic mechanisms detected by suitable mark-
ers, in order to plan an even more patient-adapted 
treatment.     
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          How GBM Cells Escape 
from the Effects of Radiotherapy 

 According to the WHO nomenclature, glioblas-
toma multiforme (GBM) tumors are classifi ed 
based on their clinical manifestations and histo-
logical phenotypes, classifi ed according to the 
World Health Organization as WHO grade IV 
astrocytomas [ 1 ]. Generally, brain tumors can be 
treated surgically based on a maximal resection 
and through the use of adjuvant chemo- 
radiotherapy, which mainly leads to inhibition of 
the cell cycle and increased apoptosis of tumor 
cells [ 1 ]: nowadays, the best prognostic responses 
in GBM patients are those with the combined use 
of the alkylating agent temozolomide [ 2 ]. 
However, highly malignant astrocytomas (WHO 

grades III and IV) are more prone to anaplasia 
and can contain immature astrocytes or oligoden-
drocytes or both cell types simultaneously [ 3 ,  4 ]. 
These tumors are also characterized by high rate 
of cellular proliferation and invasiveness. As 
emphasized by the name, GBM consist of many 
differentiated and non-differentiated cells and 
these tumors are histologically extremely hetero-
geneous and phenotypically diverse. From a ther-
apeutically point of view, GBM are highly 
chemo- and radioresistant, and this feature usu-
ally leads to tumor relapses after surgical opera-
tion [ 3 ]. As a matter of fact, the prognosis of 
patients with GBM is very poor with median sur-
vival of 12–15 months from diagnosis [ 5 ]. 

 To overcome the resistant behavior of these 
tumor cells, several mechanisms of GBM resis-
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tance have been deeply investigated; the most 
important of which is the deregulation of signal-
ing pathways such as PI3K/AKT and ATM/
CHK2/p53 [ 6 ]. Importantly, locus amplifi cation, 
gene overexpression, and genetic mutations of 
epidermal growth factor receptor (EGFR) are 
hallmarks of GBM that can ectopically activate 
downstream signaling oncogenic cascades such 
as PI3K/Akt/mTOR pathway. Importantly, 
 alteration of this pathway, involved also in the 
regulation of autophagy process, can improve 
radioresistance in GBM cells, thus promoting the 
aggressive phenotype of this tumor [ 7 ]. However, 
although various pharmacological inhibitors 
and anti-EGFR antibodies are available, the 
 antiglioma activity of these agents has been 
largely limited to preclinical models, whereas 
their administration to glioblastoma patients 
was characterized by lack of clinical benefi t. 
Comprehensive efforts have been made within 
the last years to understand the underlying mech-
anisms that confer resistance to EGFR inhibition 
in glioma cells. The absence of well-known 
mutations that predict response to EGFR tyrosine 
kinase inhibitors (TKIs) in gliomas and the pres-
ence of redundant and alternative compensatory 
pathways are among the most important escape 
mechanisms that prevent potent antiglioma 
effects of EGFR-targeting drugs. Accordingly, an 
increasing number of in vitro and in vivo studies 
are aimed at overcoming this resistance by com-
binatorial approaches using anti-EGFR treatment 
together with one or more additional drugs [ 8 ]. In 
addition, the epithelial to mesenchymal transition 
(EMT) is a crucial biological process occurring 
in the early development stages of many species. 
However, cancer cells often obtain the ability to 
invade and metastasize through the EMT, which 
triggers the scattering of cells. The hepatocyte 
growth factor (HGF)/MET signaling pathway is 
indicative of the EMT during both embryogene-
sis and the invasive growth of tumors, because 
HGF potently induces mesenchymal transition 
in epithelial-driven cells. Activation of MET sig-
naling or co-overexpression of HGF and 
MET frequently represents aggressive growth 
and poor prognosis in various cancers, including 
GBM. Thus, efforts to treat cancers by inhibiting 
MET signaling using neutralizing antibodies or 

small molecule inhibitors might represent novel 
specifi c anticancer strategies [ 9 ]. 

 Another signifi cant component of therapeutic 
resistance of GBM is the presence of cancer stem 
cells (CSCs) and signaling pathways related to the 
maintenance of the stem cell-like phenotype 
(OCT4, SOX2, Notch, and Nanog). This resistant 
phenotype is further confi rmed by recent fi ndings 
showing that CSCs generally are highly resistant 
to radiotherapy in comparison to non-CSCs. 
Therefore, another means to overcome the GBM 
resistance is to regulate pathways associated with 
CSCs progression [ 10 ]. CSCs have a high ability 
for self-renewal and also for production of neuro-
spheres [ 4 ]. CSCs express markers of undifferen-
tiated neuronal stem cells (nestin, CD133), but do 
not have markers of differentiated ones (β-tubulin, 
glial fi brillar protein). Cultivating under certain 
conditions, CSCs can convert into neuronal, astro-
glial, or oligodendroglial cells [ 11 ]. During the 
differentiation, CSCs gradually stop expressing 
markers of stem cells and acquire markers of a 
specifi c differentiation pathway. CD133, one of 
the best studied markers of CSCs, is used for 
identifi cation and isolation of CSCs from GBM 
[ 12 ]. The number of CD133-positive cells within 
GBM tissues varies from 0.3 to 30 % and increases 
with the pathological features of the tumor [ 13 ]. 
The population of CD133-positive CSCs isolated 
from the most aggressive and malignant GBM 
tumors displays an increased ability for self-
renewal as compared with other cell populations 
prepared from tumors with the lower malignancy. 
Thus, an increased expression of CD133 is associ-
ated with bad prognosis and severe course of the 
disease in GBM patients [ 14 ]. The role of CD133-
positive CSCs in enhancing the resistance of 
GBM to antitumor therapy is under active investi-
gation. Interestingly, the percentage of CD133-
positive cells in GBM after chemo- or radiotherapy 
treatments was higher than in untreated tumors 
[ 15 ]. To date, radiotherapy is thought to be the 
most effi cient nonsurgical approach for treatment 
of GBM, but, as previously stated, tumor cells 
manifested a radio-resistant phenotype. 
Importantly, among the tumor-specifi c altered 
molecular pathways, it was reported that the com-
bined expression of CD133 and MGMT was asso-
ciated with an increase in the radio-resistance of 
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GBM [ 16 ]. Moreover, differently from CD133-
negative cells, CD133-positive GBM ones can 
survive after irradiation due to the high effi ciency 
of DNA repair mechanisms activated after 
radiation- induced damage [ 17 ,  18 ]. In particular, 
further studies on the molecular mechanisms of 
DNA repair in CD133-positive CSCs have shown 
that, as differentiated from various GBM cell 
lines, DNA synthesis in these cells continues after 
irradiation, which suggests inhibition or inactiva-
tion of cellular regulators responsible for cell 
cycle arrest on transition to the S-phase [ 19 ]. The 
data of the above-mentioned studies show an 
obvious contribution of CD133-positive CSCs to 
the increase in GBM resistance to chemo- and 
radio- therapy and also suggest a cardinal role of 
these cells in tumor progression and in metastati-
zation. Thus, searches for approaches for suppres-
sion of the CSCs population seem promising for 
enhancement of effi ciency of therapy of brain 
tumors and can be an important trend of targeted 
therapy [ 20 ].  

    miRNA as Molecular Messengers 
in GBM Cells’ Microenvironment 

 miRNA are stem-loop structures encoded by a 
cell’s own genome. These molecules represent a 
population of small non-coding RNAs, with an 
average length of 23 nucleotides, involved in the 
down-regulation of expression of target genes 
through regions of partial complementarity, 
mostly in their 3′-untranslated regions (UTRs) 
[ 21 ]. Each miRNA can be transcribed separately 
from an individual transcriptional unit, or each 
transcriptional unit can encode a cluster of dis-
tinct miRNA. The primary miRNA transcript 
(often abbreviated as pri-miRNA) is typically 
transcribed from the genome by RNA poly-
merase II and is subsequently capped and poly- 
adenylated [ 22 ]. The primary miRNA transcript 
folds into a stem-loop structure, which is essen-
tial for the maturation process. In animals, the 
primary miRNA transcript is then cleaved in the 
nucleus by Drosha, a RNase III endonuclease, in 
association with the double-stranded RNA- 
binding domain protein DGCR8/Pasha in a pro-
tein complex referred to as the microprocessor 

complex [ 23 ]. Drosha cleaves both strands of the 
stem at sites near the base of the primary stem- 
loop [ 24 ], generating an intermediate known as 
the miRNA precursor (sometimes abbreviated 
premiRNA). The miRNA precursor is then 
exported out of the nucleus by Exportin-5 into 
the cytosol where the RNase III domain- 
containing nuclease, Dicer, cleaves the terminal 
loop to generate the nucleotide mature 
miRNA. Immediately after formation of the 
mature miRNA, the duplex is unwound and 
loaded onto the RNA-induced silencing complex, 
which ultimately carries out the silencing of tar-
get mRNA. Another important molecular player 
of the gene-silencing process is RISC protein tri-
meric complex composed by Dicer, TRBP, and a 
protein of the Argonaute superfamily (Ago2 in 
humans) [ 25 ]. It identifi es target mRNA based on 
complementarity with the associated single- 
stranded miRNA and results in either mRNA 
cleavage or translational repression [ 21 ]. As a 
result, an estimated one third of all mRNAs are 
thought to be susceptible to post-transcriptional 
gene silencing by miRNA [ 26 ]. 

 A large spectrum of aberrant expression pro-
fi les of miRNA has been detected in many types 
of human tumors, including gliomas [ 27 ,  28 ]. 
Recent data have shown that human tumors are 
characterized by globally down-regulated 
miRNA expression profi les due to a general 
defect in the miRNA production process, which 
strengthens the hypothesis that these molecules 
may mainly serve as “guardians” of biologic pro-
cesses [ 29 ]. Nevertheless, miRNA have been 
demonstrated not only to act as tumor suppres-
sors, but also—dependent on the function of the 
targeted mRNA—as oncogenes [ 30 ,  31 ]. 

 The reasons for the widespread differential 
expression of miRNAs in malignant as compared 
to normal cells are not fully elucidated [ 32 ]. 
However, epigenetic modifi cations within the 
transcriptional regulatory sequences of miRNAs, 
and also genetic alterations like mutations, 
genomic deletions, or gene amplifi cations, which 
can affect miRNA maturation and/or interactions 
with mRNA targets, are thought to contribute to 
miRNA dysregulation [ 33 ,  34 ]. 

 In GBM, high-throughput analyses have iden-
tifi ed various miRNAs that are differentially 
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expressed when compared to non-neoplastic 
brain tissues [ 35 – 37 ]. Functional studies have 
demonstrated that miRNA are important media-
tors of multiple biological characteristics of 
GBM, including cell proliferation, G1/S cell 
cycle progression, cell survival, cell migration, 
and cell invasion [ 38 – 41 ]. Although the exact 
function of all altered miRNAs in GBM and of 
the complex network they regulate has not been 
completely elucidated yet, a growing number of 
studies have assigned single miRNAs to distinct 
functions in the processes of glioma-genesis and 
progression. For example, miRNA that are down- 
regulated in GBM as compared to normal brain 
have been found to function as tumor suppressors 
by directly targeting the oncogenes c-Met, Notch 
[ 42 ,  43 ], Bmi-1 [ 36 ], the EGFR [ 44 ], receptor 
tyrosine kinases [ 45 ], and cell cycle components 
[ 46 ]. Contrarily, miRNAs with enhanced expres-
sion in GBM might be designated as oncogenes 
(or oncomiR); i.e., miR-21 promoting invasion 
by targeting regulators of matrix metalloprotein-
ases, miR-26a targeting PTEN, and miR-10b and 
miR-221 targeting cell cycle inhibitors [ 32 ]. 

 Some aggressive tumors including GBM 
were shown to release microvesicles (mainly 
exosomes) containing mRNA, DNA, enzymes, 
oncogenic receptors, growth factors, and 
miRNA, which after their uptake by surround-
ing non- tumors cells induce oncogenic transfor-
mation of neighbors [ 47 – 50 ]. The function of 
these circulating/secreted miRNA has not been 
completely explored in the context of the brain 
tumor microenvironment. Establishing how 
these regulatory molecules are involved in the 
modulation of oncogenic signaling networks 
between tumor cells and stroma is likely to add 
a needed additional layer of complexity to the 
tumor network, consisting of intercellular com-
munication. More importantly, miRNA-exo-
somes signaling may provide an additional 
therapeutic target for this deadly disease [ 51 ]. 
Exosomes-miRNA interaction was also in vitro 
demonstrated adopting CSG cells: co-cultivat-
ing of human neural stem cell-derived astro-
cytes and U87-MG GBM cells resulted in the 
malignant-like phenotype acquired by astro-
cytes from tumor cells [ 52 ]. 

 Recently, Katakowski et al. [ 53 ] observed the 
ability of culturing rat gliosarcoma and human 
GBM cell lines shares miRNA between neighbor-
ing cells through gap junctions, and these mole-
cules exhibited functional effects in the recipient 
cells via inhibiting expression of target mRNAs. 
These fi ndings indeed suggest that miRNA may 
be directly implicated in GBM malignancy as 
pro-oncogenes being delivered from tumor to 
non-tumor cells through  connexin- dependent gap 
junction mechanism [ 54 ] or mediated by the 
release of cancer exosomes and their cellular 
internalization through endocytosis [ 47 ]. 

 These studies highlighted that miRNA expres-
sion can manage important processes within 
malignant transformation of the tumor cell: on 
the same time, newly discovered miRNA may 
represent new potent anti-cancer agents for tar-
geted therapy of GBM [ 55 ]. Hence, for selective 
modulation of miRNA activity, decoy antisense 
oligonucleotides that would interfere with 
oncomiRs have been developed [ 56 ]. Among 
those, locked nucleic acid-modifi ed oligonucle-
otides (LNAs) are single-stranded bicyclic RNA 
analogues composed of ribonucleotides with a 
methylene bridge, which connects the 2-oxygen 
with the 4-carbon of the ribose [ 57 ,  58 ]. LNAs 
present strong advantages for application to ther-
apy as they are resistant to exo- and endonucle-
ases and irreversibly bind to miRNAs, leading to 
a constitutive inhibition of their activity [ 57 ]. As 
a matter of fact, the fi rst human phase II miRNA- 
based therapy was developed in 2010 for hepati-
tis C and use LNAs synthesized as unconjugated 
LNA/DNA molecules (miravirsen, SPC3649, 
LNA antimiRTM-122, Santaris Pharma) [ 59 ]. 
Although the complete phosphorothioate back-
bone of those LNAs is assumed to improve their 
stability and supports delivery of naked, single- 
stranded, un-complexed oligonucleotides to the 
liver, major obstacles remain to specifi cally 
design disease-specifi c miRNA. Thus, many 
research efforts are directed to the improvement 
in miRNA responsive or targeted chemical design 
and pharmacokinetic properties [ 7 ]. In this direc-
tion, the emergence of nanotechnology and nano-
medicines is offering interesting perspectives 
[ 60 ]. Due to their submicron size and their versa-
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tile physicochemical properties, liposomes, poly-
meric nanospheres, polymeric nanocapsules, 
lipid nanoparticles, or nano emulsions can indeed 
interact in unique fashion with biological sys-
tems and give new opportunities for the delivery 
of active molecular entities for better effi ciency, 
specifi city, and biological safety [ 60 ]. Thus, sub-
stantial benefi ts can be obtained concerning bio-
logical barriers crossing, kinetics of drug release, 
drug bioavailability in the target organs and cells, 
prevention of side effects, and reduction of doses 
[ 60 ]. As such, lipid nanocapsules (LNCs), syn-
thesized without the use of organic solvent, can 
be produced to suitable therapeutic sizes (e.g., 
20, 50, 100 nm) [ 61 ]. These vectors can transport 
conventional anticancer drug (paclitaxel, etopo-
side, ferrocifen derivatives, HA14-1 analogues) 
[ 62 – 67 ] or radio-pharmaceuticals [ 68 ,  69 ]. LNCs 
are also capable to perform intrinsic biological 
effects including having the ability to cross the 
plasma membrane [ 64 ], inhibition of multidrug 
resistance [ 63 ], and escape from the lysosomal 
compartment as an important pre-requisite for 
drugs susceptible to degradation in the endo- 
lysosomal compartment and therefore able to tar-
get specialized organelles to fi nally exert their 
action [ 65 ]. Griveau and collaborators [ 70 ] also 
demonstrated that surface functionalization of 
LNCs, especially at chains of poly (ethylene gly-
col) by incorporating immunoglobulins, offered 
the possibility of a more specifi c active targeting. 
These authors suggested as a new strategy to 
silence miR-21 using LNA conjugated to lipid 
nanocapsules (LNCs), demostrating a signifi cant 
improvement of sensitivity to radiation.  

    miRNA Tune the Behavior of GBM 
Cells to Ionizing Radiation 

 Radiotherapy is mainly focused on one important 
property of cancer cells to favorable interfere with 
a deregulated rate of cellular proliferation. Ionizing 
radiation (IR) causes water ionization within the 
cells giving rise to the production of reactive radi-
cals, which subsequently interact with DNA and 
disrupt the phosphate DNA backbone. DNA strand 
breaks caused by this interaction can be either 

repaired or can lead to cell cycle arrest. Depending 
on the response to the therapy, we can observe a 
long-term effect of IR, which is manifested as 
senescence of the tumor cells, or a short term 
effect which is cell death via programmed cell 
death pathways [ 71 ,  72 ]. Relapse of the tumor 
after radiotherapy is common, and then, tumor 
often progresses into more aggressive forms asso-
ciated with poor prognosis and resistance to fur-
ther treatments [ 2 ]. It was previously described in 
several studies that IR triggers DNA repair mecha-
nisms and activates several signaling pathways 
such as PI3K/AKT [ 73 ] or ATM/Chk2/p53 [ 74 ], 
which subsequently lead to higher proliferation, 
invasivity, and survival of GBM cells. Importantly, 
these innate or acquired radio-responsive molecu-
lar pathways of GBM cells are functionally 
crossed by the regulatory action of miRNA 

 The fi rst of this pathway, PI3K/AKT/mTOR, 
is critical for normal brain development [ 75 ]; 
however, it has also been found to be hyper- 
activated in brain tumors [ 76 ]. Within this cas-
cade, EGFR play an important role as an activator 
of this pathway since mutations in EGFR lead to 
tumor cell proliferation, increased survival, 
angiogenesis, and metastasis. One of the ways of 
targeting the PI3K/AKT pathway and its down-
stream components for intervention is offered by 
miRNA. Study of miRNA expression profi les 
after IR exposure in the U87-MG cells showed 
down-regulation of miR-181a. Transient overex-
pression of miR-181a sensitized these cells to IR 
and led to down-regulation of mRNA and pro-
tein level of BCL-2. BCL-2 is associated with 
radio- resistance, but also it plays a protective 
role against apoptotic cell death and is frequently 
overexpressed in human tumor cells [ 77 ,  78 ]. 
Another miRNA specifi cally involved in the 
AKT signaling is miR-21, which is generally 
classifi ed as an oncomiR [ 79 ]. To confi rm this, 
miR-21 was one of the fi rst identifi ed miRNAs to 
play an important role in GBM pathogenesis 
with an anti-apoptotic effect on tumor cells [ 80 ]. 
Basing on this evidence, Li and collaborators 
[ 81 ] reported that a specifi c miR-21 inhibitor can 
increase IR-induced growth arrest and apoptosis 
in U251 GBM cells by abrogating G2-M arrest. 
More recently, it was reported that this miR can 
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mediate the radiation resistance of GBM cells by 
regulating important cell cycle genes as PDCD4 
and hMSH2 [ 82 ]. In addition, Zhou et al. [ 83 ] 
revealed that phosphatase and tensin homolog 
(PTEN), a direct negative regulator of AKT, was 
a target gene of miR-21. In another study, PTEN 
was found to be regulated directly by miR-26a 
[ 84 ]. In particular, de-regulation of miR-26a 
expression can promote GBM cells growth 
in vitro and in vivo. Kim and collaborators have 
interpreted these results on the basis that cell 
growth can be enhanced either by decreased 
PTEN, RB1, or MAP3K2/MEKK2 protein 
expression, which subsequently leads to 
increased AKT activation and promotes prolif-
eration, or by decrease of c-JUN N-terminal 
kinase-dependent apoptosis [ 37 ]. Additional 
miRNA linked to AKT regulation are miR-7 and 
miR-451. The involvement of miR-7 in this 
pathway was evaluated on U251 and U87-MG 
cell lines. In particular, the ectopic overexpres-
sion of miR-7 attenuated EGFR and AKT 
expression and radiosensitized both GBM cell 
lines [ 44 ], while miR- 451 represses GBM 
in vitro and in vivo, likely through targeting cal-
cium binding protein 39 gene (CAB39) directly 
and inhibiting the PI3K/AKT pathway indi-
rectly. Moreover, AKT/cyclinD1/CDK4 survival 
signaling pathway is activated in radio-resistant 
cancer cells. Within this altered pathway, CDK4 
is a member of the cyclin-dependent kinase fam-
ily and its overexpression has been described in 
many tumor types, including oral squamous cell 
carcinoma [ 85 ], pancreatic endocrine tumors 
[ 86 ], lung cancer [ 87 ], and glioma [ 88 ]. Basing 
on this evidence, a combination of fractionated 
radiotherapy and reagents targeting the AKT/
cyclin D1/CDK4 pathway, such as a CDK4 
inhibitor, has been reported to abolish tumor 
radio-resistance [ 89 ]. Very recently, Deng and 
collaborators [ 90 ] identifi ed CDK4 as a potential 
downstream target of miR-124 through bioinfor-
matics analysis and by dual-fi refl y luciferase 
reporter assay. The authors reported that CDK4 
knockdown can sensitize cells to radiation 
through the miR-124-CDK4 axis, opening new 
therapeutic perspectives. 

 In relation to the other main altered pathway, 
i.e., ATM/Chk2/p53, this was directly related to 
the radiation resistance behavior of GBM cells. 
In particular, in response to IR exposition, tumor 
cells activate the sensor kinases ATM, ATR, and 
DNA-PKs that in turn phosphorylate multiple 
downstream mediators, including the checkpoint 
kinases Chk1 and Chk2, which lead to bypass 
checkpoints and to the initiation of cell cycle 
[ 74 ]. As a proof of concept, a lower level of ATM 
was observed in the M059J radio-sensitive GBM 
cell line when compared to the M059K radio- 
resistant one, due to defi ciency in DNA-PKs 
expression. This effect might be caused by over-
expression of miR-100, which was predicted to 
be a direct regulator of ATM [ 91 ]. In a related 
study, it was reported that, after IR of both 
M059K and M059J cell lines, several miRNAs 
were up-regulated: miR-17-3p, miR-17-5p, miR- 
19a, miR-19b, miR-142-3p, and miR-142-5p. 
Moreover, miR-15a, miR-16, miR-21, miR-143, 
and miR-155 were found to be up-regulated only 
in the M059K cell line with normal DNA PK 
activity [ 92 ]. Furthermore, among these identi-
fi ed molecules, miR-143 was found to directly 
target fragile histidine triad (FHIT), which is 
often down-regulated in epithelial tumors. Cells 
with homozygous deletion of FHIT show higher 
resistance to multi-DNA damage inducers, 
including IR. Interestingly, the overexpression of 
miR-143 protects cells from DNA damage- 
induced killing by down-regulation of FHIT 
expression and leads to signifi cant G2-phase 
arrest [ 93 ]. In relation to miR-155, altered expres-
sion profi les were scored in different cancer cells. 
In particular, it was reported that this miRNA 
protected the cells against IR and inhibition of 
this miRNA led to sensitization of cells to radia-
tion [ 94 ]. Recently, Poltronieri and collaborators 
[ 95 ] have highlighted the use of miR-155 
antagomirs through microvesicles as a novel 
GMB-targeted therapeutic strategy. The expres-
sion of miR-101 was associated with the protein 
levels of ATM and DNA-PK in the U87-MG cell 
line. It was reported that up-regulation of miR- 
101 by lentiviral transduction sensitized tumor 
cells to radiation both in vitro and in vivo [ 96 ]. 
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It is well known that to repair nascent double-
strand breaks after irradiation, chromatin remod-
eling protein complexes are required. To this 
regard, miR-99 expression was described to cor-
relate with sensitivity to IR as it targets the SWI/
SNF chromatin remodeling factor SNF2H/
SMARCA5, a component of the ACF1 complex, 
which in turn plays an important role in double- 
strand break repair [ 75 ]. Moreover, it has been 
elucidated that reduction of BRCA1 level at the 
DNA damage site was the result of down- 
regulation of SNF2H, which was caused by 
induction of miR-99a and miR-100. These obser-
vations were further supported by experiments 
where ectopic expression of the miR-99 family in 
cells reduced the rate of overall effi ciency of 
repair by both homologous recombination and 
non-homologous end joining [ 97 ]. 

 Several studies demonstrated therefore that 
ATM kinase is activated by IR damage of DNA; 
it stimulates DNA repair and blocks cell cycle 
progression. One of the mechanisms of ATM 
function is by ATM-dependent phosphorylation 
of p53, which either arrests the cell cycle at a 
restriction point to allow for the DNA damage 
repair or leads to the apoptosis of damaged cells. 
The p53 is indeed a central regulator of cell 
response to stress and it has to be tightly regu-
lated [ 98 ]. Bioinformatics analysis suggested that 
miR-125b is a negative regulator of p53-induced 
apoptosis [ 99 ]. Likewise, miR-34a acts as a 
tumor suppressor in p53-mutant U251 cells. 
Overexpression of miR-34a, which is transcrip-
tionally activated through p53, led to cell growth 
inhibition, cell cycle arrest in G0–G1, induction 
of apoptosis, and signifi cantly reduced migration 
and invasion capabilities. Such events could also 
be due to regulation of SIRT1, which is predicted 
to be a direct target of miR-34a [ 100 ]. This is also 
supported by a study, where high dosage of IR 
led to induction of miR-34a and reduced the p53 
expression level [ 101 ]. 

 Using a genome-wide strategy, hierarchical 
clustering analysis of expression 1100 miRNAs 
in three GBM cell lines treated with clinically 
relevant doses of radiation (2 Gy) revealed 
 signifi cant (3–4-fold) up-regulation of several 

miRNA that are implicated in stimulation of sur-
vival and proliferation of tumor cells [ 102 ]. The 
set of up-regulated miRNAs includes miR-1285, 
miR-151-5p, and miR-24-1, which display bene-
fi cial effects on tumors by inhibiting the core 
tumor suppressor p53 (miR-1285) and  supporting 
migration, local metastasis (miR-151-5p), and 
anti-apoptosis effects (miR-24-1) [ 103 – 105 ]. 
Overall, activation of these miRNAs might pos-
sibly increase tumor radio-resistance in subse-
quent radiotherapy sessions and stimulate 
motility of cancer cells, thereby at least partially 
explaining the evidence on enhanced migration 
of malignant glioma cells in response to radio-
therapy [ 106 ]. It could not be excluded that stim-
ulation of production of these miRNAs is 
primarily attributed to the functional activity of 
CSCs directed towards the generation of new 
populations of tumor cells, which are more radio-
resistant and malignant compared to the untreated 
GBM cells. 

 The radiation treatment of GBM cell lines 
with normal capacity to repair radiation-induced 
double strand breaks (DSB) of DNA caused acti-
vation of let-7 [ 92 ,  102 ], a family of miRNA that 
suppresses proliferation of GBM cells [ 107 ]. In 
contrast, in the radiosensitive human GBM cell 
line M059J that is defi cient in DNA-dependent 
protein kinase (DNA-PK) and has a low activity 
of ATM, two key members of the non- homologous 
end joining pathway of DNA-DSB repair, let-7 
miRNA, were down-regulated [ 92 ]. Further stud-
ies showed that reduced expression of ATM in 
M059J cells is due to the up-regulated synthesis 
of miR-100, which targets the ATM mRNA [ 91 ]. 
Overexpression of miR-7 was shown to alter the 
DNA repair machinery in tested cancer cell lines 
including U251 and U87-MG cells [ 73 ]. This 
miRNA prolongs radiation-induced γH2AX foci 
formation and down-regulation of DNA- 
dependent protein kinases (DNA-PKs), thereby 
making cancer cells vulnerable to radiation expo-
sure. It should be stressed that miR-7 is capable 
to reduce the radio-resistance of malignant inva-
sive tumors with enhanced EGF receptor PI3K–
AKT signaling, a feature that provides advantage 
in survival of cancer cells treated with radiation 
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[ 44 ]. However, how radiation induces specifi c 
miRNA and how they might regulate the DDR 
remain elusive. Very recently, Li and collabora-
tors [ 108 ] found that radiation induced c-jun 
transcription of miR-221 and miR-222. In turn, 
miR-221 and miR-222 modulated DNA-PKcs 
expression to affect DNA damage repair by acti-
vating AKT independent of PTEN status. The 
authors reported that knocking down of miR- 
221/222 signifi cantly increased radio-sensitivity 
of GBM cells. On the other side, inhibition of 
AKT by RNA interference (RNAi) or by 
LY294002 treatment may overcome miR- 
221/222-induced radio-resistance. Notably, these 
data indicated that miR-221/222 play an impor-
tant role in mediating radio-induced DNA dam-
age repair and that miR-221/222 could serve as 
potential therapeutic targets for increasing radio-
sensitivity of GBM cells [ 108 ]. 

 As previously reported, as specifi c cellular 
models, the human GBM cell line M059J is defi -
cient in DNA-dependent protein kinase 
(DNA-PK), whereas their cognate M059K cells, 
isolated from the same malignant tumor, have 
normal DNA-PK activity. It can be reasonably 
argued that, within the transcriptome profi le of 
these cell lines, miRNAs should be differentially 
modulated in M059J and M059K cells exposed 
to ionizing radiation and that the miRNA modu-
lation might therefore contribute to the different 
degree of resistance to ionizing radiation. As a 
result, miR-15a, miR-16, miR-143, miR-155, 
and miR-21 were up-regulated in M059K, and 
the modulation of these miRNAs fl uctuated in 
M059J cells in a time-dependent manner [ 92 ]. 

 In another well-known GBM cell line, i.e., 
U87-MG, miR-181a modulation was shown to 
radio-sensitize tumor cells by down-regulating the 
anti-apoptotic protein BCL-2 [ 77 ]. This miRNA 
belongs to the miR-181 family, whose expression 
is suppressed in tumors including GBM [ 109 ]. 
miR-21, which is up-regulated in gliomas, 
enhances proliferation, malignancy, chemo- and 
radio-resistance by affecting a network of key 
tumor-suppressive pathways, targeting mitogenic 
kinases [ 45 ]. Treatment of U251 cells with miR-
21 inhibitor led to decrease in resistance to radia-
tion by elongating radiation- induced cell growth 

arrest and increased the level of apoptosis presum-
ably through de-repression of Cdc25A, a cell 
cycle regulator of the G2–M transition [ 81 ]. 
Because CSCs appear to be the major contributors 
to the radio-resistance of GBM, further identifi ca-
tion of miRNA that substantially increase the vul-
nerability of brain tumors to radiation therapy 
may be of high clinical promise for generation 
of effective anti- cancer drugs that could be used 
supplementary to the course of radiotherapy in 
order to increase its effi ciency in treatment of 
high-grade gliomas [ 55 ]. 

 In relation to the capability of miRNA to modu-
late the status and the pro-death or pro-survival 
balance in GBM, it was recently found by our 
group that miR-17 modulated autophagy process 
in T98G GBM cell line, targeting the autophagic 
gene ATG7 [ 110 ]. Down-regulation of miR-17 
promoted ATG7 protein expression as well as 
autophagy induction with a consequent decrease 
of cell viability and proliferation. Moreover, the 
combined effect of radiation or TMZ was enhanced 
after miR-17 down-regulation. Also, miR-21 was 
recently found to play a role in radio-resistance of 
different GBM cells [ 111 ]. The authors reported 
that blocking miR-21 with anti-miR-21 specifi c 
molecules resulted in radio- sensitization of 
U373-MG and U87-MG cells, whereas its overex-
pression led to a decrease in radio-sensitivity 
of LN18 and LN428 GBM ones. Cell cycle analy-
sis showed a signifi cant increase in the G2/M 
phase transition by anti-miR-21 administration, 
observed after irradiation. Interestingly, anti-
miR-21 increased the expression of molecular fac-
tors associated with autophagosome formation 
and autophagy activity. Furthermore, augmented 
autophagy by anti- miR- 21 resulted in an increase 
in the apoptotic population after irradiation [ 111 ]. 

 Overall, these observations point to the 
involvement of miRNAs in the different responses 
of GBM cells to treatment by IR, modulating 
DNA repair mechanisms, sensing cell cycle arrest 
or progression, affecting directly or indirectly 
signal transduction cascades, and controlling the 
fate of the cell by the regulation of programmed 
cell death processes: all these molecular altera-
tions are hallmarks and potential therapeutic tar-
gets within brain tumors. 
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 Considering the development of miRNA 
research from its initial association to glioma to 
the commercial development of miRNA-based 
therapeutics in less than a decade, it is not beyond 
reasonable doubt to anticipate signifi cant advance-
ments in this fi eld of study, hopefully with the ulti-
mate conclusion of improved patient outcome.  

    Conclusions 

 miRNA, recently defi ned as “small RNA mole-
cules with an huge impact in cancer” [ 29 ], can 
function as potential oncogenes or oncosuppres-
sor genes, depending on the cellular context and 
on the gene targets they regulate. miRNA expres-
sion profi ling has indeed provided evidence of the 
association of these tiny molecules with tumor 
development and progression. They represent an 
emerging set of molecules that play key roles in 
glioma pathogenesis. Differential expression lev-
els of specifi c tumor suppressive or oncogenic 
miRNAs can lead to signal transduction abnor-
malities that are associated with increased sur-
vival, growth, and proliferation. As the roles of 
miRNAs in glioma are better understood and 
novel delivery methods are developed and opti-
mized, miRNA-based targeted therapies may 
emerge to possess signifi cant therapeutic potential 
for tumor treatment. In particular, many intrinsic 
properties of glioma that contribute to its poor 
prognosis include diffi culties in drug delivery 
across the blood–brain barrier (BBB). The advent 
of nanoparticle-mediated delivery and recent pro-
gression in RNA molecule delivery across the 
BBB to both CNS disease and cancer models 
proves encouraging to the progression of miRNA-
based therapeutic effi cacy in these complex dis-
eases. miRNA can thus be reasonably considered 
as novel class of anticancer drugs: efforts are 
ongoing to develop miRNA-based drugs, either in 
the form of miRNA mimics, amplifying the 
impact of a miRNA, or miRNA inhibitors, essen-
tially quenching the effect of the miRNA itself. 
Furthermore, miRNA-based drugs have the 
advantage that one miRNA may target and modify 
the expression of several genes with different 
roles within the same pathological pathway. 

Importantly, miRNAs can also signifi cantly 
 modulate the effect of chemo- and radio-therapy- 
established protocols: many treatments require 
the expression of specifi c genes to function, and 
these functions can be affected by changes in the 
expression level of pharmacogenomic genes by 
means of miRNAs. 

 While selecting a miRNA as a potential thera-
peutic agent, we should take into account possible 
off-targets or opposing effects. For example, 
depending on the cellular context, miR-146a may 
exhibit oncogenic or antioncogenic properties. In 
cells with enhanced NF-κB signaling such as 
myeloid sarcomas and lymphomas, miR-146a 
shows tumor-suppressive effect through inhibiting 
the NF-κB activators interleukin 1 receptor- 
associated kinase 1 (IRAK1) and TNF receptor-
associated factor 6 (TRAF6) [ 112 ]. As oncogenic 
miRNA, miR-146a targets BRCA1, thus prevent-
ing the pro-apoptotic effects of BRCA1 and result-
ing in a pro-survival response [ 113 ]. 

 In conclusion, the miRNA-based anti-cancer 
therapy within glioma, and in particular, in GBM 
is in its infancy, but harbors a great potential for 
future clinical applications and interventions. 
This therapy could be implemented either inde-
pendently or complimentary to increase the effi -
ciency of other therapies and reduce tumor 
recurrence after surgical resection. Although 
therapeutic delivery of miRNAs is still a develop-
ing fi eld, and there is much more work to be done 
before these molecules can be securely applied in 
clinical settings, miRNA modulation may one 
day have a therapeutic application in patients.     
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          Introduction 

 A considerable progress towards the understand-
ing of cancer hallmarks and the consequent 
improvement of the detection and treatment 
modalities has been achieved in the past decade 
rendering many cancers curable [ 1 ]. A lot of 
diagnostic and treatment options,  i.e. , magnetic 
resonance imaging (MRI), Computed 
Tomography (CT), biosensing, radiotherapy, che-
motherapy, gene therapy, and immunotherapy, 
are in use for monitoring and fi ghting cancer. 
However, each of these options has limitations 
and side effects, thus cancer still remains leading 
cause of death. The recent development of nano-
technology has led to devise versatile cancer 
diagnostic and treatment solutions able to cir-
cumvent the limitations of the conventional ther-
apies. A wide range of NanoMaterials (NMs)/
nanodevices (NDs) has been designed, studied, 
and exploited in oncomedicine. These NMs/NDs 
include polymeric and inorganic, metallic and 
non-metallic NanoParticles (NPs),  i.e. , den-
drimers, liposomes, polymersomes, polymeric 

micelles, nanospheres, fullerenes, quantum dots 
(QDs), and superparamagnetic iron oxide NPs 
(SPIONs) [ 2 ], and many of them are already used 
in medicine. Recently, nanotechnology has 
brought a broad array of smart multifunctional 
nanosized platforms that combine diagnostic/
imaging and therapeutical aspects by means of 
advanced functionality, as for example, the inter-
nal and external stimuli-responsiveness in a 
highly targeted fashion to the diseased area. This 
emerging methodology is allowing a real-time 
monitoring drug delivery, release, and effi cacy. 

 Along with surgery and chemotherapy, radio-
therapy represents an important tool in cancer 
treatment. In fact, approximately 50 % of all can-
cer patients undergo radiotherapy during the 
course of disease, contributing to the 40 % of 
cancer cure [ 3 ]. Due to its importance in cancer 
management, both imaging and therapy, many 
efforts are currently done to design new radiation 
techniques for the improvement of survival and 
life quality of cancer patients. 

 Here we describe a comprehensive overview of 
the different NMs exploitable in cancer radio- 
therapy and imaging, shedding a light on the 
emerging possibilities of theranostic nanomedi-
cines in fi ghting cancer. We discuss the advance-
ments of NMs in drug delivery, imaging, 
diagnosis, and therapy and their future clinical 
application in gliomas. In fact, among different 
kinds of malignancies, glioblastoma multiforme 
(GBM) is one of the most deadly diseases affect-
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ing humans and represents the second cause of 
cancer death in adults less than 35 years old. Thus, 
alternative imaging/diagnostic and therapeutic 
approaches are urgently needed.  

    NMs in Fighting Cancer 

 NMs consist in nanoscale (1–100 nm) constructs, 
synthesized from organic and inorganic materi-
als, defi ned by European Commission as “A nat-
ural, incidental or manufactured material 
containing particles, in an unbound state or as an 
aggregate or as an agglomerate and where, for 50 
% or more of the particles in the number size dis-
tribution, one or more external dimensions is in 
the size range 1–100 nm. In specifi c cases and 
where warranted by concerns for the environ-
ment, health, safety or competitiveness the num-
ber size distribution threshold of 50 % may be 
replaced by a threshold between 1 and 50 %” 
(European Commission, 18 October 2011). 

 Nanotechnology strongly impacts cancer 
medicine via development of NMs for diagnosis 
and therapy able to circumvent the limitations of 
approved clinical treatment. In fact, cancer is a 
major cause of death and economic constraints in 
human life. 

 A multifunctional nanosystem (payload for 
imaging, sensing, or therapy, and optional target-
ing ligands) is the essential component in nano-
medicine. The design of nanosystems exploits the 
features of tumor cells and/or sites, such as 
enhanced permeability and retention (EPR) 
effect, pH of the tumor site environment, and pro-
teins or glycoproteins overexpressed on cancer 
cell surface, to circumvent the major limitations of 
several therapeutic/imaging agents,  i.e. , poor solu-
bility, rapid deactivation, unfavorable pharmaco-
kinetics, and limited biodistribution, improving 
the effectiveness of delivered molecules [ 2 ]. 

 For the rapid and the effective clinical transla-
tion, several aspects should be controlled: (1) 
particle size, which dictates NMs distribution, 
clearance, and payload uptake; (2) biocompati-
bility; (3) circulating half-life, rate of aggrega-
tion, and shelf-life; (4) stealth properties, which 
allow immunological recognition escape and 

serum protein interactions; (5) functionalization 
to achieve differential target specifi city; (6) 
release mechanisms of delivered molecules [ 4 ]. 
A wide range of NMs, whose features are 
reviewed in [ 2 ], has been designed to reach 
tumors, including polymeric NPs, liposomes, 
micelles, dendrimers, carbon nanotubes, gold 
nanoparticles, nanoshells, nanocages, and nanofi -
bers. In Fig.  15.1 , examples of the most used 
NMs in drug delivery are reported.

   Payload may be adsorbed or attached to or 
encapsulated in the nanocarriers. Their targeting 
can be passive or active; the fi rst exploits the 
characteristic biological features of target tissue, 
whereas in active approaches, nanocarriers are 
conjugated with molecules, such as proteins 
(mainly antibodies and their fragments), nucleic 
acids (aptamers), or other receptor ligands (pep-
tides, vitamins, and carbohydrates), able to bind 
overexpressed antigens or receptors present on 
the target cell surface. In addition, active target-
ing can be also achieved through manipulation of 
physical stimuli (e.g., temperature, pH, magne-
tism) [ 5 ]. Although many different types of NPs 
have been studied for cancer diagnosis and tumor 
drug delivery and release, each of them can 
exhibit different and sometimes unique proper-
ties, allowing different applications. In Table 
 15.1 , a list of nano-based platforms on the market 
whose applications span from drug delivery, 
imaging, and therapy and their current stage of 
development for cancer therapy is reported.

       Radionanomedicine: An Emerging 
Nanoplatform for Cancer Imaging 
and Therapy 

 Radionanomedicine is an emerging nanotechnol-
ogy fi eld exploiting NMs for cancer detection ( i.e. , 
in vivo molecular and cellular imaging) and treat-
ment. One of the most important advantages of 
radionanomaterials is their capability not to alter 
the original characteristics of the entrapped drug 
molecule/radionuclide. In vivo delivery of radio-
isotopes strictly depends on the half-life of radio-
isotopes, on the amount of radioisotopes ensured 
by carrier, on the pharmacokinetics, on the choice 
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of tumor biomarkers to specifi cally drive radioiso-
topes into cancer cells, and on the specifi c tumor 
targeting ligands. Moreover, cancer management 
is taking advantage by the theranostic approach 
that, at the same time, ensures the delivery of ther-
apeutic radioisotopes and provides an imaging tool 
to track and quantify accumulated radioisotopes. 
In this context, the exploitation of nanotechnology 
could allow an earlier detection and a better treat-
ment of cancer [ 6 ]. 

    NMs in Radio-imaging 

 Up to date, the commonly used molecular imag-
ing modalities include computed tomography 
(CT), positron emission tomography (PET), sin-
gle photon emission computed tomography 
(SPECT), molecular magnetic resonance imag-
ing (mMRI), contrast-enhanced ultrasound 
(CEU), and optical imaging, both biolumines-
cence and near-infrared fl uorescence (NIRF). 
Each imaging modality has its own advantages 

and limitations. A great deal is deriving from the 
noninvasive imaging provided by NMs; thus, in 
recent years, a number of nanoformulations have 
been designed solely for diagnostic purposes. To 
circumvent the limitations, combinations of 
imaging techniques, called “multimodality imag-
ing”, are being designed [ 7 ]. Molecular imaging 
with multimodality and multifunction devices 
greatly accelerates the development of 
radionuclide- based multimodal molecular imag-
ing. PET and SPECT, by measuring chemical 
changes that occur before the detection of macro-
scopic anatomical signs of a disease and by trac-
ing in vivo biodistribution of a molecular imaging 
probe, are the two major radionuclide imaging 
modalities. Many radiolabeled NMs for multi-
modality tumor imaging are usually constituted 
by three major components: core, radionuclide, 
and targeting biomolecule. The last serves as car-
rier for specifi c delivery of the radionuclide con-
jugated to the core [ 8 ]. The NMs able to act as 
contrast agents for multimodality imaging have 
been summarized in a recent review article [ 8 ]. In 

  Fig. 15.1    Different types of NMs used in oncomedicine 
to deliver therapeutic molecules. Lipid-based (liposomes 
and micelles) and polymer-based (NPs and polymer-
somes) carriers, metallic and magnetic (SPIONs) NPs, 

dendrimers, and quantum dot are represented. Hydrophilic, 
attached or encapsulate, and hydrophobic encapsulated 
drugs, specifi c targeting moiety, and polymer (PEG)-
stabilizing nanocarrier are represented       

 

15 NanoMaterials Technology for Research Radiobiology



242

   Ta
b

le
 1

5
.1

  
  E

xa
m

pl
es

 o
f 

N
M

s 
in

 o
nc

om
ed

ic
in

e   

 N
M

s 
(s

iz
e 

ra
ng

e)
 

 C
om

po
un

d 
(T

ra
de

 n
am

e)
 

 A
pp

lic
at

io
ns

 
 Ta

rg
et

 
 St

at
us

 
 C

om
pa

ny
 

 L
ip

os
om

e 
(˂1

00
 n

m
) 

 D
ox

or
ub

ic
in

 (
D

ox
il/

C
ae

ly
x)

 
 C

he
m

ot
he

ra
py

 
 K

ap
os

i’s
 s

ar
co

m
a 

ov
ar

ia
n 

ca
nc

er
 

 A
pp

ro
ve

d 
 O

rt
ho

 B
io

te
ch

 

 D
au

no
ru

bi
ci

n 
(D

au
no

X
om

e)
 

 C
he

m
ot

he
ra

py
 

 B
re

as
t c

an
ce

r 
 A

pp
ro

ve
d 

 G
al

en
 L

td
. 

 D
ox

or
ub

ic
in

 (
M

yo
ce

t 
 C

he
m

ot
he

ra
py

 in
 

co
m

bi
na

tio
n 

w
ith

 
cy

cl
op

ho
sp

ha
m

id
e 

 M
et

as
ta

tic
 b

re
as

t c
an

ce
r 

 A
pp

ro
ve

d 
 So

ph
er

io
n 

T
he

ra
pe

ut
ic

s 
an

d 
C

he
pa

hl
on

, I
nc

. 

 D
ox

or
ub

ic
in

 (
T

he
rm

oD
ox

) 
 C

he
m

ot
he

ra
py

 
 H

ep
at

oc
el

lu
la

r 
ca

rc
in

om
a 

 A
pp

ro
ve

d 
Ph

as
e 

II
I 

 C
el

si
on

 

 V
in

cr
is

tin
e 

(O
nc

o 
T

C
S)

 
 C

he
m

ot
he

ra
py

 
 N

on
-H

od
gk

in
’s

 ly
m

ph
om

a 
 Ph

as
e 

II
I 

 In
ex

 P
ha

rm
ac

eu
tic

al
s 

C
or

po
ra

tio
n 

 C
yt

ar
ab

in
e 

(D
ep

oC
yt

) 
 C

he
m

ot
he

ra
py

 
 N

eo
pl

as
tic

 m
en

in
gi

tis
 

 A
pp

ro
ve

d 
 Si

gm
a-

ta
u 

Ph
ar

m
ac

eu
tic

al
s,

 I
nc

. 
 Ly

m
ph

om
at

ou
s 

m
en

in
gi

tis
 

 C
yt

ar
ab

in
e/

D
au

no
ru

bi
ci

n 
(C

PX
-3

51
) 

 C
he

m
ot

he
ra

py
 

 A
cu

te
 m

ye
lo

id
 le

uk
em

ia
 

 Ph
as

e 
II

I 
 C

el
at

or
 

Ph
ar

m
ac

eu
tic

al
s 

 A
ct

iv
e 

m
et

ab
ol

ite
 o

f 
ir

in
ot

ec
an

 S
N

38
 

 C
he

m
ot

he
ra

py
 

 M
et

as
ta

tic
 c

ol
or

ec
ta

l c
an

ce
r 

 Ph
as

e 
II

 
 N

eo
Ph

ar
m

, I
nc

. 

 T
hy

m
id

yl
at

e 
sy

nt
ha

se
 in

hi
bi

to
r 

(O
SI

-7
90

4L
) 

 C
he

m
ot

he
ra

py
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
II

 
 O

SI
 P

ha
rm

ac
eu

tic
al

s 

 L
ur

to
te

ca
n 

(O
SI

-2
11

) 
 C

he
m

ot
he

ra
py

 
 To

po
te

ca
n-

re
si

st
an

t o
va

ri
an

 
ca

nc
er

 M
et

as
ta

tic
 o

r 
lo

co
- r

eg
io

na
l r

ec
ur

re
nt

 
sq

ua
m

ou
s 

ce
ll 

ca
rc

in
om

a 
of

 
th

e 
he

ad
 a

nd
 n

ec
k 

 Ph
as

e 
II

 
 O

SI
 P

ha
rm

ac
eu

tic
al

s 

 Po
ly

m
er

 (
50

–2
00

 n
m

) 
 Pe

ga
sp

ar
ga

se
 (

O
nc

as
pa

r)
 

 C
he

m
ot

he
ra

py
 

 A
cu

te
 ly

m
ph

ob
la

st
ic

 le
uk

em
ia

 
 A

pp
ro

ve
d 

 Si
gm

a-
ta

u 
Ph

ar
m

ac
eu

tic
al

s,
 I

nc
. 

 D
ox

or
ub

ic
in

 
 C

he
m

ot
he

ra
py

 
 B

re
as

t/L
un

g 
ca

nc
er

 
 Ph

as
e 

II
 

 Ph
ar

m
ac

ia
 a

nd
 

U
pj

oh
n 

 Pa
cl

ita
xe

l 
 C

he
m

ot
he

ra
py

 
 B

re
as

t c
an

ce
r 

 Ph
as

e 
II

 
 G

en
en

te
ch

, I
nc

. 

E. Panzarini and L. Dini



243

 Ir
on

 o
xi

de
 N

Ps
 (

1–
15

0 
nm

) 
 (F

er
id

ex
) 

 M
R

I 
Im

ag
in

g 
 L

iv
er

 
 A

pp
ro

ve
d 

 B
er

le
x 

L
ab

or
at

or
ie

s 

 (E
nd

or
em

) 
 M

R
I 

Im
ag

in
g 

 L
iv

er
 

 A
pp

ro
ve

d 
 G

ue
rb

et
 

 (R
es

ov
is

t/S
up

ra
vi

st
) 

 M
R

I 
Im

ag
in

g 
 L

iv
er

 
 A

pp
ro

ve
d 

 B
ay

er
 S

ch
er

in
g 

Ph
ar

m
a 

A
G

 

 (L
um

ir
em

),
 (

Si
ne

re
m

) 
 E

nh
an

ce
d 

M
R

I 
 G

as
tr

oi
nt

es
tin

al
 

 A
pp

ro
ve

d 
 G

ue
be

rt
 

 (C
om

bi
de

x)
 

 T
um

or
 I

m
ag

in
g 

 Pr
os

ta
te

 c
an

ce
r 

 Ph
as

e 
II

I 
 A

dv
an

ce
d 

M
ag

ne
tic

s 

 (C
la

ri
sc

an
) 

 Ta
rg

et
ed

 M
R

I 
co

nt
ra

st
 

 R
en

al
 c

ar
ci

no
m

a 
 Ph

as
e 

II
I 

 N
yc

om
ed

 A
m

er
sh

am
 

Im
ag

in
g 

 N
an

oT
he

rm
 

 A
C

 M
ag

ne
tic

 H
ea

tin
g 

 G
lio

bl
as

to
m

a 
 E

U
 A

pp
ro

ve
d 

 M
ag

Fo
rc

e,
 

N
an

ot
ec

hn
ol

og
ie

s 
A

G
 

 Po
ly

m
er

ic
 N

Ps
 (

1–
15

0 
nm

) 
 C

am
pt

ot
he

ci
n 

(C
R

L
X

10
1)

 
 C

he
m

ot
he

ra
py

 
 C

am
pt

ot
he

ci
n 

(C
R

L
X

10
1)

 
 Ph

as
e 

II
 

 C
er

ul
ea

n 
Ph

ar
m

a,
 

In
c.

 

 C
is

pl
at

in
 (

N
C

-6
00

4)
 

 C
he

m
ot

he
ra

py
 

 B
re

as
t c

an
ce

r 
 Ph

as
e 

I 
 N

an
oC

ar
ri

er
 C

o.
 

 Pa
cl

ita
xe

l (
N

K
-1

05
) 

 C
he

m
ot

he
ra

py
 

 O
va

ri
an

, n
on

-s
m

al
l c

el
l l

un
g,

 
br

ea
st

 a
nd

 s
to

m
ac

h 
ca

nc
er

s 
 Ph

as
e 

II
 

 N
ip

po
n 

K
ay

ak
u 

C
o.

 
L

td
. 

 D
ox

or
ub

ic
in

 (
N

K
-9

11
) 

 C
he

m
ot

he
ra

py
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
II

 
 N

ip
po

n 
K

ay
ak

u 
C

o.
 

L
td

. 

 D
oc

et
ax

el
 (

B
IN

D
-0

14
) 

 C
he

m
ot

he
ra

py
 

 V
ar

io
us

 c
an

ce
rs

 
 Ph

as
e 

I 
 B

IN
D

 B
io

sc
ie

nc
e 

 M
ic

el
le

s 
(1

0–
10

0 
nm

) 
 Pa

cl
ita

xe
l (

G
en

ex
ol

-P
M

) 
 C

he
m

ot
he

ra
py

 
 B

re
as

t c
an

ce
r 

 Ph
as

e 
IV

 
 Sa

m
ya

ng
 

B
io

ph
ar

m
ac

eu
tic

al
s 

C
or

po
ra

tio
n 

 A
ct

iv
e 

m
et

ab
ol

ite
 o

f 
ir

in
ot

ec
an

 S
N

38
 

(N
K

-0
12

) 
 C

he
m

ot
he

ra
py

 
 M

ye
lo

m
a 

 Ph
as

e 
II

 
 N

ip
po

n 
K

ay
ak

u 
C

o.
 

L
td

. 

 D
en

dr
im

er
s 

(1
–1

0 
nm

) 
 M

et
ho

tr
ex

at
e 

 C
he

m
ot

he
ra

py
 

 Se
ve

ra
l d

if
fe

re
nt

 c
an

ce
rs

 
 In

 v
itr

o/
In

 
vi

vo
 

 – 

 C
ar

bo
n 

na
no

tu
be

s 
(1

–2
5 

nm
 d

ia
m

et
er

) 
 Pa

cl
ita

xe
l 

 C
he

m
ot

he
ra

py
 

 B
re

as
t c

an
ce

r 
 In

 v
iv

o 
 – 

 Q
ua

nt
um

 d
ot

s 
(1

–1
0 

nm
) 

 D
ox

or
ub

ic
in

 
 C

he
m

ot
he

ra
py

 
 O

va
ri

an
, b

re
as

t, 
an

d 
pr

os
ta

te
 

ca
nc

er
 

 In
 v

iv
o 

 – 

15 NanoMaterials Technology for Research Radiobiology



244

Table  15.2 , representative radiolabeled NMs for 
single or multimodality tumor imaging are 
reported on the basis of delivery modality,  i.e. , 
active or passive targeting.

       NMs in Radiotherapy 

 Radiotherapy (RT) utilizes high-dose ionizing 
radiations as X-rays, γ rays, high energy parti-
cles,  i.e. , α- and β-particle emitters, and Auger 
electron emitters, to kill cancer cells preventing 
tumor progression and recurrence. However, one 
of the major limitations in the radioisotopes 
delivery is their rapid elimination and widespread 
distribution even into normal organs and tissues, 
thus requiring large quantity agent administration 
that results in undesirable toxicity. Three major 
approaches improve radiation therapy: enhance-
ment of tumor radiosensitization, reversal of 
tumor radiation resistance, and enhancement of 
radioresistance of the healthy tissue. Depending 
on radiation modality, radiotherapy can be exter-
nal, internal (named brachytherapy), or systemic. 
In particular, NMs offer great opportunities in 
internal and systemic radiotherapy. 

    NMs as Radiosensitizers. 
 NMs play a key role in the contrast of tumor 
radioresistance by acting as therapeutic as well as 
carrier for other drugs. NMs used as radiation 
sensitizers are metal (Au-, Gd-, Ti-, Ag-, and 
Hf-based) and non-metal (silicon- and fullerene- 
based) NPs, QDs, and SPIONs [ 10 ]. 

 Preclinical studies have reported that gold 
NPs (AuNPs) radiosensitization is a promising 
novel approach to enhance the effects of radia-
tion with different photon beams mainly due to 
the high atomic number ( Z ) of gold ( Z  = 79). The 
tumor dose radiation enhancement due to AuNPs 
is estimated by Monte Carlo simulation [ 11 ]. 
AuNPs are relatively easy and inexpensive to be 
synthetized in a wide range of sizes (2–500 nm), 
possess highly reactive surfaces easily modifi -
able to enhance targeting, and exploit EPR to 
accumulate in tumor cells. The fi rst evidence of 
AuNPs as radiation sensitizers has been reported 

by Hainfeld et al. [ 12 ], which demonstrated that 
86 % mice bearing subcutaneous EMT-6 mam-
mary carcinomas survived 1-year  vs  20 % of 
mice treated with X-rays alone and 0 % with gold 
alone. The increase in safely tumor ablation was 
dependent on the amount of injected AuNPs; 
indeed, high metal content in tumors is necessary 
for signifi cant high- Z  radioenhancement, but it is 
not toxic for mice and largely cleared by kidney 
[ 12 ]. The use of an intravenous administration of 
AuNPs before RT was effi cacious in enhancing 
RT outcome, as showed for the highly aggressive 
radiation resistant SCCCVII squamous cell carci-
noma head and neck mouse tumor model [ 13 ]. 
AuNPs enhance RT effi cacy at 42 Gy energy 
dose of irradiation and 68 KeV median energy 
into the tumor by inducing 67 % long-time sur-
vival of mice with subcutaneous SCCVII tumor. 
The effi cacy strictly depends on radiation dose 
rate and energy. At the same radiation dose 
(about 42 Gy), AuNPs are more effective when 
used at 68 keV than at 157 keV; likewise, at 68 
and 157 keV, radiation energy in the presence of 
AuNPs during irradiation is more effective at 
42 Gy dose than 30 Gy and at 50.6 Gy dose than 
44 Gy, respectively [ 13 ]. The possibility of uti-
lizing AuNPs as RT adjuvant has been also dem-
onstrated by using human U251 glioblastoma 
cell line [ 14 ], which expresses the relevant patho-
biological features of human GBM. GBM is the 
most common primary malignancy of the brain 
representing the second cause of cancer death in 
adults less than 35 years old, whose average sur-
vival is approximately 15 months with only 3–5 
% of patients surviving longer than 36 months 
[ 15 ]. AuNPs can effectively radiosensitize U251 
cells to 4 Gy RT, leading to enhanced DNA dam-
age in in vitro assay and delayed tumor growth 
and improved survival in in vivo experiments of 
xenograft-implanted mice. The synergism 
between RT and AuNPs results in improvement 
of extravasation and in-tumor deposition of 
AuNPs [ 14 ]. Moreover, it has been demonstrated 
that the use of NPs in combination with hyper-
thermic treatment (44 °C for 20 min) allows to 
reduce therapeutic radiation dose able to kill 
SCCVII in mice [ 13 ]. Several recent studies 
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   Table 15.2    Representative radiolabeled NMs for single or multimodality tumor imaging (adapted from [ 8 ,  9 ])   

 NMs type  Radionuclides  Imaging methods  Applications 

  Active targeting  

 Immunoliposome   111 In  Gamma imaging   111 In-liposome-2C5(mAb) 
nucleosome-specifi c 
monoclonal 2C5 targeting 
delivery vehicles for tumor 
visualization of murine 
Lewis lung carcinoma and 
human HT-29 tumor 

 Perfl uorocarbon NPs   111 In  Gamma imaging  Imaging of targeted tumor 
angiogenesis of α v β 3 - 
integrin in Vx-2 rabbit 
tumors 

 Carbon nanotubes   111 In  Gamma or SPECT imaging  Multifunctional targeted 
delivery and imaging with 
functionalized and 
bioconjugated  111 In-DOTA- 
CNT-Rituximab 
nanoconstructs 

 QDs   64 Cu  Bifunctional PET/NIRF 
imaging 

 Dual-functional targeted 
delivery with amine 
functionalized  64 Cu-DOTA- 
QD-RGD for tumor 
angiogenesis PET/NIRF 
imaging 

 QDs   64 Cu  Bifunctional PET/NIRF 
imaging 

 Dual-functional targeted 
delivery with amine 
functionalized  64 Cu-DOTA- 
QD-VEGF for tumor 
angiogenesis PET/NIRF 
imaging 

 QDs   18 F  Bifunctional PET/optical 
imaging 

  18 F labeled phospholipids 
QD micelles for in vivo 
multimodal imaging 

 Iron oxide   64 Cu  Bifunctional PET/MRI 
imaging 

  64 Cu-DOTA-IO-RGD for 
tumor visualization of nude 
mice bearing U87MG 
tumors 

 Iron oxide   18 F  Trimodel MRI/PET-CT/optical 
imaging 

  18 F labeled iron oxide for 
in vivo PET-CT imaging 

 Iron oxide   111 In  SPECT/MRI   111 In-labeled antimesothelin 
antibody ( 111 In-mAbMB) 
with SPIONs for SPECT/
MRI imaging of 
mesothelioma 

 Iron oxide   64 Cu  PET/MRI/Optical   64 Cu-Cy5.5-HSA-IONPs for 
tri-modality imaging of 
nude mice bearing U87MG 
tumors 

 Iron oxide   124 I  PET/MRI/Optical  Cross-linked, 
superparamagnetic iron 
oxide nanoparticle 
(TCL-SPION) labeled with 
 124 I for PET/MRI/optical 
imaging of 4T1 breast tumor 

(continued)
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Table 15.2 (continued)

 NMs type  Radionuclides  Imaging methods  Applications 

 Lanthanide 
 nanocrystals 

  124 I  PET/MRI/Optical   124 I-labeled Er 3+ /Yb 3+  
co-doped NaGdF4 
upconversion 
nanophosphors (UCNPs) 
functionalized with RGD 
peptide for multimodal 
imaging of tumor 
angiogenesis 

 Micelle   111 In  SPECT/NIRF  Core cross-linked polymeric 
micelles conjugated with 
 111 In-labeled annexin A5 for 
dual-modality SPECT/NIRF 
imaging of tumor apoptosis 

 Ferritin nanocages   64 Cu  PET/NIRF  Integrin α v β 3 -targeted PET/
NIRF imaging with Ferritin 
nanocages loaded with RGD 
peptides,  64 Cu, and Cy5.5 

 Cobalt–ferrite NPs   67 Ga  SPECT/MRI/Optical   67 Ga-labeled cobalt–ferrite 
NPs conjugated with the 
AS1411 aptamer for 
multimodal imaging of C6 
tumor 

 Polymer   99m Tc  Scintigraphic images of tumor 
targeting 

 Targeting tumor 
angiogenesis: comparison of 
 99m Tc-peptide and  99m Tc- 
polymer- peptide conjugates 

 Dendrimers   76 Br  RGD directed-dendrimers PET 
imaging 

  76 Br labeled RGD-directed- 
dendritic nanoprobes for 
PET imaging of 
angiogenesis 

 AuNPs  –  CT imaging  Detection of PEG-anti- 
Her2(mAbs) of 1.5 
mm-thick mouse tumor 
models 

 –  CT imaging  Detection of EGFR-AuNPs 
coated in mice bearing head 
and neck squamous tumors 

 –  CT imaging  Accumulation of GRP- 
receptor- specifi c Au-NPs 
bombesin (BBN)-linked 
constructs in prostate-tumor- 
bearing immunodefi cient 
mice 

 –  CT imaging  AuNPs with layer-by-layer 
(LBL) assembly of 
poly(acrylic acid) (PAA) 
and poly(allylamine 
hydrochloride) (PAH) to 
detect human hepatocellular 
carcinoma cell line 

  99m Tc  SPECT/CT  AuNP c[RGDfk(C)] 
conjugates labeled with 
 99m Tc to detect tumor in 
athymic mice bearing C6 
human glioma 

(continued)
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(reviewed in [ 16 ]) have focused on the improved 
tumor radiosensitization to X-ray beams by 
AuNPs. 

 The effi cacy in treating tumors of proton ther-
apy (PT) following metal NPs administration has 
been recently suggested. PT is a type of external 
RT that uses a beam of proton to irradiate the 
tumor area. Due to their relatively large mass, 
protons have little lateral side scatter in the tissue 
and the beam focuses on the tumor delivering 
only low-dose side-effects to surrounding tissue. 
Furthermore, the dose delivered to tissue has its 
maximum of effi cacy at the so-called Bragg peak. 
The proton-charged particles damage the DNA 
leading to kill cells or to block their proliferation 
[ 17 ]. The impact of protons on metallic NPs pro-
duces the release of secondary electrons and 
characteristic X-rays by the particle-induced 
X-ray emission (PIXE) effect that improve pro-
ton tumor dose adsorbed by the tumor cells. Kim 
and coworkers [ 18 – 21 ] demonstrated the effec-
tiveness of therapeutic application of metallic 
NPs (AuNPs and FeNPs), combined with PIXE 
effect. 45 MeV proton beam irradiating C6 gli-
oma cells, previously uptakening SPIONs, 
induces 20–28 % less cell survival compared to 
only irradiated sample [ 18 ]. Also, SPIONs intra-
venous injected before 45 meV proton beam irra-

diation induce tumor volume regression in C6 
Sprague Darley rats glioma model [ 19 ]. The 
authors also demonstrated the effi cacy of com-
bining 45 MeV proton beam and AuNPs and 
FeNPs to produce PIXE effect to counteract 
tumor proliferation both in in vitro and in in vivo 
tumor model [ 20 ]. PIXE X-ray yields at 45 MeV 
energy and 100 Gy dose rate increases with 
increasing NPs concentration while the intensity 
depends on metal type (AuNPs < FeNPs). Cell 
viability decreases with increasing NPs concen-
tration; FeNPs are more toxic than AuNPs. In 
in vivo model, a pre-administration of metallic 
NPs elicits in 20 days post-PT tumor volume 
regression, 90 %  vs  75 % in AuNPs- and FeNPs- 
treated mice, respectively. AuNPs-treated mice 
showed complete tumor regression at 24 days 
[ 20 ]. The PIXE effect depends on ROS produc-
tion [ 21 ]. Secondary electrons scattered from 
AuNPs upon proton beam irradiation increase 
ionization density within the cells, thus resulting 
in increased rate of death in DU145 human pros-
tate carcinoma cells [ 22 ].  

    NMs as Carriers of Radioisotopes 
 NPs are very promising to deliver tumor-targeted 
therapeutic radioisotopes for several advantages: 
(1) high blood retention time due to their mor-

Table 15.2 (continued)

 NMs type  Radionuclides  Imaging methods  Applications 

  Passive targeting  

 Liposome   99m Tc  Gamma imaging  Multitude diagnostics of 
tumor 

  111 In  Gamma/SPECT imaging  Clinical biodistribution, PK 
and imaging studies of 
breast, head, and neck, 
glioma and lung cancer 
patients 

  18 F  PET imaging  Liposomal tracking in vivo 
with  18 F-liposome-PET 
imaging 

  111 In,  177 Lu  Gamma/SPECT imaging  Gamma imaging of tumor 
targeting for C26 and HT29/
luc animal models 

  64 Cu  PET imaging  Passive-targeted delivery 
and imaging with 
bioconjugated 
 64 Cu-BAT-PEG-liposome 
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phology, size, coating materials, and composi-
tions of conjugates; (2) high tumor retention time 
and radioisotopes concentrations; (3) improve-
ment of delivery of radioisotopes due to the mag-
netization NPs property by external application 
of a magnetic fi eld [ 23 ]. The insuffi cient delivery 
of radioisotopes to tumors by the currently most 
used targeting strategies, i.e., monoclonal anti-
bodies (mAbs) and their fragments, limits radio-
therapy outcomes. In fact, mAbs (1) can bind cell 
surface markers present also in healthy cells, 
causing systemic toxicity; (2) have few sites to 
conjugate radioisotopes; (3) can ignite unwanted 
immune responses; and (4) may be susceptible to 
protease degradation. These limitations can be 
addressed by using nanocarriers in which radio-
isotopes can be labeled or encapsulated via (1) 
encapsulation during nanocarriers synthesis; (2) 
labeling to nanocarriers surface after synthesis; 
(3) labeling of bioconjugates to nanocarriers sur-
face after synthesis; (4) incorporation into nano-
carriers lipid bilayer after synthesis; (5) 
after-loading of the nanocarrier’s aqueous phase 
after synthesis, which allows the higher labeling 
effi ciencies and the greatest in vivo stability [ 24 , 
 25 ]. The potential benefi t in systemic radiation 
therapy acquired by delivering of therapeutic 
radioisotopes by NPs is reviewed in [ 23 ].  

    Radioprotection of Healthy Tissues 
by NMs 
 The main targets of radiation therapy are water 
and DNA, which are present in both ill and 
healthy cells. Thus, healthy tissues are suscepti-
ble to radiation if not properly directed. The 
radiotherapy effi cacy strictly depends on protec-
tion from healthy tissues radiodamage. NPs have 
been described to exert radiation protective 
effects as known for amino acid cysteine [ 26 ], 
curcumin [ 27 ], and amifostine [ 28 ]. In particular, 
amifostine polymeric NPs as well as combination 
of amifostine and fullerenol C 60  provide signifi -
cant protection from acute whole-body γ irradia-
tion injury in mice and from oxidative stress, 
DNA damage, and cell death of rat lymphocytes 
and intestinal crypt cells [ 29 ,  30 ]. Citicoline 
when delivered as transferrin-coupled liposome 
has protective effects against radiation in human 

ovarian adenocarcinoma OVCAR-3 cells [ 31 ], 
while fullerenol C 60  and cerium oxide NPs can be 
radioprotective per se [ 10 ].  

    Reversal of Radiation Resistance 
by NMs 
 Resistance to radiation therapy based on multiple 
biological pathways represents the major limita-
tion during cancer treatment. One pathway is via 
survivin, an inhibitor of apoptosis, known to be 
associated with increased tumor aggressiveness 
and therapy resistance. Gaca and coworkers [ 32 ] 
developed a human serum albumin-based 
nanoparticulate carrier 220 nm sized for plasmid- 
mediated RNA interference (miRNA) that 
reduces survivin expression by 50 % and increase 
cytotoxicity if combined with ionizing irradia-
tion. PLGA-NPs encapsulating antisense EGFR 
oligonucleotides enhance radiosensitivity by 
inhibition of epidermal growth factor receptor 
(EGFR)-mediated mechanisms of radioresis-
tance [ 33 ].  

    Theranostic/Multifunctional 
Approaches in Radionanomedicine 
 The last frontier in nanomedicine is the combina-
tion of therapy with diagnosis, named theranos-
tics. Designed to increase the effi ciency and 
safety of treatment, the nanosystems used in ther-
anostics have multiple functions: diagnosis, 
delivery of targeted therapy, and monitoring of 
the therapeutic response in a single setting by 
using combinational strategies. In this way, ther-
anostics could allow personalized medicine and 
take diagnosis from the laboratory to the “point 
of care” [ 34 ]. To this purpose, classical drug 
delivery systems, such as liposomes, micelles, 
and NPs, can be double co-loaded with drugs and 
contrast agents (Fig.  15.2 ).

   Also, Au- and iron oxide-NPs, imaging tools 
per se, can be conjugated with drugs. 

 Magnetic NPs have gained much popularity 
due to their unique ability to be used in magnetic 
resonance imaging, magnetic targeting, hyper-
thermia, and controlled drug release. They can be 
decorated with a wide variety of materials to 
improve their biocompatibility, carry therapeutic 
payloads, encapsulate/bind imaging agents, and 
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provide functional groups for conjugation of 
 biomolecules that provide receptor-mediated tar-
geting of the disease [ 35 ]. 

 Many other types of NMs can be co-loaded 
with drugs and with imaging radionuclides to 
provide real-time feedback of drug delivery, 
release, and effi cacy. For example,  131 I-labeled 
HPMA copolymers carrying DOX can be used to 
visualize accumulation of DOX in liver by scin-
tigraphy and PET imaging [ 36 ]. Two liposome 
formulations, one encaged with vinorelbine 
(VNB) and  111 In-oxine [ 37 ] and the other 
111In-labeled PEGylated liposomal vinorelbine 
[ 38 ,  39 ], are effective in the reduction of colorec-
tal adenocarcinoma cells (HT-29).  111 In-chimeric 
L6 mAb-linked carboxylated PEG on dextran- 
coated iron oxide, NPs show effi cient pharmaco-
kinetics and tumor uptake, and the therapeutic 
effect of them upon heating induction by exter-
nally applied alternating magnetic fi eld (AMF) 
has been observed [ 40 ]. A comprehensive review 
of the preclinical most relevant application of 
theranostic nanomedicines is given in [ 6 ].    

    Future Perspectives: 
The Glioblastoma Multiforme 
Example 

 Nowadays, researchers have made great strides 
in developing NPs exploitable in cancer manage-
ment, but many challenges still remain in screen-
ing, diagnosing, and treating some types of 
tumors of the central nervous system. GBM is 
the most common primary malignancy of the 

brain and despite many advances in diagnosis 
and treatment, the GBM prognosis, incidence, 
and mortality remain unpredictable. It is consid-
ered a radioresistant tumor and different radio-
therapy modalities fail to control GBM, largely 
due to unusual responses to radiation (increased 
DNA damage, differential cyclo-oxygenase, 
HSP70 elevation, variation in cell cycle arrest, 
modulation of the cyclin-dependent kinase 
inhibitors expression, and autophagy). Moreover, 
although conventional treatments have found 
modest success in reducing the initial tumor 
mass, the infi ltrating cancer cells that are present 
beyond the main mass are responsible for tumor 
recurrence and ultimate patient demise. Thus, it 
is very important in GBM fi ghting, the develop-
ment of new strategies for the precocious diag-
nosis, and new treatments to combat the 
infi ltrating cancer cells. The rising fi eld of can-
cer nanotechnology holds promise in the use of 
multifunctional NMs for imaging and targeted 
therapy of GBM. NMs are strongly emerging as 
potential theranostic agents for the simultaneous 
diagnosis and therapy of GBM. Up to now, 
micelles, nanoshells, QDs, magnetic NPs, and 
nanotubes were used in the treatment of experi-
mental GBM [ 41 ]. Recently, an innovative 
method that conjugates nanotechnology and the 
biological features of GBM for the increase in 
the detection and therapy of this disease has been 
proposed [ 42 ]. Typical feature of GBM cells is to 
shed microvesicles (MVs) carrying specifi c bio-
markers (antigens and microRNAs) on their sur-
face and/or inside the lumen into the blood [ 43 ]. 
Magnetic NPs could be functionalized with 

  Fig. 15.2    Representation of some nanosized constructs 
for multimodal imaging (PET, SPECT, NIR) and therapy 
(hydrophilic and hydrophobic therapeutic agents). 

Polymer coating, peptide linker, and targeting molecule 
are also represented       
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specifi c antibodies raised against the most appro-
priate markers of MVs. These functionalized 
magnetic NPs represent a highly sensitive diag-
nostic tool and a rapid analytical technique to 
profi le circulating MVs directly from blood sam-
ples of GBM patients. MVs are introduced into a 
microfl uidic chip and incubated with functional-
ized magnetic NPs and the eventual labeling is 
detected by a miniaturized NMR system. This 
system by integrating GBM features and 
nanotechnology- inspired biosensor has a high 
detection sensitivity and allows to monitor and 
predict response to GBM therapies [ 42 ].  

    Conclusions 

 The recent years have witnessed an explosion of 
interest in the use of NMs in oncology research 
because of their potential to revolutionize the 
cancer diagnosis, imaging, and therapy. 
Signifi cant advances have been made in synthe-
sis methodology, such that it is now possible to 
prepare a variety of NMs with controlled size, 
shape, surface charge, and physicochemical char-
acteristics. In addition, it is possible to use differ-
ent polymers and bioactive molecules in surface 
tailoring and functionalization in order to 
improve biocompatibility, achieve active and 
specifi c targeting, increase blood circulation 
times, and control drug release of therapeutic 
payloads. Currently, there is an emerging rush to 
design theranostics able to permit multifactorial 
approaches during cancer management. Also in 
this fi eld, nanotechnology plays a key role allow-
ing the optimization of drug delivery systems, the 
noninvasive imaging insights on the local distri-
bution of the drug and/or the carrier material at 
the target site, and the prediction of treatment 
responses. In the realm of cancer, the use of 
radioisotopes, in therapy as in diagnosis, is very 
important and radionanomedicine has found 
promising applications. In fact, the future devel-
opment of multifunctional radionanomedicine 
should cover effi cient and specifi c delivery of 
therapeutic agents, like radionuclide and antican-
cer drugs, bringing clinical benefi ts to the imag-
ing and therapy of cancer.     
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          Introduction 

 Gliomas are the most common form of primary 
brain tumors with glioblastoma (GBM) being the 
most malignant. The standard therapy for newly 
diagnosed malignant gliomas involves maximal 
surgical resection, radiotherapy, and chemother-
apy. However, the invasive and diffuse nature of 
this malignancy together with its ill-defi ned bor-
ders makes a complete surgical resection nearly 
impossible. Following surgery, intensity modu-
lated or image-guided radiation therapy (RT) is 
delivered which enhances median survival from 
3 to 14 months. However, tumor recurrence 
occurs in 90 % of cases at the site of surgery [ 1 ]. 
Radiation therapy kills cells by causing DNA 
damage either directly or via formation of intra-
cellular free radicals such as reactive oxygen spe-
cies (ROS) [ 2 ,  3 ]. The ability to repair sublethal 
DNA damage is frequently compromised in can-
cer cells as compared to normal cells [ 3 ]. Thus, 
RT may selectively kill cancer cells compared to 
normal tissue. The recent technical advancement 
in RT delivery and dosing has increased the 

precision of irradiation to the target tumor 
volume [ 2 ,  4 ]; however, this has not translated to 
longer survival in patients with GBM. The com-
bination of RT with chemotherapeutic agents 
that sensitize tumor cells to the cytotoxic effects 
of RT has been studied in an attempt to enhance 
tumor control and minimize the radiation toxic-
ity. Although such combination chemoradiation 
protocols have improved treatment outcomes in 
several human malignancies, they are still less 
than optimal, as the existing agents can cause 
undesirable toxicity [ 2 ]. Therefore, a continuing 
endeavor in experimental and translational oncol-
ogy research has been to identify more effective 
agents to augment the radiosensitivity of tumor cells 
[ 5 ]. Recent efforts toward this goal have focused 
on molecularly targeted agents directed against 
certain components of intracellular signaling 
pathways involved in tumor growth and radiore-
sistance [ 6 ,  7 ]. 

 Keeping this background in mind the current 
chapter discusses the preclinical models in GBM 
radiobiology. The intent is to address the previ-
ous approaches to GBM research and the current 
research protocols in the ongoing evolution of the 
GBM fi eld with special emphasis on using this 
information to enable rational clinical trial design 
for GBM patients. This chapter reviews the 
developments that allowed basic scientists and 
radiation oncologists to maximize therapeutic 
benefi ts of radiation in treating GBM. This 
includes progress in the fi eld of in vitro models, 
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molecular profi ling, and stem-cell-based assays. 
Preclinical models are a necessary part of radio-
biology research: they provide a framework to 
analyze and compare data and ultimately to assist 
in building up theories of radiation action both 
in vitro and in vivo. They are necessary to relate 
experimental studies to clinical cancer treatment 
with the aim of improving therapy. The chapter 
discusses past, present, and future preclinical 
methods in optimizing treatment for GBM.  

    Radiobiology of GBM Tumors 

    R’s of Radiobiology 

 In 1975, Rodney Withers published a paper enti-
tled “The 4 R’s of Radiotherapy,” highlighting a 
short list of mechanisms that may determine the 
response of a biological tissues to multiple doses 
of radiation: Repair, Reassortment, Repopulation, 
and Reoxygenation [ 8 ]. Repair is the concept that 
the lethal damage induced by RT leads to cell 
death, but sublethal damage can be repaired. A 
complicating factor is that cells exhibit differen-
tial radiation sensitivity when they are in the dif-
ferent phases of the cell cycle. Cells in mitosis 
are most sensitive and cells in late S-phase are 
the most resistant to RT. As cells move from the 
less sensitive to the more sensitive phases of the 
cell cycle, termed re-assortment, an increase in 
cell killing occurs. However, RT damage may 
induce an increased rate of cell proliferation 
leading to tumor repopulation. Further, sensitiv-
ity to radiation increases with oxygen and the 
phenomenon by which hypoxic cells become 
oxygenated after RT is reoxygenation. 
Radiosensitivity is a newer member of the R’s 
[ 9 ]. It reminds us that apart from the classic four- 
R’s, there is an intrinsic radiosensitivity of differ-
ent cell types. Radiosensitive cells include 
hematological cells, epithelial stem cells, gam-
etes, and tumor cells from hematological or sex 
organ origin. Radioresistant cells include myo-
cytes, neurons, stem cells, and tumor cells such 
as melanoma or sarcoma. In case of GBM, it has 

a low alpha beta ratio (the ratio α/β gives the dose 
at which the linear and quadratic components of 
cell killing are equal)—thus is more likely to dis-
play radioresistance when treated with radiation 
therapy. Deacon et al. classifi ed tumors into fi ve 
categories A to E according to radioresponsive-
ness, with A being the most radioresponsive and 
E the most radioresistant [ 10 ]. GBM is part of 
category E tumors, which also contains other 
radioresistant histologies such as melanoma, 
osteosarcoma, and renal cell carcinoma. 

 Hypoxia is an important radiobiological factor 
as it is associated with signifi cant radioresistance 
when present. This is due to the fact that oxygen, 
when present at the time of radiation therapy admin-
istration of within seconds thereafter, “fi xes” or 
makes permanent the damage caused by radiation 
therapy and thus the damage is less likely to be 
repaired and will result in a greater likelihood of cell 
kill [ 11 ]. Previous studies have shown that the pres-
ence of hypoxia is more likely to give rise to a 
radioresistant stem cell population in glioma [ 12 ]. 

 The tumor microenvironment which has bear-
ing on hypoxia has come to the forefront of 
research in glioma. A number of molecular path-
ways have been identifi ed that may relate both to 
the existence of hypoxia and radioresistance, 
although a direct relationship between the two in 
the setting of glioma has not been identifi ed. 
Direct measurement of oxygen concentration in 
tumors including GBM has not been particularly 
helpful and may in fact not directly refl ect the 
activation of hypoxia markers at the molecular 
levels (HIF-1α and HIF-2α), although some rela-
tionship to oxygen tension has been identifi ed 
[ 13 ]. Hypoxia response is mediated by the HIF 
family, which induces several downstream path-
ways related to tumor proliferation, apoptosis, 
and ultimately treatment resistance [ 14 ]. Hypoxia 
encourages the formation of stem cell popula-
tions, which in turn also foster treatment resis-
tance [ 15 ]. Hypoxia also induces other signaling 
molecules such as heat shock protein 70 (HSP70/
HSPA). Previous evidence has shown that HSPA 
is present in high levels in glioma and that this 
correlates with tumor grade [ 16 ].   
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    In Vitro Methods to Measure 5 R’s 

    DNA Damage Response 

 The DNA damage response (DDR) is a highly 
complex and coordinated system that determines 
the cellular outcome of DNA damage caused by 
radiation. DDR can be divided into two parts, the 
sensors of DNA damage and the effectors of 
damage repair. The sensors consist of a group of 
proteins that actively survey the genome for the 
presence of damage. These proteins then signal 
this damage to three main effector pathways that 
together determine the outcome for the cell. 
These effector pathways include (1) programmed 
cell death pathways that kill damaged cells, (2) 
DNA repair pathways that physically repair DNA 
breaks, and (3) pathways that cause temporary 
(or permanent) blocks in the progress of cells 
through the cell cycle—the damage checkpoints.  

    Damage Sensors: Radiosensitivity 
Assessment by γH2AX and 53PB1 
Foci Determination 

 Tumors are complex systems consisting of het-
erogeneous mixture of cancer and normal cells, 
with each having unique sensitivity to RT. The 
effectiveness of RT treatment could be signifi -
cantly improved if tumor cells could be rendered 
more sensitive to ionizing radiation without alter-
ing the sensitivity of normal tissues. 

    γH2AX Assay 
 DNA damage after RT includes nucleotide base 
damage, DNA single-strand breaks, and double- 
strand breaks (DSBs). The DNA double-strand 
break is the most lethal of the types of injury. 
DSBs can result in clastogenesis, mutagenesis, 
and cell death by diverse mechanisms, including 
mitotic catastrophe, deletions, and/or mutations 
[ 17 ]. An early event in DNA DSB repair is the 
phosphorylation of histone H2AX (γH2AX) at 
serine 139 by DNAPKcs, ATM, or ATR, which in 
less than an hour encompasses a region spanning 

several megabases, forming a light microscopically 
visible foci [ 18 ,  19 ]. There are four main tech-
niques to measure γH2AX levels and kinetics: (a) 
immunostaining, (b) fl ow cytometry, (c) immu-
noblotting, and (d) enzyme-linked immunosor-
bent assay (ELISA). However, immunostaining 
and microscopic analysis of γH2AX foci allows 
the detection and quantifi cation of damage in cell 
nuclei, as illustrated (Fig.  16.1 ). This technique is 
the most sensitive and specifi c. The number of 
DSBs can be directly quantifi ed by the number of 
foci present in the cell shortly after DNA damage 
and time courses can be quantitatively determined 
[ 20 ]. Similar results can be obtained from xeno-
graft samples [ 21 ]. However, the main disadvan-
tage of using immunostaining is that the method 
is time-consuming and the various sizes of the 
foci may be diffi cult to count.

       53BP1 Foci 
 53BP1 (also called TP53BP1) is a chromatin- 
associated factor that promotes immunoglobulin 
class switching and DNA double-strand-break 
(DSB) repair by non-homologous end joining. 
53BP1 was fi rst identifi ed due to its ability to 
bind to the tumor suppressor protein p53 [ 22 ]. 
53BP1 responds to DNA double-strand breaks in 
an ATM-dependent manner, quickly relocating 
to discrete nuclear foci after exposure to ionizing 
radiation. These foci co-localize with those of the 
Mre11-Nbs1-Rad50 complex and phosphory-
lated γH2AX, which are thought to facilitate the 
recruitment of repair factors to damaged DNA 
[ 23 ,  24 ]. It has been shown that the 53BP1- 
dependent repair pathway is important for sur-
vival of cells irradiated with IR during the G1 
phase of the cell cycle [ 25 ].   

    Radiosensitivity Assessment 
by Comet Assay 

 Another method for measuring DNA strand 
breaks at the level of the individual eukaryotic 
cells is the comet assay. It was fi rst developed by 
Östling and Johansson in 1984 and later modifi ed 
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by Singh et al. in 1988 [ 26 ,  27 ]. Cells embedded 
in agarose on a microscope slide are lysed with 
detergent and high salt to form nucleoids con-
taining supercoiled loops of DNA linked to the 
nuclear matrix. Electrophoresis at high pH results 
in structures resembling comets, observed by 
fl uorescence microscopy; the intensity of the 
comet tail relative to the head refl ects the number 
of DNA breaks. 

 The comet assay is ideally suited for use with 
in vitro cells. Tissues represent more of a chal-

lenge, but methods have been devised, using 
enzymes and/or physical maceration, to release 
cells or nuclei of high quality from many animal 
tissues and some human tissues (reviewed in 
[ 28 ]). Frozen cells or tissues are generally not 
suitable, since physical shearing of the DNA 
occurs as ice crystals form. Also, mitochondrial 
DNA is too small to be detected by comet assay 
as they lack typical organization of eukaryotic 
DNA on a nuclear matrix [ 29 ]. However, the use 
of the comet assay is limited due to large doses of 
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a  Fig. 16.1    Treatment with 
CUDC-101 plus radiation 
impairs the DNA damage 
repair response. U251 cells 
seeded in chamber slides were 
exposed to 2 Gy irradiation 
immediately followed by 0.5 
μM CUDC-101 and fi xed at 
the specifi ed times for 
immunofl ourescent analysis of 
nuclear γH2AX foci retention. 
Foci were evaluated in ≥50 
nuclei per treatment per 
experiment. ( a ) Representative 
images obtained at 24 h from 
media (control), 2 Gy 
irradiation, 0.5 μM CUDC-101 
treatment, and 0.5 μM 
CUDC-101 immediately 
following 2 Gy irradiation 
(drug + IR). Signifi cant 
retention of γH2AX foci 
occurs with drug alone and 
combination therapy after 24 h 
and the combinatory effect is 
signifi cantly greater than drug 
only. ( b ) Data represents three 
independent experiments. 
 Columns  represent the mean 
and error bars are the SEM. 
* p  < 0.05 ** p  < 0.001,  N.S.  not 
signifi cant       
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irradiation that are typically used >10 Gy. 
Another practical limitation of the comet assay is 
the small number of samples that can be handled 
in one experiment, thus it cannot be used as a 
high throughput assay.  

    DNA Repair Assessment 

 After DSBs are detected by DNA sensor pro-
teins, DDR is initiated in order to repair damaged 
DNA. For DSBs, there are two main repair path-
ways, homologous recombination (HR) and non- 
homologous end joining (NHEJ). These are quite 
different in the proteins involved, the position in 
the cell cycle where they primarily act and in the 
speed and accuracy of repair. These processes are 
described in more detail below. 

  HR:  HR uses homologous undamaged DNA 
as the template to repair the damaged DNA pre-
dominantly in the S and G2 phases of cell cycle 
[ 30 ]. Some of the proteins involved in this pro-
cess are MRN complex, RAD51, RPA and 
BRCA2, BLM, XRCC2, and XRCC3. Because 
of the use of a template, HR is the most error-free 
repair mechanism. There are several methods 
available to evaluate the HR effi ciency in cul-
tured mammalian cells, including the use of 
restriction fragment length polymorphisms, the 
measurement of functional cassettes formed 
through the recombination of two dysfunctional 
cassettes, and a newer PCR-based method. 

 The method using functional cassettes formed 
through the recombination between two dysfunc-
tional cassettes is the more widely used assay 
[ 31 ]. This strategy is generally carried out by 
transfecting the cells with two plasmids having 
different defective reporter cassettes such as GFP 
(or other fl uorescent proteins), such that only the 
cells containing the GFP signal are considered to 
contain the recombinant functional plasmid. The 
recombination effi ciency can be expressed as the 
percentage of GFP-expressing cells in all the 
transfected cells. Other commonly used reporter 
genes include antibiotic-resistant genes such as 
the hygromycin phosphor-transferase gene, so 
only the cells which survive the hygromycin 

selection are deemed to contain the recombinant 
plasmid and the recombination frequency can be 
calculated from the ratios between the surviving 
cell foci and the total transfected cells [ 32 ]. 
However, the sensitivity of this method is low as 
the cells which have the recombinant plasmid 
may not be able to express the transgene. In addi-
tion, it generally takes a long time for the trans-
gene to be expressed. 

 A newer PCR method has been developed, by 
designing primers that can only anneal to the 
recombinant functional plasmid; the HR effi ciency 
can be assessed using PCR/Realtime PCR. This 
PCR-based method is quick and sensitive to evalu-
ate HR effi ciency (Norgen Bioteck Corp.). 

  NHEJ:  NHEJ joins two DNA DSB ends 
together without requiring homologous DNA 
[ 33 ]. This is a more rapid process than HR but 
less accurate, with small deletions or insertions 
frequently occurring. The NHEJ DNA repair pro-
cess is functional in all phases of the cell cycle 
and some of the proteins involved are Ku70, 
Ku80, DNAPK, ATM, and XRCC4. The most 
commonly used in vitro assay for NHEJ uses as a 
substrate plasmid DNA that has been linearized 
with a single restriction enzyme or with two dif-
ferent restriction enzymes. During incubation 
with extract protein or partially purifi ed fractions, 
circular and multimeric linear joining products 
are generated, which can be separated by agarose 
gel electrophoresis and detected by direct stain-
ing with ethidium bromide [ 34 ]. The fi rst mam-
malian cell-free system for NHEJ was described 
by North et al. [ 35 ]. Nuclear, cytoplasmic, and 
whole cell extracts from various cell lines and tis-
sues have been used to study cell-free NHEJ 
[ 34 ]. Antibodies have been used as more specifi c 
reagents to test the involvement of candidate 
proteins in cell-free NHEJ. In spite of the signifi -
cant progress that has been made, NHEJ assays 
are still evolving and likely to become more 
sophisticated, automated, effi cient, and sensitive 
in the next 20 years. HR is a pathway specifi c to 
S- and G2-phase cells; it occurs only in dividing 
cells. Conversely, NHEJ occurs in all phases of 
the cell cycle and is thus neither phase-specifi c 
nor cycle-specifi c.  
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    Effector Pathways of DDR 

 Three related kinases have been shown to be able 
to phosphorylate at sites of DSBs [ 36 ]. The phos-
phorylation of H2AX at sites of DSBs produced 
by radiation occurs primarily by the ataxia 
telangiectasia- mutated (ATM) protein. In cells 
that completely lack the ATM protein, phosphory-
lation of H2AX can still occur through an alterna-
tive mechanism, but with somewhat delayed 
kinetics. In these cells, H2AX phosphorylation is 
mediated by the catalytic subunit of the DNA- 
dependent protein kinase (DNA-PKcs). DNA- 
PKcs is a kinase that is structurally related to 
ATM and which is very important in the non- 
homologous end joining pathway of DNA repair. 
The third kinase capable of phosphorylating 
H2AX is ATR, which stands for AT-related kinase. 
Activation of ATM, DNA-PKcs, and ATR leads to 
the phosphorylation not only of H2AX, but also 
of many other cellular proteins. Recent studies 
have shown that as many as 700 proteins are sub-
strates for the ATM and ATR kinases in response 
to DNA damage [ 37 ]. Phosphorylation of these 
other proteins acts as the ‘signals’ to activate the 
various different downstream effectors of the 
DDR (apoptosis, cell-cycle checkpoints, and 
DNA repair). The ATM protein plays perhaps the 
most important role in transmitting these signals 
in response to radiation-induced DSBs and is thus 
considered to be a master regulator of the 
DDR. The ATM and ATR kinases activate Chk2 
and Chk1 downstream kinases to inhibit Cdc25A 
and Cdc25C to halt cell cycle in S- and G2- 
phases, respectively [ 38 ]. Measuring the phos-
phorylation of different kinases can help in 
fi guring out which pathway is involved.  

    Assessment of Re-assortment: Cell 
Cycle Analysis 

 The second major effector pathway of the DDR 
is the activation of cell cycle checkpoints. 
Treatment of cells with ionizing radiation causes 
delays in the movement of cells through the G1, S, 
and G2 phases of the cell cycle [ 39 ]. This occurs 
through the activation of DNA damage check-
points, which are specifi c points in the cell cycle 

at which progression of the cell into the next 
phase can be blocked or slowed. The DDR 
activates four distinct checkpoints in response to 
irradiation that take place at different points 
within the cell cycle; G1 arrest, S-phase checkpoint, 
G2 early checkpoint, and G2 late checkpoint. The 
commonly used methods follow either tritiated 
thymidine or bromodeoxyuridine incorporation, 
to assess cells in S- and G2-phases of cell cycle. 
However, the most extensively used method to 
assess the relative distribution of irradiated cells 
in the respective phases of the cell cycle is prop-
idium iodide (PI) staining followed by fl uores-
cence-activated cell sorting (FACS). This method 
estimates phase of cell cycle based on DNA con-
tent. It has been shown that late G2 interphase 
cells are characterized by phosphorylation of 
histone H3 at serine 10. Therefore, PI staining 
coupled with histone H3 phosphorylation can be 
used to assess mitotic fraction of cell cycle after 
irradiation.  

    Assessment of Cell Death 
After Irradiation 

 Accumulating evidences suggests that induction 
of cell death by apoptosis alone is insuffi cient to 
account for the therapeutic effect of radiotherapy 
[ 40 ]. It has become obvious in the last few years 
that inhibition of the proliferative capacity of 
malignant cells following irradiation, especially 
with solid tumors, can occur via alternative cell 
death modalities like mitotic catastrophe, senes-
cence, and autophagy. The kind and type of cell 
death caused by RT is highly infl uenced by path-
ways within the DDR system [ 41 ]. 

  Apoptosis:  a mechanism of cell death in some 
normal cells can be detected by studying both the 
sensors and detector molecules. The apoptosis 
sensors are caspase 8 or caspase 9, which can 
activate caspase 3 as an effector molecule. The 
morphological changes such as chromatin con-
densation, nuclear fragmentation, and DNA lad-
dering can be detected by various methods. 
TUNEL assay: Terminal deoxynucleotidyl 
 transferase dUTP nick end labeling is a method 
for detecting DNA fragmentation by labeling 
the terminal end of nucleic acids. Another popular 
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method is Annexin V staining, which detects 
translocation of phosphatidylserine from the 
inner side of the plasma membrane to the outer 
layer of early apoptotic cells. Other assays are 
caspase activity assays, detection of cells in 
sub- G1/Go, and changes in mitochondrial mem-
brane potential. 

  Mitotic catastrophe (MC)  is morphologically 
associated with the accumulation of multinucle-
ated, giant cells containing uncondensed chro-
mosomes and with the presence of chromosome 
aberrations and micronuclei [ 42 ,  43 ]. It is consid-
ered to be the major mechanism by which the 
majority of solid tumors respond to RT. The 
mitotic death can be detected by staining actin 
fi laments. This involves plating of cells in a glass 
chamber slide. After a specifi c treatment, cells 
are fi xed and stained with α-tubulin antibody to 
stain the cytoskeleton and DAPI to stain the 
nuclei. Percent cells with mitotic catastrophe can 
be assessed, as illustrated (Fig.  16.2 ). Caspase 
activation assays can also be used to access 
MC. However, these assays cannot discriminate 
between interphase and post-mitotic apoptosis. 
By combining high-resolution fl uorescence vid-
eomicroscopy and automated image analysis, 
Rello-Varona et al. established a protocol for the 
simultaneous assessment of ploidy, mitosis, cen-
trosome number, and cell death to examine MC 
[ 44 ]. The authors showed that this approach can 
be used for the high-throughput detection of 
mitotic catastrophe induced by three mechanisti-
cally distinct anti-mitotic agents. However, this 
method needs special instrumentation and techni-
cal expertise for the quantifi cation of MC.

      Autophagy and Senescence 
 Autophagy, a catabolic process involving the 
degradation of a cell’s own components through 
the lysosomal machinery, serves as a protective 
response under conditions of nutrient depriva-
tion and is also frequently observed in tumor 
cells exposed to chemotherapy or radiation. The 
process is characterized by the formation of 
double- membrane cytosolic vesicles, called 
autophagosomes. To date, electron microscopy 
has been the only reliable method for monitor-
ing autophagy. Autophagic vacuoles can be 
labeled with monodansylcadaverine (MDC), an 

autofl ourescent dye which selectively labels 
these vacuoles [ 45 ]. Intracellular MDC can be 
measured by fl uorescence spectrophotometer. 
The vacuoles could be visualized by fl uores-
cence microscopy using an inverted microscope 
equipped with a fi lter system (excitation fi lter 
380–420 nm, barrier fi lter: 450 nm). Other 
methods include monitoring bulk degradation of 
long- lived proteins and LC3, an autophagic 
marker localization (reviewed in [ 46 ]). There is 
a Cyto-ID ®  Autophagy Detection Kit available 
(Enzo Life Sciences), which measures autopha-
gic vacuoles and monitors autophagic fl ux in 
live cells using a novel dye that selectively 
labels autophagosomes. The dye is a cationic 
amphiphilic tracer dye that allows minimal 
staining of lysosomes while exhibiting bright 
fl uorescence upon incorporation into autopha-
golysosomes. The assay offers a rapid and quan-
titative approach to monitoring autophagy in 
live cells without the need for cell transfection. 

 Cellular senescence, on the other hand, is 
defi ned as a biological state in which cells have 
lost the ability to divide but remain metabolically 
active and is likewise a frequent response to radi-
ation. Prematurely senescent cells exhibit some 
of the same characteristics as replicative senes-
cent cells, including permanent cell cycle arrest, 
enlarged and fl attened cell morphology, and 
increased senescence-associated β-galactosidase 
(SA-β-gal) activity [ 47 ]. For detection of SA-β- 
gal activity, cells can be washed, fi xed (with 4 % 
formaldehyde), and stained overnight at 37 °C 
without CO 2  in freshly prepared staining buffer 
containing X-gal [ 48 ]. SA-ß-Gal catalyzes the 
hydrolysis of X-gal to produce a blue color in 
senescent cells which can be quantitated using a 
  fl uorescence plate reader     or by fl ow cytometry 
assay. The ß-Gal staining kit is commercially 
available from a number of vendors.   

    Assessment of Repopulation: 
Clonogenic Survival Assays 

 After exposure to RT, the majority of damaged 
cells die within 2–3 cell divisions and cannot 
clonally replicate. The fi rst clonogenic assay was 
developed in 1956 by Puck and Marcus, and by 
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1970s, it was considered to be the “gold standard 
assay” in radiobiology [ 49 ,  50 ]. To run the assay, 
a single-cell suspension of tumor cells is pre-
pared and plated. After a suitable period of incu-
bation (3–5 doublings), the colonies are stained 
with crystal violet and counted. The number of 
colonies in the irradiated cohort is expressed as 
surviving fraction compared to the non-irradiated 
control. A cell survival curve is graphically rep-
resented by plotting the surviving fraction on a 
logarithmic scale on the  y -axis against RT dose 
on a linear scale on the  x -axis as illustrated 
(Fig.  16.3 ). Clonogenic survival assays have 
been described for tumor tissues. This requires 

fi rst the production of single-cell suspensions 
using mechanical disaggregation followed by 
enzymatic digestion. However, the clonogenic 
assay has been shown to have negative aspects, 
including clump artifacts, lack of cytotoxic end-
points, and lack of normal cell–cell interactions 
existing in a true tissue environment. Clonogenic 
assays are diffi cult to perform in the settings of 
multiple drugs testing, since it is diffi cult to add 
drugs sequentially to the culture system [ 51 ]. 
Newer models are described utilizing cytotoxic 
as well as cell-proliferation end-points and 
maintenance of three-dimensional tissue archi-
tecture in vitro.

  Fig. 16.2    CUDC-101 
increases mitotic catastrophe: 
U251 cells were grown on 
cover slips and were irradiated 
(2 Gy) and exposed to 
CUDC-101. At 24, 48, and 72 
h after treatment, cells were 
fi xed for immunocytochemical 
analysis of mitotic catastrophe. 
Nuclear fragmentation 
(defi ned as the presence of two 
or more distinct lobes within a 
single cell) was evaluated in at 
least 150 cells per cohort. ( a ) 
Representative fl uorescent 
micrographs are of cells fi xed 
at 72 h after treatment for 
media (control), 2 Gy 
irradiation, 0.5 μM CUDC- 
101, and 0.5 μM CUDC-101 
immediately following 2 Gy 
irradiation (drug + IR). ( b ) % 
mitotic catastrophe is 
quantifi ed. * =  p  <  0.05 ; 
*** =  p  < 0.0001,  N.S.  not 
signifi cant;  lower asterisk  
represents signifi cance by 
comparing the 2 Gy cohort 
with the 2 Gy + 0.5 μM 
CUDC-101 cohort;  upper 
asterisk  represents signifi cant 
in comparing 0.5 μM 
CUDC-101 cohort with the 2 
Gy + 0.5 μM CUDC-101 
cohort. Analysis was done 
using a two-way ANOVA 
with Bonferroni multiple 
comparisons post-test       
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       Assessment of Reoxygenation 

 The hypothesis of reoxygenation of tumors after 
irradiation was proposed more than two decades 
ago [ 52 ]. After irradiation, which is expected to 
eliminate preferentially the well-oxygenated 
cells, it was assumed that continuous movement 
of previously anoxic cells into the category of 
well-oxygenated cells could occur. Tumor reoxy-
genation may result from an increase in oxygen 
delivery and/or a decrease in oxygen consump-
tion by the tumor cells [ 53 ]. The increase in oxy-
gen delivery may be due to radiation-induced 
acute infl ammation and a decrease in interstitial 
fl uid pressure. Early tumor reoxygenation, in 
addition to the cell cycle redistribution effect, 
signifi cantly contributes to the radiosensitivity of 
tumor cells in radiotherapy protocols that use 
multiple daily fractions [ 54 ]. Several techniques 
have been developed to measure oxygenation 
status in tissues and tumors in living animals and 
humans. Three common methods are currently 
available to measure oxygen consumption 
in vitro: electron paramagnetic resonance (EPR) 
oximetry, the Clark oxygen electrode, and the 
MitoXpress fl uorescent assay [ 55 ]. EPR is a 
powerful technology that permits continuous 
monitoring of oxygenation in tissues in vitro 

[ 56 ]. The Clark oxygen electrode consists of an 
anode and a cathode in contact with an electrolyte 
solution and covered by a semipermeable mem-
brane. Oxygen diffuses through the membrane to 
the cathode, where it is reduced. The current pro-
duced by the electrode is proportional to the oxy-
gen tension in the solution [ 57 ]. Finally, the 
MitoXpress assay is based on a phosphorescent 
oxygen-sensitive probe available commercially. 
The assay is based on the ability of oxygen to 
quench the excited state of the MitoXpress probe. 
Depletion of oxygen in the surrounding solution 
is perceived as an increase in probe phosphores-
cence signal. Therefore, changes in oxygen con-
sumption, refl ecting changes in mitochondrial 
activity, are measured as changes in MitoXpress 
probe signal over time.   

    In Vivo Methods to Measure 5 R’s 

    Preclinical Models of Glioblastoma 

 In the search for a more personalized approach to 
cancer therapy, well-defi ned model systems and 
study designs are needed to bridge the gap 
between promising in vitro concepts and their 
clinical application [ 58 ]. Animal models greatly 

  Fig. 16.3    CUDC-101 radiosensitivity is tumor cell- 
specifi c. Colony-forming ability was assessed via crys-
tal violet staining and survival curves were generated 
after normalizing to the cytotoxicity of CUDC-101. ( a ) 
U251 cells were given 0.5 μM CUDC-101 and ( b ) the 
normal fi broblast cell line MRC9 was irradiated with 
increasing doses of radiation only ( closed circles ) or 
with 0.5 ( open circles ) CUDC-101 ( closed circles ) 

immediately following irradiation. Survival curves 
show that the radiosensitive activity of CUDC-101 is 
tumor cell-specifi c giving only a small enhancement in 
DEF in MRC9 cells. Dose enhancement factors (DEFs) 
were assessed at surviving fractions (SFs) of 0.01. Data 
represents three independent experiments ( a ) and two 
independent experiments ( b ) with points representing 
the mean, and error bars the SEM       
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facilitate understanding of cancer, and importantly, 
serve preclinically for evaluating potential anti-
cancer therapies. Investigations into the biology 
of solid tumor cells often use cell lines grown and 
maintained as monolayer cultures. Such experi-
mental systems have provided a wealth of infor-
mation pertaining to the critical molecules and 
pathways mediating tumor survival and response 
to therapy. The most commonly used xenograft 
model involves implantation of 1–10 × 10 6  tumor 
cells subcutaneously on the lateral aspect of the 
hind leg/fl ank either in SCID (severe combined 
immunodefi cient) or Nude mouse. The endpoint 
is the time to reach a certain tumor volume. 
Tumor growth curve is plotted and the time it 
takes for a tumor to grow to fi ve times the treat-
ment volume is calculated for irradiated and con-
trol tumors. Tumor growth delay is then 
calculated by subtracting control tumor time 
from RT-treated tumor time. However, tumor 
cells in vitro have a different phenotype than 
tumor cells when grown as tumors in animal 
models [ 59 ]. Extensive tumor cell invasion and 
recurrence are the two hallmarks of 
GBM. Therefore, there is a compelling need for 
more reliable in vivo preclinical models such as 
orthotopic models for studying the disease and 
for testing new drugs and targeted therapies. An 
ideal model should recapitulate the key histo-
pathological, genetic, and imaging features 
encountered in GBM’s aggressive growth as well 
as being a reproducible, reliable model. 

 Two of the most commonly used mouse mod-
els are U251 and U87 xenograft tumors implanted 
into athymic nude mice. While these models 
enable the use of human GBM tumor cell lines, 
they are being tested in an immunocompromised 
rodent, which does not allow for adequate study 
of the tumor–CNS/immune microenvironment 
[ 60 ]. These models and other models of GBM 
have been available for decades; however, very 
few new therapies have successfully translated 
into the clinic during this time. Our current model 
systems do not have suffi cient clinical predictive 
power and do not effectively mimic and predict 
human responses [ 61 ]. A systematic comparison 
of gene expression patterns in GBM cell lines 
(U87 and U251) on three different growth condi-

tions showed a high concordance between in vivo 
(subcutaneous and intracranial) models [ 59 ] and 
further evaluation with GBM patient gene expres-
sion profi les confi rmed that the intracranial 
model simulates a subset of GBM [ 62 ]. However, 
the lack of complete concordance in preclinical 
models has led to the concept of orthotopic mod-
els and studying stem cell populations.   

    New Concepts in Radiobiology 

    GBM Stem Cells 
and Microenvironment 

 As mentioned earlier, drug resistance followed 
by a disease recurrence is the hallmark of GBM 
pathophysiology. An increasing number of stud-
ies suggest that GBMs are driven and maintained 
by a subpopulation of clonogenic cells referred to 
as GBM stem-like cells (GSCs). These cells have 
a number of in vitro properties in common with 
normal neural stem cells including continuous 
self-renewal, expression of stem cell-related 
genes, and the capacity to at least partially dif-
ferentiate between neuronal and glial pathways 
[ 63 ]. Moreover, when implanted in immuno- 
defi cient mice, GSCs form a highly invasive, 
phenotypically heterogeneous brain tumor [ 64 ]. 
They also play a major role in determining radio- 
resistance and hence are more relevant to study 
radioresponse of GBM [ 65 ]. 

 Cell surface molecules such as CD133, 
CD15, and L1CAM are differentially expressed 
on GSCs and can be used for sorting or targeting 
GSC population. However, expression of 
CD133 and CD15 is not strictly related to GSCs. 
On the other hand, L1CAM is preferentially 
expressed in GSCs relative to the non-stem 
tumor cells and neural progenitor cells [ 66 ]. 
Moreover, number of studies has used CD133 as 
a stem cell surface marker to isolate GSCs from 
patient tumor samples [ 67 ]. This involves disag-
gregation of tumor cells, labeling with fl uores-
cently conjugated CD133 antibody and sorting by 
FACS. Derived stem cells can be confi rmed using 
neurosphere formation assay. This involves 
plating of single stem cells and assessing their 

A. Tandle et al.



265

ability to grow in suspension and form spheroids. 
Immunofl uorescence staining can confi rm 
spheroid expression of stem cell markers such 
as Sox2, Oct4, and Olig2 [ 68 ]. Other property of 
stem cells is to differentiate into astrocytes or 
oligodendrocytes by addition of serum. Some of 
the assays used to study radio responses of tumor 
cells can be employed to study radiosensitivity of 
stem cells; comet assay, γH2AX, and clono-
genic survival assay. In vivo GSCs can be grown 
orthotopically in nude mice [ 69 ]. Jamal et al. 
have shown that the intrinsic radioresistance 
and effect of brain microenvironment can be 
studied using GSCs in nude mice [ 69 ].  

    Molecular Classifi cation of GBM: 
Tumor Heterogeneity 

 Understanding GBM heterogeneity is important 
to access its radioresponse. Large-scale, genomic 
studies of specifi c tumors such as The Cancer 
Genome Atlas (TCGA) have provided a better 
understanding of the alterations of pathways 
involved in the development of solid tumors 
including GBM. GBM, like other cancers, is the 
product of accumulated genetic and epigenetic 
alterations [ 70 – 72 ], and the application of 
genome-scale approaches to enumerate these 
genetic alterations has uncovered both molecular 
subclasses and common pathways mutated in this 
disease. Beginning with the efforts by TCGA 
[ 73 ,  74 ], and those of other groups [ 75 ,  76 ], GBM 
has been subjected to the most extensive genomic 
profi ling of any cancer partly because it been 
selected as one of the fi rst three cancers to be pro-
fi led by the National Institutes of Health’s Cancer 
Genome Atlas (TCGA). These studies have 
defined a molecular landscape for GBM 
(Table  16.1 ) [ 77 ].

   By leveraging TCGA data, Verhaak et al. [ 74 ] 
performed unsupervised hierarchical clustering 
of the transcriptional data from the TCGA GBM 
samples and integrated the results with DNA 
copy number and sequencing to reveal four dis-
tinct molecular subclasses that were enriched for 
distinct molecular alterations. These subclasses 
included a proneural transcriptional subclass that 

is enriched for  PDGFRA  and  IDH1  mutations; 
classical subtype, characterized by  EGFR  ampli-
fi cation and  PTEN  loss; mesenchymal subtype 
characterized by mutation and/or loss of  NF1 , 
 TP53 , and  CDKN2A . The last subtype, the neural 
subclass, was not clearly defi ned by any unique 
genetic signature. Furthermore, the TCGA work-
ing group recently identifi ed DNA methylation 
profi les, revealing a distinct molecular subset of 
tumors defi ned by a CpG island methylator phe-
notype (G-CIMP) that is markedly enriched in 
the proneural subclass and is tightly associated 
with  IDH1  mutations [ 78 ]. Patients with classical 
subtype have better survival and patients with 
proneural subtype with worst prognosis [ 74 ]. The 
underlying changes at molecular level and hence 
a different subtype refl ects therapeutic responses 
at clinical level. For example patients with IDH1 
mutation are more sensitive to radiochemother-
apy than IDH1 wild-type GBMs [ 79 ].  

    Metabolomics in GBM 

 The cellular context of IDH1 mutations in GBM 
was fi rst identifi ed using metabolomics studies. 
Metabolomics is the global quantitative assess-
ment of endogenous metabolites within a biolog-
ical system. It allows for a global assessment of 
a cellular state within the context of the immedi-
ate environment, taking into account genetic 
regulation, altered kinetic activity of enzymes, 
and changes in metabolic reactions [ 80 ,  81 ]. 
Mutated IDH1 produces the oncometabolite 
2- hydroxyglutarate rather than α-ketoglutarate or 
isocitrate. The oncometabolite is considered to 
be the major cause of the association between 
the IDH1 mutation and gliomagenesis. This 
 association is not well-understood yet but 
IDH1 involvement in epigenetic silencing of  O -6-
methylguanine-DNA methyltransferase (MGMT), 
a DNA repair enzyme, is considered to be an 
important mechanism [ 82 ]. Another possible 
explanation is that the IDH1 mutation reduces 
the capacity to produce NADPH and thus reduces 
the capacity to scavenge ROS that are generated 
during irradiation and chemotherapy. IDH1 
activity is responsible for two thirds of the 
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NADPH production capacity in normal brain, 
whereas the IDH1 mutation reduces this capacity 
by almost 40 %. Therefore, the reduced NADPH 
production capacity due to the IDH1 mutation 
renders GBM cells more vulnerable to irradiation 
and chemotherapy, thus prolonging survival of the 
patients [ 83 ]. Metabolomics can be performed on 
a variety of clinical samples, and as a biomarker 
in oncology, can be used in cancer diagnosis, 
assessment of response to traditional therapy and 
development of novel therapies.  

    Computational Methods 
and Databases for Accessing Cancer 
Genomics Data 

 Although the data generated from the large-scale 
cancer genome characterization efforts have been 
and continue to be made publicly available, 
accessing and using these cancer genome data 
remains a major challenge. Work in this direction 
extended the development of computational 
resources and algorithms where cancer genome 

   Table 16.1    Compilation of established abnormalities in GBM organized by known pathways (adapted from Nicholas, 
Lukas et al. (2011))   

 Molecular target/pathway  Abnormality  Frequency (%)  Role in primary (1°) and secondary (2°) GBM 

 Receptor tyrosine kinases 

   EGFR  amp/mut  30–45  1° > 2° 

   PDGFR  amp  14  2° > 1° 

   HER2  mut  8  1° = 2° 

   c-Met  amp  4  1° = 2° 

 TP53 pathway 

   p53  mut/del  25–65  2° > 1° 

   MDM2  amp  10–25  1° > 2° 

   MDM4  amp  5–7  1° > 2° 

 Phosphatidyl inositol-3-kinase pathway 

   PIK3CA  mut  10–15  1° > 2° 

   PIK3R1  mut  10  1° > 2° 

   PTEN  mut/del  5–40  1° > 2° 

 Ras pathway 

   NF1  mut/del  10–18  1° > 2° 

 Cyclin-dependent kinases and retinoblastoma (RB) 

   CDKN2A  mut/del  50  1° = 2° 

    p16INK4A  1° > 2° 

    p14ARF 

   CDKN2C  1° = 2° 

   p18INK4C 

   CDK4  1° = 2° 

   RB  mut/del  10–14  1° = 2° 

 Metabolic pathways 

   IDH1, IDH2  mut  12–17  2° > 1° 

  Abbreviations:  amp  amplifi cation,  CDK4  cyclin-dependent kinase 4,  CDKN2A  cyclin-dependent kinase inhibitor 2A, 
 CDKN2C  cyclin-dependent kinase inhibitor 2C;  c-MET , the MNNG HOS transforming gene, encoding a tyrosine 
kinase receptor that binds hepatocyte growth factor; del, deletion;  EGFR  epidermal growth factor receptor,  HER2  
human epidermal growth factor Receptor 2,  IDH1  isocitrate dehydrogenase 1,  IDH2  isocitrate dehydrogenase 2,  MDM2  
murine double minute 2,  MDM4  murine double minute 4,  mut  mutation,  NF1  neurofi bromin 1,  p14ARF  alternate read-
ing frame (ARF) product of the CDKN2A gene,  p16INK4A  cyclin-dependent kinase inhibitor 2A, (inhibits CDK4),  p53  
tumor-suppressor protein encoded by the  TP53  gene,  PIK3CA  phosphoinositide-3-kinase catalytic alpha polypeptide, 
 PIK3R1  phosphoinositide-3-kinase regulatory subunit 1,  PTEN  phosphatase and tensin homolog,  Ras  a family of genes 
encoding small GTPases,  RB  retinoblastoma-associated protein  
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data can be downloaded and summarized results 
can be queried. Table  16.2  summarized the basic 
open source analytical tools or computational 
algorithms for manipulation and analysis of can-
cer genome data (Table  16.2 ).

       In Vivo Noninvasive Mouse Imaging 

 The ability to image cells, tissues, and whole ani-
mals offers an ideal solution to measure tumor 
burden without sacrifi cing the animal. Several 
imaging techniques have recently become avail-
able for small animals. These include 2-deoxy-2-
[18F]fl uoro- D -glucose positron emission 
tomography (FDG-PET), T2-weighted magnetic 
resonance imaging (T2W-MRI), and optical 
imaging, encompassing bioluminescence imag-
ing (BLI) and fl uorescence imaging (FLI) [ 84 –
 86 ]. Both FDG-PET and T2W-MRI are used 
clinically in humans, whereas optical imaging is 
specifi cally used for research and preclinical 
studies. This section focuses on optical imaging 
in preclinical models. Most of the imaging tech-
niques use ionizing radiation except optical 
imaging, which employs visible and near- infrared 
spectrum to visualize various cellular processes. 
In vivo optical imaging contributes towards the 
reduction in the number of animals used in basic 
research and drug development. For instance, the 
same animal can be imaged multiple times in 
order to monitor visually, often in real time, the 
progression or regression of infection or disease. 
In vivo optical imaging in combination with 
reporter gene (both fl uorescent and biolumines-
cent reporters) technology is contributing towards 
a better understanding of the intricate molecular 
underpinnings of GBM and also is leading to the 
development of potential therapeutic options 
[ 86 ]. Several instruments are currently available 
to perform in vivo optical imaging and can be 
combined with other medical imaging modalities 
such as MRI and PET scans. When choosing an 
instrument for in vivo optical imaging, it is 
important to consider the method of light detec-
tion and the software used to analyze images. 
Due to their high sensitivity, cooled CCD cam-
eras are most often used. When two or more 

reporters are used with different emission wave-
lengths or tissue autofl uorescence is an issue, 
spectral unmixing can be used to tease apart the 
different wavelengths. Imaging of several ani-
mals simultaneously can be performed on instru-
ments that come equipped with a multiple mouse 
manifold to deliver anesthetic gas, such as the 
IVIS series from Perkin Elmer. 

 Two of the most commonly used labels to 
locate and analyze the molecular signals are fl uo-
rescent and bioluminescent reporters. Imaging 
with fl uorescent protein reporters has several 
advantages; (a) experimental setup is relatively 
easy, as once a reporter with certain fl uorescence 
is chosen, it is integrated into the animal and 
imaged with the corresponding excitation/emis-
sion wavelengths for that fl uorophore, (b) there 
are many fl uorescent reporters available that emit 
light at varying wavelengths throughout the visi-
ble and near infrared spectrum. The major disad-
vantages are; autofl uorescence of skin, and tissue, 
due to several cellular components that can inter-
fere signifi cantly with signal from fl uorescent 
reporters if emission wavelengths overlap [ 87 ]. 
Additionally, chlorophyll present in standard 
mouse food autofl uoresces, thus interfering with 
many common reporters [ 88 ]. 

 Bioluminescence is most commonly used for 
in vivo optical imaging and refers to the light that 
is generated by a chemical reaction between the 
substrate, luciferin, and oxygen, in which lucifer-
ase acts as the enzyme to accelerate the reaction. 
When the electron of this reaction product returns 
to ground state, energy is emitted in the form of 
light. Unlike fl uorescence imaging, there is no 
endogenous tissue bioluminescence; therefore, 
all detected light directly results from the 
 luminescent reporter. Nevertheless, the experi-
mental setup is slightly more challenging com-
pared to fl uorescence. You need to inject luciferin 
and establish the optimal dosage and the optimal 
time to image the animal after injection. 
Nevertheless, the fact that luciferin is able to 
cross the blood–brain barrier (BBB) is especially 
pertinent for GBM imaging [ 86 ,  89 ]. 

 The use of in vivo optical imaging technol-
ogy is emerging as an important addition to the 
array of tools currently available for the study 
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of GBM. The method has been successfully 
used to generate an optically active model of 
intracranial GBM that closely mimics human 
pathology with respect to invasion, angiogene-
sis, and proliferation indices [ 90 ]. Recently, 
Hingtgen et al. reported the development of an 
optical imaging and MRI approach to guide 
GBM resection during surgery and track tumor 
recurrence at multiple resolutions in mice [ 91 ]. 
Human or mouse glioma cells expressing lucif-
erase can be used to monitor tumor growth, 
response to therapy, and to evaluate novel ther-
apeutics using luciferase- based biolumines-
cence imaging (BLI) [ 85 ,  92 ].   

    Checklist of Experiments 
to Develop a Sensitizer 

 The previous section describes various preclini-
cal assays employed to study radiosensitization. 
Based on that, below we have given a checklist of 
experiments one could perform to develop a 
sensitizer:

    1.    Cell viability assay to examine antiprolifera-
tive effects of compound under study and to 
determine time and dosing kinetics.   

   2.    Next perform the gold standard assay of radio-
sensitivity, i.e., clonogenic survival analysis.   

   3.    To perform γH2AX foci, 53BP foci and comet 
assay in combination with radiation to analyze 
development of and retention of DNA damage 
activity.   

   4.    If you wish to know which of the repair path-
ways are inhibited, then perform NHEJ and 
HR DNA repair assays.   

   5.    In order to assess which are the effector path-
ways involved, analyze cell cycle checkpoint 
protein levels and cell cycle distribution.   

   6.    Mechanism of cell death can be examined by 
assessment of apoptosis, mitotic catastrophe, 
autophagy, and senescence.   

   7.    Finally, carry out an in vivo mouse xenograft 
and orthotopic models to check for radiosensi-
tivity. The fl uorescently/bioluminiscently 
labeled cells and tumors can be monitored 
using in vivo optical imaging.      

    Phase II Clinical Trials Based 
on the Older Preclinical Models 
of Glioblastoma 

 Previous phase II studies in GBM have employed 
a number of agents, such as hypoxic cell radio-
sensitizers, cytotoxic agents, and targeted agents. 
The rationale for the phase I/II trials was based 
on (1) the understanding or assumption of the 
existence of tumor hypoxia and thus the need to 
exploit this in order to elicit therapeutic benefi t, 
(2) previous success with the agent in question in 
the setting of another cancer, and (3) the under-
standing or perceived understanding of the sig-
naling pathways perpetuating tumor progression 
and resistance to treatment. Too often have 
agents been selected for phase I/II trials based on 
the presumption that they may be effective with-
out extensive or any preclinical research to guide 
dose, timing, or response. In order to increase the 
likelihood of an informative and practice chang-
ing phase II trial, the following two criteria can 
be considered necessary but not suffi cient: 

 The drug exploits a molecular pathway known 
to have a signifi cant association with tumor 
progression or treatment resistance and:

    1.    Preclinical evidence of drug effect in both 
in vitro and in vivo.   

   2.    Correlation with receptor/gene, expression/
tumor, and genotype/biomarkers.     

 Phase II trials involving GBM have evolved: 
new agents aimed at exploiting signaling path-
ways associated with glioma progression and 
treatment resistance, altered administration 
schedules for previously employed agents (e.g., 
dose dense TMZ), new agent combinations (erlo-
tinib and irinotecan with TMZ), altered fraction-
ation for RT, and new radiation modalities (e.g., 
carbon ions). 

 The introduction of new agents into phase II 
trials has increasingly been based on preexisting 
preclinical evidence. This is illustrated in phase 
II trials involving EGFR, mTOR, and VEGF 
inhibitors [ 93 – 95 ]. In the case of EGFR inhibi-
tors, several have come to the forefront including 
EGFR tyrosine kinas inhibitors (TKI) and EGFR 
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receptor antibodies (Cetuximab) and have led to 
a number of phase I and II trials. RTOG 0211 is 
one such trial of EGFR TKI with extensive 
preclinical evidence. EGFR expression and acti-
vation has been shown to be upregulated in gli-
oma [ 96 ,  97 ]. Preclinical work involving the 
agent ZD1839 (Iressa/Gefi tinib) showed that it 
was found to inhibit tumor proliferation in a 
panel of glioma cell lines, inhibit cell cycle pro-
gression through G1S and G2M, and was found 
to induce apoptosis [ 98 ]. Preclinical evidence 
thus exists for Iressa causing tumor regression 
both in a variety of glioma cells lines as well as 
tumor xenografts [ 96 ,  97 ,  99 ]. The phase II trial 
results found that the drug was well-tolerated, but 
did not improve survival beyond that seen with 
standard of care. 

 It is worthwhile noting that the standard of 
care changed in 2005 with the advent of the 
Stupp trial and the survival benefi t identifi ed with 
the administration of concurrent radiation and 
TMZ followed by adjuvant TMZ [ 100 ]. This trial 
also occurred before the TCGA analysis results 
were available and the paradigm at the time sup-
ported the conclusion that glioma signaling 
occurred largely through the EGFR pathway [ 74 , 
 101 ]. No EGFR VIII stratifi cation occurred and 
thus a patient subpopulation possibly responsive 
to gefi tinib could not be identifi ed. Other TKI’s 
(Vandetanib) (VEGF/EGFR pathway) [ 94 ] and 
erlotinib [ 95 ] provided no improvement in 
response as single agents in the recurrent glioma 
setting. The mTOR inhibitors such as temsiroli-
mus also had no single agent activity [ 102 ,  103 ]. 
Part of the reason for the failure of single agent 
therapy is the possibility of pathway redundancy 
in the heavily pretreated patient population 
involved in testing these agents in the recurrent 
glioma setting. Subsequent studies where agents 
were combined with standard of care concurrent 
chemoirradiation with TMZ (bevacizumab, erlo-
tinib), however, also did not result in benefi t 
[ 104 ]. As a result of the lack of clinical benefi t 
identifi ed in single agent phase I/II studies, hori-
zontal (parallel pathways targeting) and vertical 
(downstream) rational drug combinations are 
being explored. 

 The barriers to the translation of successful 
preclinical results into promising new treatments 
in phase II trials are many and not easily over-
come. They relate to the incomplete understand-
ing of tumor heterogeneity and microenvironment 
[ 105 ], which leads to signaling redundancy and 
the impact of cancer stem cells on tumor prolif-
eration and response [ 65 ,  106 ,  107 ]. On a more 
practical note, the pitfalls of phase I/II trials also 
relate to the often heavily pretreated patient pop-
ulation and selection bias inherent in the study 
design. Other issues are lack of molecular end-
points, and in the case of rational drug combina-
tions, lack of preclinical data of the rational drug 
combination effects in vitro and vivo. Most GBM 
phase II trials have had some preclinical data 
preceding them, often a combination of tissue 
culture assay looking at cell survival, apoptosis, 
and downstream signaling as well as subcutane-
ous animal models. Most have not had the benefi t 
of a molecular or genetic stratifi cation of the 
patient population tested in order to determine 
which patients may benefi t most.  

    Conclusions 

 Despite tremendous progress in the past decade, 
GBM remains a challenging disease to treat. 
Even with the recent advances in the understand-
ing of the molecular heterogeneity of the disease 
and its prognostic and predictive value, treatment 
options are limited. This chapter enumerates 
methods and protocols employed in the fi eld of 
radiobiology. It highlights the more clinically 
relevant protocols in an attempt to fi nd 
 next- generation radiosensitizers. Although the 
current standard of care has improved overall 
survival to 14 months, there is no standard of care 
for recurrent GBM patients. After initial therapy 
fails, therapeutic options are limited and gener-
ally not very effective. At present, in the recur-
rent setting, re-irradiation is more frequently 
employed. Therefore, it is very important to have 
better understanding of GBM radiobiology, and in 
combination with well-designed assays, it is nec-
essary to identify more putative radiosensitizers. 
The current advances in molecular studies 
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indicate that standard of care is not always the 
best option for every patient. The underlying 
molecular aberrations could be incorporated in 
deciding the best treatment regimen and outcome 
trying to deliver a personalized medicine for 
individual patients. Rockne et al. have proposed 
a mathematical model that facilitates, based on 
standard clinical pre-treatment MRIs, estimation 
of the tumor growth in time and its response 
to radiotherapy [ 108 ]. The current chapter has 
few recommendations to improve current diag-
nostic and prognostic criteria as listed in the 
next session.  

    Future Perspectives 

 The current WHO classifi cation system is solely 
based on morphologic criteria. However, as dis-
cussed in this chapter, GBM tumors have distinct 
molecular signatures that could have a clinically 
signifi cant impact on treatment response and sur-
vival. Molecular and genomic signatures could 
be incorporated into GBM classifi cation to 
improvise the clinical outcomes. The routine 
histological classifi cation should accompany 
analysis of molecular aberrations. TP53 muta-
tions are associated with the proneural subgroup 
of GBM and could be used as a diagnostic bio-
marker by performing immunohistochemical 
analysis on formalin-fi xed, paraffi n-embedded 
tissue (FFPE). Moreover, drugs that potentiate 
p53 function and sensitize tumor cells to chemo-
therapy should be investigated. Currently, the 
EGFR status is not routinely assessed in GBM 
diagnosis. EGFR mutations should be routinely 
performed, as it can offer better therapy deci-
sions. Also, MGMT methylation status would 
offer important prognostic and predictive infor-
mation. The predominant tests for assessing the 
MGMT status include methylation-specifi c PCR 
as well as pyrosequencing. These assays can be 
performed on FFPE tissues [ 109 ]. Assessment of 
IDH-R132H protein in GBM patients who are 
younger than age 50 years should be done 
because of the relatively higher rate of IDH muta-
tions in younger adults with GBM. This has 

proven to be a reliable diagnostic, in addition to 
prognostic, tissue biomarker [ 110 ]. 

 We are very hopeful that the era of personal-
ized medicine is here, which could perhaps one 
day allow a therapeutic regimen that would 
extend patient survival well beyond current 
levels.     
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         Premise and Background 
    Mathematical Models 

 For a long time, the radiobiological subject of 
the well-known radiation resistance of glioblas-
toma (GB) was studied through mathematical 
models (MMs), not differently from other can-
cers. Since the early clonogenic tests on cultured 

malignant glioma cells [ 1 ] dose–response curves 
seem satisfactorily fi tted by MMs, such as the 
Linear- Quadratic (LQ) model [ 2 ] and, in gen-
eral, ionizing radiation (IR) sensitivity and dose- 
fractionation response parameters impacted on 
surviving fraction similarly to other tumors. More 
recently, some peculiarities of the IR-surviving 
fraction’s curves in GB, diverging from LQ model 
at various doses, have been attributed to different 
cell-death pathways and/or repair mechanisms 
of damage to critical molecular targets, requir-
ing more sophisticated formalisms [ 3 ]. Yet these 
aspects are not fully elucidated by the available 
MMs. Hyper-sensitivity to IR of some GB cell 
lines at low doses shows survival curves that have, 
in effect, a different behavior from that expected 
from the LQ MM. This behavior is not related 
to apoptosis, but probably to escape from the 
IR-induced changes that trigger increase in radia-
tion resistance at higher doses through induction 
of DNA-repairing processes, or a greater access 
to repairing enzymes to damaged DNA [ 4 ]. We 
could demonstrate that in a malignant glioma cell 
line (T98G), the high radio-sensitivity at low and 
intermediate IR doses was associated with the 
autophagy cell-death pathway activation and can 
be induced by authophagy enhancement in other 
lines (U373MG) not spontaneously showing this 
behavior [ 5 ]. Thus, MMs might be inadequate to 
an analytic approach to some biological issues. 

 In the clinical scenario, presently GB patients 
are treated with integrated chemo-radiotherapy 
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(CHT-RT) schedules, based on the alkylating 
agent Temozolomide (TMZ) [ 6 ]. In this domain, 
RT works as dichotomic parameter, with a related 
survival relative advantage over surgery alone, 
but this is not clearly dose-dependent according 
to a continuous dose-effect function above 60 
Gy, as normally happens in solid tumors. This 
may be due to several factors, such as lack of 
data—due to the practical diffi culty in safely 
delivering larger doses without damaging healthy 
brain—but generally GB recurs in the full-dose 
volume, thus demonstrating inherent IR resis-
tance to high doses, in most cases. However, 
from a merely hypothetic point of view, the exis-
tence of a dose-response curve up to 75 Gy (that 
is, 34 fractions of 2.2 Gy each−Biological 
Effective Dose (BED) = 92.1 Gy) [ 2 ] can be 
inferred by the LQ model (GB:  α / β  ≈ 10Gy) [ 7 ], 
thus indicating the possibility of a progression- 
free survival above 80 %. Radiobiological math-
ematical formalisms presently keep a role in 
clinical practice of RT of GB, for managing total- 
dose and fractionation issues on empirical 
grounds, but the present knowledge of genomics 
and signal pathways of GB warrants a mechanis-
tic biological approach to basic, translational, 
and clinical research.  

    Molecular Radiobiology of GB 

 This subject is extensively addressed in another 
section of this book (Chap.   9    ). Briefl y, the 
DNA damage response (DDR) machinery may 
lead to non-homologous end joining (NHEJ) 
or homologous recombination (HR) repair: GB 
cells may exhibit enhanced DNA repair after IR 
through up-regulation of DNA repair genes [ 8 ], 
which even more effectively occurs in glioma 
stem-like cells (GSC). Moreover, GB cells may 
lose the physiological regulation of cell-cycle 
checkpoints, through ineffectiveness of the p53- 
dependent tumor-suppressing activity or inhibi-
tion of other checkpoint genes, thus resulting in a 
reduced yield of cell-death by IR. Some receptor 
tyrosine-kinase (RTK) signaling pathways, such 
as those downstream to the Epithelial- Growth 
Factor receptor (EGFR), the Platelet-Derived 
Growth factor receptor-alpha (PDGFRa), the 

vascular endothelial growth factor receptor 
(VEGFR), the Tumor Necrosis factor (TNF), the 
human adhesion-related kinase named AXL, and 
the Notch cascade, may lead signals for increased 
aggressiveness features of GB [ 9 ], including 
IR-resistance. In particular, the EGFR- PI3K- Akt-
mTOR pathway activation, due to amplifi cation/
overexpression of EGFR (very frequent in GB) 
or to its mutant form epidermal growth factor 
receptor variant III (EGFRvIII, lacking the extra-
cellular domain, thus constitutionally activated), 
is responsible for enhanced repair of DNA DSB 
by NHEJ after IR [ 10 ]. 

 As for the clinical setting, the molecular clas-
sifi cation of GB recently identifi ed subtypes with 
different biological and prognostic features, but 
indistinguishable on morphological grounds. An 
aggressive postsurgical therapy, including RT, 
achieves a signifi cantly reduced mortality in the 
classical and mesenchymal molecular subtypes, a 
borderline impact on survival in the neural and no 
effect on the proneural categories of GB [ 11 ,  12 ], 
and highlights the great heterogeneity of this dis-
ease in respect of response to current therapy. We 
reviewed in a chapter of this book the pathology 
and biological markers of prognosis in GB under-
going standard TMZ-RT at the present state-of-
the-art (Chap.   7    ). The present therapeutic options 
to overcome radiation resistance of GB are the 
subject of another section (Chap.   2    ). However, no 
systematic formal attempt was undertaken therein 
to an analysis of the so-called target therapies or 
other ongoing research strategies against molecu-
lar determinants of aggressiveness of GB, includ-
ing RT-resistance, which presently still pertains 
to the translational domain. This is instead the 
subject of the present contribution.   

    Target Therapies Addressing Cell 
Signaling Pathways 

 Novel perspectives in GB treatment derive from 
experimental studies of targeted therapies, either 
alone or combined with traditional RT and CHT 
[ 13 ,  14 ]. However, clinical trials had not yet 
yielded signifi cant results in terms of patient sur-
vival improvement, in spite of substantial 
improvements in knowledge of the biology of this 
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disease and of technological advances and medi-
cal  procedure refi nements. GB is a largely hetero-
geneous cancer, which partly justifi es failure of its 
treatment [ 13 ,  15 ]. Medical community is aware 
of the extreme complexity of GB since more than 
30 years and attempted to individuate suitable 
prognostic parameters, which may help to analyze 
therapeutic results and to drive therapeutic man-
agement. Large scale omics analyses are unravel-
ling GB pathobiological altered pathways, which 
might allow for a more comprehensive discovery 
of prognostic and predictive factors, as well as for 
novel targets for personalized therapies [ 15 ]. 

 In particular, great expectations came from 
the recent assessment of the genomic landscape 
[ 16 ] and, in general, from the progressively 
improved understanding of the signal pathways 
of GB. The strikingly favorable impact of the 
tyrosine-kinase inhibitor imatinib on prognosis 
of chronic myeloid leukemia [ 17 ] and gastro-
intestinal stromal tumors (GIST) (Blanke et al., 
2008), in fact, has led to a diffuse hope that 
unveiling biologic prognostic markers of cancers 
may translate into effective target therapy. 
Unfortunately, this is not the case of GB so far: 
clinical research proceeded through prospective 
trials testing monoclonal antibodies, tyrosine-
kinase inhibitors, or other “biological” agents 
directed against putative determinants of aggres-
siveness, on the grounds of pre-clinical results 
indicating inherent anti- cancer properties, or 
radiation and/or chemotherapy enhancement, 
with no relevant outcome results [ 9 ,  18 ]. Possible 
hypotheses for explaining this discouraging sce-
nario include: molecular signaling redundancy; 
clonal selection (or emergence) of resistant phe-
notypes under treatment; preclinical studies 
mainly addressed to tumor initiating or early- 
growth factors and not to late tumor progression 
mechanisms; diffi culty in penetrating blood–
brain barrier (BBB) by the drugs, etc. [ 18 ]. 

 A shift towards new translational approaches 
is probably necessary. Observational studies can 
be implemented, grounded on large databases 
and heterogeneous data collection from multiple 
sources (i.e., clinical, imaging, laboratory, pathol-
ogy, genomics, proteomics, other molecular biol-
ogy data, etc.), without necessarily anticipating 
the possible study outcome, differently from pro-

spective trial. More information, ontology and 
data standardization, “rapid-learning” machine 
techniques, advanced statistical methods, and 
external validation of the results, are necessary for 
this purpose. This approach could also include as 
a premise the yield of previous prospective trials 
(evidence-based medicine, EBM) or also might 
produce hypotheses to be confi rmed by random 
comparisons, but in general some limits of the 
prospective trials, e.g., selective patients, long 
time, reliability of results only within a restricted 
domain, might be overcome. 

 Recent molecular and genetic studies have 
revealed a plethora of potential new therapeutic 
targets for GB. To date, however, most drugs that 
have made it to clinical evaluation in patients 
with GB have targeted the PI3K/AKT/PTEN/
mTOR pathway, various RTKs (PDGFR, EGFR, 
VEGFR) and the p53 pathway. 

 In fact, the average pathway amplifi cation 
rates in GB are: EGFR 35.7 %, GLI/CDK 4–13.4 
%, MDM 2–9.2 %, and PIK3C2B/MDM 4–7.7 
%. The CDKN2A/ CDKN2B locus was deleted 
in 46.4 % of the combined cases [ 19 ]. Even 
though other groups have found different fre-
quency rates for these gene mutations, the pRB 
and p53 pathways consistently appear to be 
among the most frequently mutated pathways in 
GB. Therefore, treatment strategies targeting 
these signaling pathways may possess broad 
therapeutic potential in GB. 

    PI3K/AKT/PTEN/mTOR 

 Despite compelling evidence that the PI3K/AKT/
PTEN/mTOR pathway is a major oncogenic 
pathway in GB (Fig.  17.1 ), mTOR inhibitors 
have been largely unsuccessful in clinical trials 
to date.

   Rapamycin, temsirolimus, and everolimus, 
fi rst-generation mTOR inhibitors, have been stud-
ied in phase 2 trials both as monotherapy [ 20 – 22 ] 
and in combination with other targeted therapies 
[ 23 – 25 ]. Responses were generally transient; 
signifi cant improvements in progression- free 
survival and overall survival have not been seen 
despite radiographic responses suggestive of bio-
logical activity [ 20 ,  23 – 25 ]. 
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 Several explanations for the lack of clinical 
activity have been elucidated or suggested. 
Between them, activation of mTORC2 and AKT 
stimulated by mTORC1 inhibition is one of the 
reasons that could promote rapamycin resis-
tance [ 26 ]. 

 Currently, rapamycin analogs, dual-targeted 
mTOR complex 1 and 2 agents as well as dual 
mTOR and PI3K-targeted inhibitors are being 
investigated experimentally and in clinical trials 
[ 27 ].  

    RTKs: VEGFR/PDGFR/EGFR 

 Abnormal angiogenesis is one of the hallmarks 
of malignant gliomas as evidenced by gadolinium- 
enhancement on magnetic resonance imaging 
and endothelial proliferation on pathology. 

Specifi cally, tumor growth depends on angiogen-
esis induced by VEGF expression. 

 Bevacizumab, a monoclonal antibody that tar-
gets the VEGF-A ligand, is the most successful 
targeted agent approved for recurrent glioblas-
toma due to high response rates. Based on two 
phase II trials, bevacizumab received accelerated 
FDA approval in 2009 for recurrent adult glio-
blastoma [ 23 ,  25 ,  28 ]. 

 Recently, association of bevacizumab to ini-
tial chemoradiation showed a signifi cantly 
improved progression-free survival in compari-
son with standard chemoradiation alone, without 
overall survival changing [ 29 ,  30 ]. 

 Small-molecule tyrosine kinase inhibitors such 
as imatinib mesylate (which targets PDGFR-a, 
PDGFR-b, c-kit, and c-abl) and sunitinib (which 
targets VEGFR1-3, PDGFR-a, PDGFR-b, Kit, 
Fms-like tyrosine kinase 3 (Flt- 3), and colony 

MDM2

  Fig. 17.1    Three core signaling pathways altered in malignant gliomas: RTK/RAS/PI3K, RB, and p53 (see more details 
Paragraph 2)       
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stimulating factor 1 receptor (CSF-1R)) have 
been tested with only limited success in GB ther-
apy [ 30 – 32 ]. 

 Other VEGFR/PDGFR inhibitors (e.g., 
sorafenib, pazopanib, and vatalanib) [ 33 ] and 
EGFR/ErB2 inhibitors (e.g., lapatinib, erlotinib, 
and gefi tinib) have shown no signifi cant clinical 
and survival benefi ts for GB patients [ 34 – 37 ]. 
 EGFR  is altered in about half of GB, resulting 
from gene mutation, amplifi cation, and gene 
fusion [ 38 ,  39 ]. First-generation EGFR inhibi-
tors, including erlotinib, gefi tinib, and cetux-
imab, a chimeric EGFR monoclonal antibody, 
have demonstrated limited activity in GB [ 35 –
 37 ,  40 ]. In the study by Mellinghoff et al. [ 40 ], 
primary glioblastoma cell lines from patients 
were treated with gefi tinib or erlotinib. They 
found that responsiveness to EGFR kinase 
inhibitors was strongly associated with coex-
pression by the tumor of EGFRvIII and 
PTEN. EGFRvIII, a constitutively active mutant 
variant of EGFR, preferentially activates PI3K–
Akt signaling and can sensitize glioblastoma 
cells to EGFR kinase inhibitors. Loss of PTEN, 
a tumor-suppressor protein that inhibits the 
PI3K signalling pathway (Fig.  17.1 ), may pro-
mote resistance to EGFR kinase inhibitors. 
However, they found this in a small cohort and 
their results were not reproduced in several sub-
sequent studies [ 41 ,  42 ]: resistance mechanisms 
to these agents are probably more complicated. 
A second generation of EGFR-targeted agents 
includes: irreversible inhibitors; pan-Her inhibi-
tors; and multitargeted tyrosine kinase inhibi-
tors targeting EGFR and other tyrosine kinases, 
currently under evaluation. Potential explana-
tions for the general failure of EGFR, PDGFR, 
and VEGFR inhibitors may be the poor ability 
of some inhibitors to penetrate the BBB [ 43 ]. 
Another potential obstacle to better clinical out-
comes may be the concomitant activation of 
multiple RTKs, which undermine the effi cacy of 
single-agent RTK inhibition [ 44 – 46 ]. Clonal 
subpopulations of cells that mutually express 
different RTKs (EGFR, MET, and PDGFR) can 
coexist within single tumors and the stable 
coexistence of different clones within the same 

tumor will have important clinical implications 
for tumor resistance to targeted therapies. The 
application of combined regimens is probably a 
better approach to targeting the heterogeneity in 
RTK signalling.  

    p53/RB/CDKN2A 

 p53 mutations play a particularly signifi cant 
role in the development of secondary GBs and 
are often the earliest detectable genetic altera-
tion in primary brain tumors, as they are present 
in 65 % of precursor low-grade diffuse astrocy-
tomas (Fig.  17.1 ). Mutations in the p53 pathway 
are also detected in primary gliomas, although 
less frequently [ 43 ]. There are currently only a 
few clinical studies targeting p53 in GB. In a 
phase I trial, Lang and colleagues [ 47 ] showed 
that intratumoral injection of a p53-containing 
adenovirus vector resulted in the transfer of the 
p53 gene and expression of functional exoge-
nous p53 in all patients. Moreover, transfected 
cells were only found within a short distance 
from the injection site, suggesting the additional 
benefi t of no systemic viral dissemination. 
Unfortunately, no clear-cut clinical benefi t has 
been shown. 

 Two additional phase I trials evaluating the 
transduction effi ciency and effectiveness of wild- 
type Ad5CMV-p53 gene therapy (NCT00004041) 
or recombinant adenovirus-p53 SCH-58500 
(NCT00004080) in combination with surgery 
have also been completed, but reports have not 
been published to date [ 48 ,  49 ]. 

 Since the pRB pathway, leading to mithosis 
and downregulated by wild-type p53, is inhibited 
by the kinase activity of the CDK4/CDK6/Cyclin 
D complex (Fig.  17.1 ), inhibition of CDK4/6 
may be a novel treatment strategy in GB patients 
with aberrantly expressed pRB. A phase II study 
to determine the effi cacy of PD 0332991 
(Palbociclib), a novel small molecule inhibitor of 
CDK4 and CDK6, in patients with recurrent 
Rb-positive glioblastoma [ 50 ] has also been 
completed, but reports have not been published 
to date.   
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    Current Immunotherapies 

 The term “cancer immunosurveillance” no lon-
ger suffi ces to accurately describe the complex 
interactions that occur between a developing 
tumor and the immune system of the host. 

 Both the innate and adaptive compartments 
participate in the immune process and functions 
not only to protect the host from tumor develop-
ment, but also to “edit” the immunogenicity of 
tumors that may eventually arise in the body. 

 Dunn and colleagues [ 51 ] have appropriately 
proposed the broader term “cancer immunoedit-
ing”, to emphasize the dual roles of immunity not 
only to prevent but also for the shaping of neo-
plastic disease. Therefore, the immune system 
itself may be part of the problem and the mecha-
nisms of tumor escape from immunologic control 
are much more complex than previously thought. 

 Cancer immunoediting process includes three 
phases, the “Three E’s of immunoediting”: 
 Elimination, Equilibrium, and Escape  [ 51 ]. 

  Elimination  involves the immunosurveillance 
of the tumor, as the immune system destroys the 
tumor cells it recognizes. If this phase success-
fully eradicates the developing tumor, it repre-
sents the complete immunoediting process 
without progression to the subsequent phases. 

 In the  equilibrium phase,  the host immune 
system and any tumor cell variant that has sur-
vived the previous phase enter into a dynamic 
equilibrium, wherein lymphocytes exert potent 
and relentless selection pressure on the tumor 
cells that is enough to contain, but not fully extin-
guish, a tumor bed containing many genetically 
unstable and mutating tumor cells. 

 In the  escape phase , tumor cell variants 
selected in the equilibrium phase can grow in an 
immunologically intact environment. This breach 
of the host’s immune defenses most likely occurs 
when genetic and epigenetic changes in the tumor 
cell confer resistance to immune detection and/or 
elimination, allowing the tumors to expand, 
become clinically detectable, and often outpace 
even the destructive effects of chemotherapy and 
radiation. 

 Targeted immunotherapies provide promise 
for inhibiting tumor growth through immune 

activation of tumor-infi ltrating lymphocytes 
(TILs) and decreasing immune tolerance within 
the tumor microenvironment [ 52 ]. There are 
three basic strategies underlying immunotherapy: 
immune-modulating cytokine therapy, passive 
therapy, and active immune therapy including 
cancer vaccines. 

 The latest immunotherapy approaches have 
improved patient survival, provided a greater 
understanding of antitumor immune mecha-
nisms, and resulted in FDA-approved agents for 
an expanding number of malignancies. Recent 
immunotherapy trials have highlighted the 
importance of heterogeneity in the immune 
microenvironment, including wide variability in 
the degree of intrinsic immunogenicity exhibited 
by different tumors. 

 Considerable energy and resources have 
been devoted to developing effective immuno-
therapies for GB. Modern progress in both sys-
temic cancers and GB suggests that these 
efforts may be promising. Tumor-associated 
factors involved with suppression of cellular 
immune responses, in patients with GB, are 
partially known [ 53 ]. The brain parenchyma, 
in fact, is known to be immunosuppressive and 
GB (which originates from brain matter itself) 
has been shown to usurp these mechanisms 
[ 54 ]. Furthermore, the immunosuppressive 
effects of GB are not limited to its microenvi-
ronment. GB is able to induce systemic immu-
nosuppression, limiting the innate defense to 
tumor growth and the effi cacy of adaptive 
immunotherapy [ 55 ,  56 ]. 

    Passive Immunotherapy 

 Today, the best established type of tumor immu-
notherapy is passive treatment with monoclonal 
antibodies (mAbs). Antibody molecules are too 
large to passively cross the normal BBB. Even 
so, the same mAbs that are effective outside the 
brain may also benefi t brain tumor patients [ 57 ]. 
Several factors may contribute. The BBB is 
dynamic, affected by both tumor growth and con-
ventional therapies. Generally, complexes 
formed by a mAb and its target antigen can act as 
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strong immunogens, to stimulate an active 
immune response [ 54 ]. 

 Outside the brain, immune system compo-
nents may act to modulate an active response: 
mAbs against non-tumor antigens are another 
form of indirect activity. Once an active response 
is stimulated, the BBB’s relevance changes [ 54 ]. 
Activated lymphocytes are motile and their nor-
mal traffi c pattern is to survey the brain; these 
metabolically active cells are not blocked by the 
BBB. Both T cells and antibody-forming cells 
can be found in the central nervous system and, 
in turn, can modify the BBB. 

    Passive Cells (Adoptive Transfer) 
 Passive immunotherapy can utilize activated 
lymphocytes, usually T cells, directly. However, 
for brain and other tumors, adoptive transfer of 
activated T cells does not yet give consistent, pre-
dictable, long-term tumor control [ 58 ,  59 ]. 

 It is increasingly necessary to focus on spe-
cifi c roadblocks. One goal is to improve the effi -
cacy and survival of the injected cells [ 58 ,  59 ]. 
Their survival can be increased by preliminary 
depletion of the patient’s own lymphocytes. The 
fact that lymphodepletion can be a byproduct of 
radiation [ 59 ] or chemotherapy [ 60 ] provides one 
rationale for combining conventional treatments 
and immunotherapy for brain tumors. Advantages 
of passive immunotherapy include immediacy, 
fi ne control, and independence from normal 
immune regulation. The short expected survival 
for many brain tumor patients makes immediacy 
important.   

    Active Immunization 

    Vaccines 
 Active immunotherapy aims to stimulate or 
amplify the patient’s own immune response [ 54 ]. 
A common strategy is to provide antigen present-
ing cells (APCs), usually dendritic cells (DCs), 
that have been made to express the target antigen 
(DC vaccine). A technically simpler alternative is 
to combine the antigen with a non-cellular adju-
vant (peptide or protein vaccine), and developing 
new adjuvants is an ongoing goal [ 61 ]. As with 

adoptive transfer, active immunization has shown 
promise against brain tumors and others, but is 
still under development. DCVax-L ®  by Northwest 
Biotherapeutics is currently under scrutiny in a 
phase III trial for newly diagnosed GB cases. The 
phase I/II clinical trials showed that median life 
expectancy for DCVax-L ® -treated patients 
increased to nearly 3 years. DCVax-L ®  uses 
patient-derived tumor and healthy dendritic cell 
tissues to “educate” the innate immune response 
to recognize GB tissue for elimination and has 
been shown to be safe [ 62 ,  63 ]. 

 A recent press release from Agenus on their 
Prophage G100 vaccine details the positive out-
comes of a phase II trial (  www.agenusbio.com    ). 
Prophage Series vaccines are individualized can-
cer vaccines being tested in clinical trials. Each 
Prophage Series vaccine is designed to contain 
the precise signals (antigenic fi ngerprint) of the 
patient’s particular cancer and allow the body’s 
immune system to target only cells bearing this 
specifi c fi ngerprint. Vaccine candidates in the 
Prophage Series contain the heat shock protein, 
gp96. This vaccine is used in conjunction with 
the standard treatment of care. The released 
results of the phase II study indicate that the 
median survival rate had increased to 23.3 
months from the 14.6 months with standard treat-
ment alone (Bloch et al., 2013 Abstract). The 
positive outcome of the multi-institutional phase 
II study has clear promise as a combination ther-
apy. Prophage G100 has not as yet entered a ran-
domized phase III trial. 

 Along this research avenue, Sampson et al. 
[ 64 ] presented the results of their phase II multi-
center trial using the rindopepimut vaccine in 
patients with newly diagnosed EGFRvIII- 
expressing GB. The EGFRvIII is an immuno-
genic, tumor-specifi c mutant protein expressed 
on the cell surface of about one third of 
GB. EGFRvIII functions as a constitutively 
active tyrosine kinase that enhances tumorigenic-
ity and tumor cell migration while conferring 
radiation and chemotherapeutic resistance. 
Expression of EGFRvIII is also an independent 
negative prognostic indicator for long-term sur-
vival for patients with GB. Thus, EGFRvIII 
makes an ideal potential immunotherapy target. 
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Preclinical studies have demonstrated that an 
EGFRvIII-targeted peptide vaccine is immuno-
genic and effi cacious against established intrace-
rebral tumors [ 65 ]. 

 Vaccination eliminated cells expressing the 
EGFRvIII antigen and was associated with sig-
nifi cantly longer PFS and OS than expected. 
Rindopepimut and standard adjuvant TMZ che-
motherapy were administered to 65 patients 
with newly diagnosed EGFRvIII-expressing 
(EGFRvIII+) GB after gross total resection and 
chemoradiation. The toxicity profi le was favor-
able. Grade 3 or 4 events were minimal, and the 
most common adverse event was injection site 
reactions. PFS at 5.5 months was 66 %, median 
PFS was 9.2 months, and median OS was 21.8 
months. As a control, the authors looked at the 
EGFRvIII+ patients from the RTOG 0525 trial 
who matched the eligibility criteria for the ACT 
III trial. They reported that the median OS of 
the ACT III patients (21.8 months) was superior 
to the median OS of the matched RTOG 0525 
patients (16.0 months) [ 66 ]. 

 There are several phase II trials and one phase 
III trial underway for evaluation of tumor lysate 
vaccines. The phase II trial from the same group 
that conducted the phase I study has been recruit-
ing patients since 2010 and compares the effi cacy 
of tumor lysate-pulsed DCs with two adjuvants—
resiquimod, a topical agent to boost cytotoxic T 
cell response, and polyinosinic-polycytidylic 
acid stabilized by lysine and carboxymethylcel-
lulose (poly-ICLC), an agent shown to promote T 
cell infi ltration of gliomas [ 67 ].  

    Anti-PD-1 
 Another attractive approach that is also begin-
ning to receive some clinical validation is target-
ing immunosuppression in the tumor bed. Even if 
a vaccine or T-cell modulation therapy is suc-
cessful, the ability of tumors to counteract 
immune effectors may act to limit clinical bene-
fi t. Of current clinical interest is the PD-1/
PD-L1(-L2) axis. PD-1 is expressed by T cells, 
particularly activated T cells, and binds to its 
ligands PD-L1/L2 that can be expressed by 
potential target cells, thereby rendering the T cell 
unresponsive or “exhausted” [ 68 ]. This axis is 

well-characterized as limiting T cell responses in 
chronic virus infection, but increasingly it is 
thought to play a role in limiting immune 
responses in cancer as well. 

 A variety of tumors, including glioblastoma, 
have been found to express PD-L1 (and 
 occasionally PD-L2). A phase I/II trial of anti-
PD-1 therapy in relapsed GB is currently under-
way (NCT01952769) (Table  17.1 ) [ 71 ].

        Cytokine Therapy 

 Cytokine therapy utilizes mediators of immune 
activation and proliferation to broadly induce an 
anti-tumor immune response. Importantly, while 
cytokine therapy is effective at immune activa-
tion, the immune effects are non-specifi c and 
often lead to extensive systemic toxicities, limit-
ing their use [ 72 ]. Cytokines that have been stud-
ied include gamma-chain cytokines, such as the 
interleukins (IL)-2, IL-7, IL-15, and IL-21 [ 72 ]. 
Cytokines that signal through the common- 
gamma chain are potent growth factors for T 
cells and natural killer cells. IL-2, the γc proto-
type, can mediate antitumor effects as a single 
agent or in the context of multimodality regi-
mens, but is limited by side effects and a propen-
sity for expansion of regulatory T cells. IL-7, 
IL-15, and IL-21 each possesses properties that 
can be exploited in the context of immunother-
apy for cancer. Each has been demonstrated to 
mediate potent vaccine adjuvant effects in tumor 
models, and each can enhance the effectiveness 
of adoptive immunotherapies. Although the 
overlap among the agents is signifi cant, IL-7 is 
uniquely immunorestorative and preferentially 
augments reactivity of naive populations; IL-15 
potently augments reactivity of CD8. 

 Produced by APCs, IL-12 is responsible for 
inducing Th1 immune responses and augmenting 
proliferation of NK and CD8+ T-cells, as well as 
engendering the production of IFN-γ, a marker of 
T-cell activation. IL-12 therapy has resulted in 
increased tumor rejection and local infl ammatory 
responses in mouse models of glioma [ 73 ]. A 
phase I trial [ 74 ]), currently recruiting partici-
pants, involves two investigational drugs: an 
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activator ligand (veledimex—INXN-1001) in 
combination with an Adenovirus Vector 
Engineered to Express hIL-12 (INXN-2001) 
(Table  17.1 ). 

 While cytokine therapy showed some poten-
tial in preclinical studies, initial clinical results in 
tumor regression have been disappointing. This 
may be due to the multiplicity of mechanisms of 
tumor immune evasion in the tumor microenvi-
ronment, such as immune checkpoint interac-
tions, that continues to suppress immune activity 
despite the effects of cytokine therapy. 
Alternatively, local delivery of cytokine may be 
necessary to deliver an intratumoral dose high 
enough to be effective [ 75 ].   

    Oncolytic Viruses 

 Also oncolytic viruses have potential use as a 
treatment for GB [ 76 ]. These viruses are 
replication- incompetent except in specifi c cell 
populations such as tumors. Once the selected 
viruses fi nd their host cell through surface marker 
identifi cation, the viruses undergo lytic expan-
sion, thus destroying the cell population, and 
remain replicative incompetent once the cell pop-
ulation is eradicated. Selectivity of these viruses 
depends on the cell surface expression of targeted 
receptors. EGFRvIII, PDGFR, and IL-13R have 
all been used as selectivity receptors for GB in 
oncolytic virus production. Oncolytic viruses, 
including Herpes Simplex 1, are under investiga-
tion for use in GB. HSV-1M032 is being explored 
as it lacks the y134.5 neurovirulence loci, which 
prevents virus latency and has appropriate bio- 
distribution after intracerebral injection in non- 
human primates with no adverse clinical signs 
[ 77 ]. HSV-1M032 is in a phase I trial, which has 
not been opened for recruitment to date [ 78 ]. 

 GB Adenovirus trials have also begun using 
DNX-2401. Formerly known as Delta-24, this 
adenovirus is selective for GB due to the deregu-
lation of retinoblastoma protein. Delta-24 repli-
cation is dependent on functionally inactive 
retinoblastoma protein. The addition of an 
RGD-4C peptide increases oncolytic activity 
against GB compared to non-RGD-containing 

analogs [ 79 ]. In mouse xenograft models, single- 
dose injections of Delta-24-RGD-4C decreased 
tumor size and increased mouse survival. In a 
phase I trial, 52 % of the 24 patients who received 
a single intratumoral injection of the DNX-2401 
as fi rst-line therapy showed stabilization or par-
tial or complete regression of their disease [ 80 ].  

    Synergism 
with Chemo- and Radiation-therapy 

    Vaccines and Chemotherapy 

 Chemotherapy and immunotherapy have often 
been regarded as independent or antagonistic 
treatment modalities. This assumption is based 
on two considerations. First, cytotoxic chemo-
therapy is associated with severe lymphopenia, 
due to non-specifi c cell death of proliferating 
cells [ 81 ]. Second, chemotherapy-induced cell 
death was presumed to occur through a non- 
infl ammatory apoptotic process or by induction 
of immune tolerance [ 81 ]. In the fi rst case, lym-
phopenia could theoretically curtail immunother-
apy’s effectiveness by depleting the peripheral 
pool of immune cells available for mounting an 
antitumor response. In the second case, chemo-
therapy effects would be either a passive lack of 
immune activation and proliferation or an active 
suppression of antigen presentation by tumor- 
infi ltrating T cells. However, chemo- and immu-
notherapy are no longer considered to be a priori 
antagonistic [ 82 ] and the concept of combined 
chemo-immuno therapy is receiving more atten-
tion [ 83 ]. 

 Antigens suspected to play a role in synergy 
between drug and vaccines therapies included 
EGFRvIII (Table  17.1 ). As previously described, 
a phase II trial (ACT II) compared the use of 
standard TMZ doses of 200 mg/m 2  for 5 days out 
of 4 weeks in conjunction with the EGFRvIII 
vaccine and GM-CSF versus TMZ doses of 100 
mg/m 2  for 21 days out of 4 weeks in conjunction 
with the EGFRvIII vaccine and GM-CSF [ 64 ]. 

 A multicenter, single-arm phase II clinical 
trial (ACT III) was performed to confi rm these 
results [ 70 ]. 
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 The EGFRvIII peptide vaccine (rindopep-
imut) has now moved on to a phase III trial 
(ACT-IV). This 2-arm, randomized, phase III 
study will investigate the effi cacy and safety of 
the addition of rindopepimut to the current stan-
dard of care (TMZ) in patients with recently 
diagnosed glioblastoma [ 84 ]. This study is ongo-
ing but not recruiting participants, and the results 
are not complete. 

 The phase II trial with relapsed EGFRvIII- 
positive glioblastoma, ReACT, is also ongoing 
for administration of EGFRvIII peptide vaccine 
and GM-CSF in combination with bevacizumab 
[ 85 ]. Another phase III trial is designed to evalu-
ate the impact on disease progression and sur-
vival time, as well as safety, in patients following 
treatment with DCVax-L ® . Patients will receive 
the standard of care, including radiation and 
TMZ therapy, and two out of three will addition-
ally receive DCVax-L ® , with the remaining one 
third receiving a placebo. 

 Patients randomized to the placebo arm will 
have the option to receive DCVax-L ®  in a crossover 
arm upon documented disease progression [ 86 ]. 

 These studies serve to emphasize the delicate 
immune balance that can ultimately determine 
the success of a treatment protocol. In practice, 
clinicians may either administer vaccines concur-
rently with chemoradiation (Table  17.2 ) or use an 
interdigitated alternating regimen as a strategy to 
minimize cytotoxic T lymphocytes (CTL) deple-
tion and maximize Treg inhibition. In addition to 
harnessing chemotherapy immune-activating 
effects, immunotherapy may also be used as a 
chemo-sensitizing agent that renders drug- 
resistant tumors more amenable to standard ther-
apeutic options.

   A signifi cant advance in our understanding of 
the plethoric immunomodulatory properties of 
many conventional chemotherapeutic drugs and 
targeted therapeutic agents has been a driving 
force behind the design and development of che-
moimmunotherapeutic strategies. Selected anti-
neoplastic agents, by inducing rapid tumor 
shrinkage, reversing cancer-induced immuno-
suppression, and promoting antitumor cytotoxic 
immune effectors, may create a favorable envi-
ronment, allowing immune-based therapies [ 87 ].  

    Vaccines and Radiation Therapy 

 Ionizing radiation exhibits immunomodulatory 
properties. Historically, RT is considered to be an 
immunosuppressive agent [ 88 ]; T lymphocytes, 
in particular, have been shown to be extremely 
sensitive to ionizing radiation [ 88 ]. Thus, it has 
been easy to assume that radiotherapy is counter-
productive to immunotherapy. 

 However, multiple preclinical and clinical 
observations in recent years have indicated that 
certain patients with cancer obtain greater clini-
cal benefi t from immunotherapy regimens if they 
have been previously treated with RT [ 89 ]. 

 The immunogenic effects of RT can be 
exploited to promote synergistic clinical benefi ts 
for patients receiving combination regimens with 
therapeutic cancer vaccines. 

 RT evokes a spectrum of molecular altera-
tions in the biology of surviving tumor cells, 
defi ned as immunogenic modulation, that renders 
tumor cells more sensitive to attack by antigen- 
specifi c CD8 +  cytotoxic T lymphocytes. The 
molecular mechanisms associated with immuno-
genic modulation include (1) changes in tumor 
cell surface phenotype, (2) modulation of anti-
apoptotic or survival genes, or immune- 
responsive genes or both, (3) modulation of 
antigen-processing machinery components, and 
(4) translocation of calreticulin to the tumor cell 
surface [ 90 ]. 

 Immune activation secondary to apoptotic cell 
death suggests a synergistic role for radiation 
therapy and immunotherapy. Furthermore, recent 
fi ndings strongly show a proinfl ammatory effect 
of radiotherapy that may synergize with thera-
peutic immune modulators. 

 The synergistic effects of radiation and immu-
notherapy have also been reported. The phase I 
study [ 91 ] evaluated a Gene-Mediated Cytotoxic 
Immunotherapy approach for malignant gliomas. 
The purpose of this study was to assess the safety 
and feasibility of delivering an experimental 
approach called GliAtak, which uses AdV-tk, an 
adenoviral vector containing the Herpes Simplex 
thymidine kinase gene, plus an oral anti-herpetic 
prodrug, valacyclovir, in combination with stan-
dard of care radiation. 
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 Another important implication for the poten-
tial use of immunotherapies against GB was 
downregulation of MHC class I and II genes in 
migrating and invading glioma cells [ 92 ]. RT 
increases expression of MHC molecules, thereby 
counteracting a principal strategy for immune 
evasion by GB. Newcomb et al. showed in a 
mouse model that RT increases the expression of 
MHC class I on GL261 glioma cells in vitro and 
increases the expression of β2-microglobulin 
in vivo. When RT is combined with peripheral 
vaccination, it achieves signifi cant long-term sur-
vival rates in animals bearing established, mea-
surable intracranial tumors with an invasive 
phenotype [ 93 ]. The fact that modest doses of 
radiation were required to recover MHC class I 
expression supports the safety of combining 
radiotherapy in trials of immunotherapy for 
patients with recurrent high-grade gliomas who 
are likely to have already received fi rst-line 
radiotherapy. 

 Several additional preclinical and clinical 
experiences have been reported for DCs immu-
notherapy of malignant gliomas and specifi cally 
of glioblastoma multiforme. Pellegatta et al. 
demonstrated the prolonged survival of mice 
with GL261 malignant gliomas treated by intra-
tumoral (IT)-pulsed-(p)DC only or in combina-
tion with subcutaneous-pDC [ 94 ]. 

 Yamanaka et al. have found that patients with 
both IT and intradermal (ID) administration of 
DC ( n  = 7) had a longer survival time than the 
patients with intradermal administration only 
( n  = 11;  P  = .043) [ 95 ]. 

 Results support the idea that IT delivery of 
DC may increase anti-tumor effi cacy by creating 
an IT environment more favorable to the devel-
opment of T-cell-mediated immune responses. 

 Numerous studies showed the synergistic 
effects of EGFR vaccines and RT (Table  17.2 ). 
As published by Heimberger et al. [ 69 ], 
EGFRvIII overexpression is a poor prognostic 
indicator in patients surviving ≥1 year and the 
expression of EGFRvIII is a negative prognosti-
cator for long- term survival. Radiation exposure 
has been shown to result in robust stimulation of 
the EGFRvIII mutant receptor, leading to 
increased tumor survival and expansion. PEPvIII 

(an EGFRvIII-targeted peptide vaccine) was 
administered after the completion of radiation in 
many different trials. In the fi rst clinical trial 
(VICTORI) conducted at Duke University 
Medical Center, PEPvIII was loaded onto autol-
ogous DCs, which were matured and used for 
immunization. In a phase 2 study clinical trial (A 
Complimentary Trial of an Immunotherapy 
Vaccine Against Tumor Specifi c EGFRvIII 
(ACTIVATE)), the OS of vaccinated patients 
was greater than that observed in a control group 
matched for eligibility criteria, prognostic fac-
tors, and TMZ treatment. [ 96 ]. 

 The preclinical studies and early clinical trials 
described here demonstrate that RT can enhance 
the effi cacy of therapeutic cancer vaccines. 
Although these outcomes provide the rationale 
for current clinical trials employing both modali-
ties, further investigation is required to achieve 
synergy and realize the full potential of the com-
bination. Radiation induces a spectrum of immu-
nogenic alterations in tumor biology, ranging 
from immunogenic modulation to immunogenic 
cell death (ICD). These may be harnessed to 
achieve optimal synergy with therapeutic cancer 
vaccines, mAb, and other immunotherapy regi-
mens to maximize clinical benefi t, even for 
patients in whom RT failed or those who have 
limited treatment options [ 97 ].   

    Heavy Ion Radiotherapy 

 In GB, a multiplicity of approaches has been 
investigated in the efforts to enhance traditional 
treatments (RT and CHT). In particular, signal-
ing cascades involved in cell proliferation, apop-
tosis, and angiogenesis achieved major 
importance as targets for GB therapy. Combining 
molecular-targeted therapies and RT or/and CHT 
may allow for reducing toxicities and improving 
treatment outcomes. Also other modalities apply-
ing charged particles can be improved in parallel 
to traditional photon therapy. The emergence of 
heavy ion radiotherapy using carbon ions consti-
tutes an innovative development in the fi eld of 
high-precision radiotherapy. Carbon ions are less 
dependent on the oxygen enhancement ratio 
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(OER) and carbon irradiation-induced apoptosis, 
autophagy, and cellular senescence [ 98 ]. A syner-
gistic role for RT and immunotherapy through 
immune activation secondary to apoptotic cell 
death is recognized. Moreover, via decreased 
expression of integrins, it was shown to inhibit gli-
oma migration. Japanese data indicate benefi cial 
effects of chemo-radiation in combination with 
carbon irradiation in treatment of GB. In a prelimi-
nary phase I/II clinical trial, the survival of patients 
with glioblastoma treated with carbon radiotherapy 
increased in a dose- dependent manner [ 99 ]. A ret-
rospective analysis published by Combs et al. [ 100 ] 
showed that, for GB, an increase in OS by addition 
of a carbon ion boost may be expected in combina-
tion with TMZ. Based on the preclinical experi-
ence, an additive effect of carbon ions may be 
expected to potentially increase outcome. This 
question is currently being evaluated in the 
CLEOPATRA trial. In the Phase II-CLEOPATRA 
study, a carbon ion boost was compared to a proton 
boost applied to the macroscopic tumor after sur-
gery at primary diagnosis in patients with GB in 
combination with after standard RT-CHT with 
TMZ [ 101 ]. No study results are actually posted.  

    Conclusions and Future 
Perspectives 

 The power of molecular-targeted therapy has 
been limited by multiple factors, from complex-
ity of molecular biology underlying gliomagene-
sis to challenges of patient selection to specifi c 
therapies, drug delivery, and evaluation of treat-
ment response. 

 The project that catalogs genomic abnormali-
ties involved in the development of cancer, 
named The Cancer Genome Atlas (TCGA) [ 102 , 
 103 ], published the results of its fi rst study in a 
large GB cohort consisting of 206 patient sam-
ples. Recently, Verhaak et al. subclassifi ed GB 
into proneural, neural, classical, and mesenchy-
mal subtypes by integrating multidimensional 
data on gene expression, somatic mutations, and 
DNA copy number [ 11 ,  12 ]. This classifi cation 
might lead to establishment of personalized ther-
apies for groups of patients with GB. 

 In malignant glioma, other several factors 
such as drug delivery, pharmacological effects, 
and so on limited success of molecular targeted 
therapies in clinical trials. 

 Redundancy and complexity of signaling 
pathways often lead to failure of clinical studies 
with single molecular-targeted agents. While 
research and development of more promising 
molecular-targeted agents are needed in the labo-
ratory, known molecular-targeted agents are 
likely to have synergistic antitumor effects in 
combination. Therefore, adding other therapeutic 
modalities to molecular targeted therapy might 
create new avenues for success. 

 Failure of molecular-targeted therapies may 
be also caused by the discrepancy between PFS 
and OS as endpoints; also the question when and 
how to integrate new therapies into the backbone 
of standard therapy still remains. 

 Similarly, these aspects concern immunother-
apy, where major obstacles to broad clinical 
applicability become progressively more evident. 
Most strategies defi ne only a short-lasting tumor 
rejection, with many patients responding poorly 
to treatment. The precise processes behind this 
high variability of therapeutic effi cacy remain to 
be clarifi ed, but most likely involve high hetero-
geneity of different tumor types as well as poor 
immunogenicity and evolving capability to 
escape immune recognition [ 104 ]. 

 Another area of interest is drug development 
that penetrates or bypasses BBB (like liposomal 
carriers and nanoscale particles). The BBB 
becomes the obstacle for entrance of large or 
water-soluble molecules and limits the ability of 
drugs to reach suffi cient concentration in glioma 
tissue. Focus the attention on new drugs genera-
tion is always more relevant. 

 Some questions also concern RT techniques 
and doses remain open. It’s necessary to maxi-
mize RT effects combining new molecular target 
agents with different radiation schedule, leading 
to management of toxicities without losing the 
possibility of a good tumor response. 

 In summary, global gene expression analysis 
incorporated into patient glioma analysis and 
treatment management might identify predictive 
and therapeutic biomarkers, stratify patients 
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based on molecular characteristics, and provide 
individualized therapies. Additionally, develop-
ment in the investigation of novel molecular- 
targeted agents, multiple combined treatments, 
and integration with standard therapies might 
allow the “molecularly tailored” therapeutic 
strategies to cure GB in the future.     
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          General Introduction 

 Over the past decade, remarkable advances in the 
medical fi eld, and in particular, in cancer care 
have occurred, leading to a tremendous transfor-
mation in the internal medical concept [ 1 ]. 
Starting from an infl exible “one size fi ts all similar 
groups” approach, where the same treatment is 
used for the same kind of tumor, clinical practice 
is moving towards a personalized medicine 
concept with an essential role of decision support 
systems (DSS). 

 Glioblastoma multiforme (GM) is the most 
common primary brain tumor with only few 
available therapies providing signifi cant improve-
ment in survival. Therefore, the development of 
new diagnostic and treatment technologies beside 
the concomitant research progress in pathology, 
biologic biomarkers (e.g., MGMT promoter, 
DNA metilation, IDH, EGFR, etc. [ 2 ]), genom-
ics, and proteomics justifi es the growing trend 
towards “individualized medicine”. 

 The use and role of medical imaging technolo-
gies in clinical oncology has also greatly 
expanded during the last decade from a primarily 
diagnostic and qualitative tool to award a central 
role in the context of individualized medicine 
with a quantitative value. Several studies have 
been developed to analyze and quantify different 
imaging features (e.g., descriptors of intensity 
distribution, spatial relationships between the 
various intensity levels, texture heterogeneity 
patterns, descriptors of shape, etc.) and the rela-
tions of the tumor with the surrounding tissues to 
identify their possible relationship with treatment 
outcomes or gene expressions [ 3 ,  4 ]. 

 Furthermore, multidisciplinary management 
of cancer patients has been proven essential to 
reach a highly individualized treatment. The inte-
gration between different specialists leads to a 
mortality reduction not only cancer-related, but 
also related to concomitant diseases [ 5 ,  6 ]. 

 In this context of progressive technologies and 
treatment innovation, the development of predic-
tive models can answer to the increasing neces-
sity of individualized medicine. Based on 
individual patient features, in fact, predictive 
models, complementing existing consensus or 
guidelines, allow physicians deliver tailored 
treatment. Patient care is transforming from an 
evidence-based treatment into a personalized 
medicine concept (build on an evidence base) 
going from prescription by consensus to pre-
scription by numbers.  
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    Personalized Medicine 

 Personalized medicine is defi ned by the National 
Cancer Institute as “a form of medicine that uses 
information about a person’s genes, proteins, and 
environment to prevent, diagnose, and treat dis-
ease. In cancer, personalized medicine uses spe-
cifi c information about a person’s tumor to help 
diagnose, plan treatment, fi nd out how well treat-
ment is working, or make a prognosis” [ 7 ]. 

 To date, in the medical fi eld and inherently 
also in oncology, clinical practice is based on 
evidence-based guidelines and protocols as 
results of the outcome of randomized clinical tri-
als (RCTs). Although in the past decades they 
have had a key role in the defi nition of the treat-
ment strategies in cancer care, RTCs’s popula-
tion is often constituted by a selective group of 
patients, very different from the population seen 
in routine clinical practice. Some patients groups 
are under-represented, including elderly, those 
with comorbidities [ 8 ,  9 ], and patients from 
under-represented ethnic and socioeconomic 
backgrounds [ 10 – 12 ]. Furthermore, the long time 
that it is usually requested to reach the pre- 
established outcome is an intrinsic limitation of 
this kind of research. As a result, the presented 
evidence is often valid for only a subgroup of 
patients and trial results are quickly outdated. 

 Beside RCTs, a complementary form of 
research is progressively emerging that has, in the 
population-based observational studies, its major 
expression. The role of this new research is mostly 
to ensure that the result of clinical trials translates 
into tangible benefi ts in the general population 
[ 13 ]. Given the differences between patients 
recruited to trials and those seen in routine prac-
tice, in fact, small benefi t observed in highly 
selected trial patients is likely to disappear when 
the same treatments are applied in routine prac-
tice. Observational studies are essential to identify 
whether practice has changed appropriately, to 
document harms of therapy in a wider population, 
in patients of different age and with different 
comorbidities, and to determine whether patients 
in routine practice are reaching the expected out-
comes with the expected toxicity [ 14 ,  15 ]. 

 In this new era of individualized medicine, it 
is more and more important to develop support-
ing decision tool, based on models able to pre-
dict different outcomes starting from large 
heterogeneous datasets. Essential, for the 
development of this kind of DSS, is the creation 
of large databases, archives of heterogeneous 
data coming from multiple sources. Numerous 
information that are routinely collected in clini-
cal practice as diagnostic and clinical imaging, 
laboratory data, treatment outcome data, bio-
logic environment, genomics, and proteomics 
are included into large databases. Using inno-
vative “rapid-learning” research techniques, 
these data are simultaneously analyzed in order 
to obtain, from the extraction of knowledge of 
the masses, a benefi t of the individual [ 16 ]. 
From a technical point of view, this large 
amount of data required to create a predictive 
model is necessary not only to provide suffi -
cient statistical power to act as an effi cient and 
reliable predictive tool, but also to validate the 
obtained model. Therefore, a secondary dataset 
is needed for validation of the model, prefera-
bly by external (from a different institution) 
datasets [ 17 ]. Only after external validation, a 
prediction model can be implemented as an 
acceptable decision support tool. 

 In this context, the idea of research is totally 
changed. Heterogeneity of data is now assuming 
a key role against the ab initio defi nition of the 
collecting variables (as in the RCTs). Large 
databases approach requires gathering data 
without knowing beforehand what would be the 
outcomes of the research, which is quite differ-
ent from the fi xed design of a prospective ran-
domized controlled trial. Therefore, a fl exible 
strategy for data collection, data mining, and 
outcome reporting is needed with the possibility 
to add new variables to the large databases in an 
ad-hoc manner. 

 Considering that large database can be created 
combining data coming from various depart-
ments of a single hospital or from multiple insti-
tutes different on a regional, national, and 
international level, integration of information is a 
big challenge for data-sharing initiatives.  

E. Meldolesi et al.



295

    Ontology and Data Standardization 

 The standardization process, essential to univer-
sally defi ne data and procedures that will consti-
tute a large database, is obtained through the 
creation of an ontology. 

 “Ontology” is a compound word, composed 
of onto-, from the Greek ὄντος (òntos) which is 
the present participle of the verb   εἰμί     (eimi), i.e., 
“to be, I am”, and λόγíα (lògia), i.e., “science, 
study, theory”. Ontology formally represents 
knowledge as a set of concepts within a domain 
and the relationships between those concepts. In 
practice, an ontology is a terminological system 
where all the information, related in this case to 
medical disciplines and treatment, are specifi ed 
and organized in a well-defi ned data collection 
model. An ontology collects uniform and unam-
biguous defi nition for each variable and the rela-
tionship between different variables into the 
space and the time concept. Eventually, better 
and unambiguous understanding leads to an 
approach where the research data could be made 
available without differences in interpretation; 
for now and the future. From the perspective of 
computer science, different kind of data can be 
represented in any ontology starting from a 
generic “registry” layer with purely epidemio-
logic information, to a “procedural” level, where 
treatment information and related toxicities are 
reported, up to a higher “research” level where 
dimensional data, such as images, genomics, pro-
teomics, etc., are collected [ 18 ]. Therefore, in the 
development of an ontology, the information can 
grow both in terms of variety and granularity, 
until the idea of clinical large database [ 18 ]. 

 Furthermore, the formalization of any ontology 
can grow from a simple dictionary, where the 
meaning of the terms is described in natural lan-
guage, toward a more and more formal expression 
resulting also from the sharing of the defi nitions 
between different institutions on a local, national, 
or international level. At the cost of increasing 
complexity and formalism that enriches the lan-
guage with more and more complex constructs 
representing relationships between variables, dif-
ferent techniques can be used for representing 
richer knowledge contents. In this context, the 
most frequently used model to represent data dis-
tribution is the Semantic Web, developed by Tim 
Berners-Lee [ 19 ]. For the Semantic Web technol-
ogy, data is represented by triplets (subject, predi-
cate, object) using the Resource Description 
Framework (RDF) language [ 20 ]. 

 The interaction between elements of multiple 
triplets is defi ned inside an ontology through a 
different language (RDFS or OWL) allowing 
informatics system to automatically generate 
inference from any exploitable data source. 
Software agents can easily parse and make infer-
ence on big data repositories applying formal- 
ontologies on explicitly declared facts to infer the 
entire set of facts logically inferable. 

 The power of the semantic web is the extremely 
simple, however fl exible RDF representation (one 
table with three columns) (Table  18.1 ), as well as 
the federated nature of the web where both data 
and knowledge can reside at multiple locations 
on the internet and can be queried using SPARQL, 
the query language of the Semantic Web [ 21 ].

    Furthermore, a distributed learning approach is 
able to learn from the collected data creating a 

     Table 18.1    Examples of “semantic” triple representation [ 18 ]   

 Subject  Predicate  Object example (URL)  Reference 

 Patient  hasBeenDiagnosedWith  Malignant neoplasm of rectum,   http://purl.bioontology.
org/ontology/ICD10/C19     

 ICD-10 

 Patient  hasBiologicalSex  Male,   http://ncicb.nci.nih.gov/xml/owl/EVS/Thesaurus.
owl#C20197     

 NCI Thesaurus 

 Female,   http://ncicb.nci.nih.gov/xml/owl/EVS/Thesaurus.
owl#C16576     

 Disease  hasStageFinding  T1 Stage fi nding,   http://ncicb.nci.nih.gov/xml/owl/EVS/
Thesaurus.owl#C48720     

 NCI Thesaurus 
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model without the need for data to leave the 
individual hospital. A distributed machine learn-
ing algorithm is able, through a local learning 
application which is installed at each hospital, to 
create a local model that is sent to the central 
server. Starting from the integration of all the sin-
gle models, a consensus model is generated and 
sent back to each hospital for refi nement. After 
pre- established convergence criteria are met, it 
is possible to create a fi nal consensus model 
(Fig.  18.1 ). This method works for a variety of 
models as described in literature [ 22 ].

       Radiomics and Imaging Analysis 

 In medical fi eld and inherently also in oncology, 
the imaging technologies have always had a key 
role in the identifi cation and staging of a cancer 
disease being fundamental for the defi nition of 
the treatment procedure. During the last decade, 
we have witnessed an important change of the 

medical imaging concept coming from a diagnos-
tic, qualitative position to award a central role in 
the context of individualized medicine with the 
identifi cation of numerous measurable features. 

 The term “Radiomics” is a relatively new term 
that was used in several studies to indicate the 
extraction of large amounts of features from 
radiographic images with the intent of creating 
mineable databases [ 3 ]. The goal of Radiomics is 
to convert images into mineable data, with high 
fi delity and high throughput [ 4 ]. 

 Until last decade, texture heterogeneity, 
characteristics of shape, volume, and intensity 
distribution of the tumor, were only analyzable, on 
the acquired images, in a qualitative way. In this 
new Radiomics era, images are fractionated in 
order to identify specifi c patterns and/or descrip-
tor that could be quantifi ed and easily reproduced 
in a consistent manner in different institutions. 

 Considering the different gray scales inside the 
tumor image, it was possible to identify and 
quantify not only some descriptors (e.g., descriptors 

  Fig 18.1    Distributed machine learning fl ow [ 23 ]       
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of shape, texture, and optical porosity), but also 
the relationship between the tumor and the 
surrounding tissues in a bidimensional and tridi-
mensional way [ 3 ,  4 ]. 

 Despite all this technological progress, it is 
still a long way to identify the numerous hetero-
geneity’s patterns characteristics of different 
tumors. However, it is clear how these patterns 
could highly contribute to choose the better 
treatment strategy for each single patient.  

    Prediction Models 

 Over the past decade, medical doctor had to face 
numerous and remarkable challenges in oncology 
that have progressively moved toward a personal-
ization of the treatments. In this context of grow-
ing technologies and treatment’s innovation, 
predictive models achieve a relevant role, beside 
the existing consensus and/or  guidelines, in help-
ing clinicians in daily clinical practice. 

 The methodological process to develop a DSS 
is depicted in Fig.  18.2  [ 1 ].

   A large heterogeneous database is required to 
store all the information without knowing before-
hand what would be the research's topic. From 
the hypothesis, it is determined which features 
should be included in the learning effort. 
Bayesian network is usually considered the best 
approach [ 24 ] to impute for the missing data and 
to detect and correct bias into the initial dataset, 
to improve data quality. After this pre-processing 
step, it is possible, through a machine learning 
procedure, to analyze the different features listed 
in the large database and obtain a model repre-
senting the distribution of the same features and 
their relationship inside the dataset. 

 Beside common medical statistics approaches 
(Cox proportional hazard model [ 25 ], logistic 
regression [ 26 ] etc), the usage of different machine 
learning algorithms (Bayesian network [ 27 ,  28 ], 
decision trees [ 29 ], support vector machines [ 30 ], 
neural networks [ 31 ], genetic algorithm [ 32 ], etc.) 
leads to the possibility of creating predictors char-
acterized by different performance and usage 
related to the fi nal outcome. To obtain a reliable 
and consistent DSS and able to work properly 

also in a different environment from where it was 
created, it is necessary to validate the new model 
(training set) preferably by external dataset (vali-
dation set) [ 1 ,  17 ]. 

 Considering the performance, the Receiving 
Operating Characteristic (ROC) and its equiva-
lent Area Under the Curve (AUC) are the most 
used measurement units (Fig.  18.3 ). However, it 
is important to know that the ROC is not always 
applicable to all the predictor: in such cases dif-
ferent indicators could be used (accuracy, sensi-
tivity, specifi city, F-score, etc.).

   To date, European Organization for Research 
and Treatment Cancer (EORTC) has developed 
several interactive DSS related to either primary or 
recurrent glioblastoma (Table  18.2 ). These surviv-
al’s prediction models are currently used in clinical 
practice beside the existing consensus and/or 
guidelines, helping clinicians in choosing the better 
treatment strategy for each single patient. 

 Medical doctors and/or patients can use predic-
tive models in a variety of ways. Graphical calcu-
lating devices as nomograms [ 25 ,  33 ] are one of 
the most common forms of predictive device, 
beside the even more appealing interactive website 
(Table  18.2 ). Furthermore, in this era of techno-
logical progress, the possibility to create specifi c 
applications for devices of new generation is also 
very interesting (e.g., cell- phones, tablet, etc.).  

    Perspectives in Glioblastoma 

 GM is the most common primary brain tumor, but, 
even now, only few available therapies providing 
signifi cant improvement in survival are known. In 
the past decade, the possibility to use more and 
more sophisticated technologies allowed to deal 
with numerous challenges obtaining a tremendous 
infl ux of data describing molecular and genomic 
alterations in the pathogenesis of GM [ 34 ]. 
Notwithstanding this explosion of knowledge, the 
early clinical data from the usage of selective thera-
pies developed on these identifi ed aberrations are 
largely disappointing. The wide heterogeneous 
nature of this disease and the possibility for the 
tumor to change mutations during its progression, 
beside the well-known diffi culty of neuro-oncology 
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drugs to penetrate the blood–brain barrier, can par-
tially justify the large ineffectiveness of the most 
current molecular- targeted therapies. Despite these 
discouraging initial results, it is still very reasonable 
to believe that in the era of “individualized medicine” 
genomically and molecularly driven research in 

combination with multiple patients- specifi c 
data (clinical, pathological, biological, proteomics, 
imaging, etc.) will ultimately be successful. 

 Recent studies have demonstrated how the 
interaction between an imaging’s quantitative 
analysis and specifi c gene and microRNA tumor 

  Table 18.2    Examples of interactive decisional support systems (DSS) related to glioblastoma, currently used in clini-
cal practice   

 Institution  Prediction model  Web link (URL) 

 European Organisation for 
Research and Treatment of Cancer 
(EORTC) 

 Prediction of survival in general 
GMB population 

   https://www.eortc.be/tools/gbmcalculator/
model1.aspx     

 European Organisation for 
Research and Treatment of Cancer 
(EORTC) 

 Prediction of survival in patients 
treated by RT/TMZ (MGMT 
methylation status unavailable) 

   https://www.eortc.be/tools/gbmcalculator/
model2.aspx     

 European Organisation for 
Research and Treatment of Cancer 
(EORTC) 

 Prediction of survival in patients 
treated by RT/TMZ (MGMT 
methylation status available) 

   https://www.eortc.be/tools/gbmcalculator/
model3.aspx     

 European Organisation for 
Research and Treatment of Cancer 
(EORTC) 

 Prediction of survival in patients 
with recurrent glioblastoma 

   http://www.eortc.be/tools/
recgbmcalculator/calculator.aspx     

  Fig 18.3    Predictive models       
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expression can be useful as a robust initial prognos-
tic tool in order to personalize therapy for GBM 
patients [ 35 ,  36 ]. Therefore, only through the 
understanding of the gene regulatory network and 
the study of the interaction between molecular 
alteration and different GM’s characteristic fea-
tures, it will be possible to develop better  preclinical 
models that will help physicians to choose the best 
drug or the best combination of drugs for each 
patient in the most effi cient possible way.  

    Conclusions 

 The interaction between the implementation of 
new technologies and the usage of automated 
computer bots has allowed, in the last decade, a 
broad range of researches to be expanded, due to 
the very generalizable and fl exible technology uti-
lized. In oncology, the availability of reliable and 
consistent prediction tools makes possible to 
stratify population in specifi c risk groups for dif-
ferent selected outcomes, identifying patients 
who better than other can benefi t from a specifi c 
treatment procedure. Furthermore, it will also 
stimulate research focused on specifi c risk groups, 
trying to fi nd new treatment options or other com-
binations of treatment options for these sub-
groups. Therefore, personalized medicine can be 
expected not only to save patients from unneces-
sary toxicity and inconvenience, but also to facili-
tate the choice of the most appropriate treatment. 

 Clinicians are now facing two new challenges. 
The fi rst one is represented by the trend towards 
“individualized medicine” trying to consider sev-
eral potential options for each patient in place of 
infl exible “one size fi ts all similar groups” 
approach. Secondly, the new concept of “pre-
scription by numbers” support the moving 
towards a “shared decision making” approach, 
where doctors and patients, evaluating pros and 
cons of different treatment strategy, can actively 
discuss and decide on therapeutic interventions. 

 The development and validation of predictive 
models is a fundamental step to create new soft-
ware able to give the knowledge a different 
dimension. Guidelines and protocols currently 
used in a daily clinical practice will be optimized 

by the usage of predictive models, considering 
that medical doctor will have a more accurate 
idea of the treatment’s possibilities for each 
patient in terms of both survival and side effects. 

 The behavior of specifi c tumor is very diffi cult 
to predict due to their huge intrinsic heterogene-
ity. However, treatment can only become more 
personalized if accurate, science-based decision 
aids are developed, which can offer assistance in 
clinical decision-making in daily practice. 

 Therefore, the poor human cognitive capacity, 
able to discriminate and use not more than 5 
features in a daily clinical practice [ 37 ], can fi nd 
in DSS a valuable help able to compensate for 
this human intrinsic limitation. 

 Finally, considering the important role that 
predictive models could play in the clinical 
practice, clinicians must be aware that although 
they can be very useful with great performances 
and sometimes with a great  p -value, they remain 
only DSS, not decision-makers.     
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      Concluding Remarks 
and Perspectives for Future 
Research                     

     Antonio     Giordano    ,     Giovanni     Luca     Gravina    , 
and     Luigi     Pirtoli    

      After early reports of the usefulness of postoper-
ative radiotherapy (RT) in improving survival 
outcomes of Glioblastoma (GB) after surgery [ 1 , 
 2 ], the almost unanimous opinion in the oncology 
community at present is that the most signifi cant, 
recent improvement in the prognosis of GB 
patients is due to Temozolomide (TMZ) chemo-
therapy (CHT). The results of the well-known 
EORTC/NCIC phase III trial have shown, in fact, 
better outcomes with TMZ CHT concurrently 
and sequentially delivered, as compared to post-
operative RT only; that is, there is a higher 
median (14.6 vs. 12.1 months) and 2-year sur-
vival (26.5 % vs. 10.4 %), with a 37 % decrease 
of risk-of-death [ 3 ]. However, the above results 
should be critically considered, in light of the 

subsequent reports of large database collections 
(Patterns-of-Care Studies) also showing a highly 
signifi cant role and deep impact of modern con-
formal radiation therapy (3D-CRT) on prognosis, 
a result that cannot be demonstrated as the yield 
of random studies, for obvious ethical reasons. In 
a comparison between two large series of GB 
patients collected over subsequent periods (633 
cases, 1997–2001; 1059 cases, 2002–2007) by 
the Italian Patterns of Care Study Group on 
Gliomas, improved survival results were signifi -
cantly related to the adoption of 3D-CRT vs. out-
dated techniques ( p  < .001). This corresponds to 
the same signifi cance level of the introduction of 
TMZ chemotherapy [ 4 ]. However, the overall 
survival results remained poor (median survival: 
9.5 months; 1-, 2-, and 5-year survival, respec-
tively: 62.3, 24.8, and 3.9 %) in this report as well 
as in previous and subsequent similar studies [ 5 , 
 6 ]. In the context of considering that the present 
state-of-the-art treatments affect GB patients’ 
prognosis only to a limited extent, in fact, the 
possibility of further improving the effi ciency of 
RT in disease control by safely increasing radia-
tion effectiveness is relevant. 

 From a radiobiological point of view, radia-
tion dose escalation has not achieved valuable 
results, due both to the radiation vulnerability of 
the brain and to the well-known resistance of GB 
to radiation. These observations emerge from the 
clinical setting, as widely reported in several 
 contributions in the fi rst section of this book, to 
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be major limitations of the therapeutic outcomes. 
So far, in clinical series, a radiation dose-response 
curve is not demonstrated beyond the dose of 60 
Gy, even if it may be hypothesized on theoretical 
grounds [ 7 ]. The diffi culty of increasing tumor 
doses without severe healthy brain damage, even 
with the most advanced RT techniques (with the 
possible exception of particle radiation), may 
partly account for this observation, but the GB’s 
radio-resistance is likely an inherent feature of 
the tumor, linked to an “active” adaptation to the 
radiation threat, probably more effi cient than in 
other neoplasms. 

 This intriguing aspect is presently the subject 
of intensive radiobiology (RB) preclinical 
research, aimed at circumventing the obstacle 
instead of, or besides, escalating radiation dose. 
We dedicated the second part of the book to this 
subject, and the collected papers exhaustively 
address possible radiation enhancement strate-
gies by manipulations active on genetic and epi-
genetic determinants, cell-death pathways, 
microenvironment and hypoxia, glioma stem 
cells, immune system, nanoparticle technology, 
etc., showing many promising results in this 
regard. Nevertheless, revolutionary disclosures 
do not seem to be around the corner and much 
more research is needed. It is our opinion that RB 
research should be aimed at taking into account 
primarily those cues stemming from clinical 
studies, in a closer cooperation between basic 
and clinical investigators than in the past, in order 
to achieve optimal results. Ultimately, clinical 
and preclinical RB of GB cannot satisfactorily 
progress without researchers taking into account 
the continuously evolving, related pathobiology, 
as indicated in the title of this book. 

 Translational aspects are, in fact, the subject 
of the third, and last, section of this book. An 
impressive number of rationales for multimodal 
therapies combining RT with agents hypotheti-
cally effective in modifying radiation sensitivity 
in the above-indicated domains have been the 
subject of recent clinical phase I to III trials and 
continue to emerge as plausible working hypoth-
eses. The general lack of signifi cantly improved 
results by these studies over those achieved by 
the present standard-of-care demands a refl ection 

on translational issues. Targeting putative key 
factors of radiation resistance in clinical trials 
requires previous proofs-of-principle, soundly 
grounded by preclinical in vitro and in vivo 
experiments. This accomplishment is diffi cult to 
achieve in an extremely complex disease, such as 
GB is, due to a limited knowledge of the biologi-
cal–clinical correlations [ 8 ] and the unfulfi lling 
reliability of many markers. These subjects 
should be addressed by further research, even if 
important goals have already been reached 
through the analysis of large datasets, e.g.: those 
regarding the “somatic genomic landscape” of 
GB [ 9 ]. Another limitation for the successful 
translation of preclinical into clinical research 
concerns the usefulness of the yield of clinical 
prospective trials. Some limitations are, in fact, 
relatively small series, selective patients, long 
time periods, and reliability of results only within 
a restricted domain, which make it diffi cult to 
translate the results into generally improved clin-
ical outcomes. 

 In conclusion, both evolved preclinical proto-
cols and research methods are warranted, as well 
as data mining techniques and ontology plat-
forms, based on suitably constructed large data-
bases including both pathobiology and clinical 
parameters. This process may produce very reli-
able working hypotheses for random compari-
sons of radiation-based competitive treatment 
schedules for GB. 

 A fi nal remark might be that the fi eld of radia-
tion sciences, including RB, is different, as com-
pared to pharmacological research, in that in the 
former there usually is not any pressure from the 
industry to obtain a commercial product as soon 
as possible. This is an advantage and a disadvan-
tage at the same time. The advantage is repre-
sented by an independent and not cursory 
preclinical phase, which could be carried out as a 
rule over a suitable time and thoroughly in aca-
demic institutions; the disadvantage by severe 
funding limitations. Funding constraints might 
have contributed to the limited number of signifi -
cant disclosures on radio-sensitizing agents 
against tumors, in particular GB, of relevant clin-
ical value after reliable trials. Public funding and 
the interest of health authorities in encouraging 
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cooperation between independent researchers 
and industry are of the utmost importance and 
should by all means be solicited by the investiga-
tors involved in RB research.    
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