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1. LITERATURE OVERVIEW 
 

1.1. INCIDENCE 

Glioblastoma multiforme (GBM) is the most feared type of primary central 
nervous system (CNS) cancer, not only for poor prognosis, but also because of 
the direct influence on the quality of life and cognitive function. GBM accounts 
for approximately 20–45% of all malignant primary CNS tumors and 82% of 
high grade (WHO grades III and IV) gliomas [1–3].  

Overall, about 27,700 new CNS primary cancers are diagnosed every year in 
Europe, with an annual incidence rate of 4.8 per 100000 person-years for astro-
cytic tumors (including GBM) [4]. Nevertheless, for malignant tumors, the 
incidence rates are highest for GBM, being approximately 2–3 cases per 100000 
person-years in most European and North-American countries [5,3]. The inci-
dence rates of GBM in Estonia are 1.8 cases per 100000 person-years in females 
and 2.2 cases per 100000 person-years in males [6].  

The incidence of GBM increases with age, being more common in older 
adults and uncommon in children. The average age at diagnosis of GBM is 64 
years of age and, for reasons yet unclear, it has demonstrated a clear male 
predilection, being about 1.57 times more common in males than females [3]. 

 
 

1.2. SURVIVAL 

Despite aggressive and combined therapy, median survival of GBM patients is 
still unsatisfactory, extending only up to 15 months [7]. However, few patients 
with GBM (3–5%) survive for more than 3 years and are referred to as long-
term survivors [8]. The relative survival estimates for glioblastoma are quite 
low, since less than 5% of patients survive five years post diagnosis [3,9]. GBM 
survival estimates are somewhat higher for the small number of patients who 
are diagnosed under the age of 20 [3]. Nevertheless, survival times of GBM 
patients have remained largely unchanged for more than 50 years, pointing 
toward the urgent need for more effective treatment choices [10].  
 
 

1.3. CLASSIFICATION AND DESCRIPTION 

The World Health Organization (WHO) classification system groups gliomas 
into 4 histological grades defined by increasing degrees of undifferentiation, 
anaplasia, and aggressiveness [11,12]. Grade I tumors are biologically benign 
and total removal leads to recovery. Grade II tumors are low-grade malignan-
cies that may follow long clinical courses, but early diffuse infiltration of the 
surrounding brain renders them often not totally resectable. Grade III tumors 
exhibit aggressive behaviour characterized by increased anaplasia and mitosis 
over grade II tumors and due to this biological pattern, these tumors progress 
rather quickly. Grade IV tumors, also known as GBM, exhibit more advanced 
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features of malignancy, including vascular proliferation and necrosis and are 
often refractory to radiotherapy or chemotherapy [13,14]. Figure 1 illustrates 
characteristic histological features of GBM (abundant angiogenesis, glomeru-
loid vascular proliferations and necrosis). 
 

 

 
 
Figure 1. Histological characteristics of GBM 
Histological hallmarks of GBM are: abundant angiogenesis (A, x40), microvascular 
proliferations (MP) (B, x40), and necrosis (C, x10).  
 

 
GBM is the most malignant of all astrocytic tumors. GBM is defined by the 
hall-mark features, such as uncontrolled cellular proliferation, diffuse infiltra-
tion, propensity for necrosis, robust angiogenesis, intense resistance to apopto-
sis, and genomic instability [15]. GBM presents with significant intratumoral 
heterogeneity on the cytopathological, transcriptional, and genomic levels. This 
complexity, combined with a putative cancer stem cell (CSC) subpopulation 
and an incomplete (epi)genetic lesions driving GBM pathogenesis, make this 
cancer one of the most difficult to understand and to treat [15].  

On the basis of clinical presentation, GBMs have been further subdivided into 
the primary or secondary GBM subtypes [13]. Primary GBMs account for the great 
majority of GBM cases in older patients, while secondary GBMs are quite rare and 
tend to occur in patients below the age of 45 year. Primary GBM presents in an 
acute de novo manner with no evidence of a prior symptoms or antecedent lower 
grade pathology. In contrast, secondary GBM derives consistently from the pro-
gressive transformation of lower grade astrocytomas, with approximately 70% of 
grade II gliomas transforming into grade III/IV disease within 5–10 year of 
diagnosis [14]. Moreover, only 5% of all cases estimated as secondary glio-
blastomas have histopathological evidence of a precursor low-grade or anaplastic 
astrocytoma [16]. Remarkably, despite their distinct clinical histories, primary and 
secondary GBMs are morphologically and clinically indistinguishable as reflected 
by an equally poor prognosis when adjusted for patient age [14]. 

In majority of patients, GBM occurs as a local disease affecting different 
parts of the brain. However, in rare cases, distant metastases in other organs 
may develop. For example, the presence of metastatic lesions of GBM have 
been described in bones [17–20], lungs [21,18,22–24], heart [24], spleen [25], 
liver [26], cutaneous and subcutaneous tissue [27,28], parotid gland [29–31] and 
lymph nodes [32–34]. It is believed that metastatic glioblastoma cells, like other 
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types of cancer cells, use common dissemination pathways, such as blood and 
lymphatic vessels [35]. Also, next to previously described ways, extraneural 
spread of GBM has been reported [36]. 
 
 

1.4. HEREDITARY SYNDROMES AND  
GENETIC PROFILE 

Most GBMs appear to be sporadic, without any genetic predisposition. Never-
theless, a number of hereditary syndromes are associated with an increased risk 
of glioma, including Cowden, Turcot, Li-Fraumeni and von Hippel-Lindau 
syndromes, as well as neurofibromatosis type 1 and type 2, tuberous sclerosis 
and familial schwannomatosis [9]. This suggests a putative genetic relationship 
but in a small minority, approximately 5% of GBM patients [37]. 

Loss of heterozygosity (LOH) on chromosome arm 10q is the most frequent 
gene alteration for both primary and secondary GBMs [16]. LOH occurs in up 
to 80% of GBM cases and it is reported to be more extensive in primary than in 
secondary GBMs [38]. Mutations in p53, a tumor suppressor gene, are more 
commonly seen in secondary GBM [39]. These mutations are present in more 
than two-thirds of secondary GBMs but rarely seen in primary GBM [16]. 
Epidermal growth factor receptor (EGFR) amplification has been identified as a 
genetic hallmark of primary glioblastomas that occurs in 40–60% of cases 
[40,41]. Amplification or overexpression of MDM2 gene constitutes an alterna-
tive mechanism to escape from p53-regulated control of cell growth. Over-
expression of MDM2 is the second most common gene mutation in GBM [16]. 
Platelet-derived growth factor alpha (PDGFA) gene acts as a major mitogen for 
glial cells. Platelet-derived growth factor receptor alpha (PDGFRA) over-
expression and isocitrate dehydrogenase 1 (IDH1) mutations are some of the 
major genetic alterations found in low grade gliomas, as well as secondary 
GBMs. When the low grade tumors progress toward the high grade secondary 
GBMs, additional changes such as CDK-dependent kinase inhibitor (CDKN2A/ 
CDKN2B) deletion are acquired [42]. PTEN (phosphatase and tensin homolog 
also known as MMAC and TEP1) encodes a tyrosine phosphatase located at 
band 10q23.3. Loss of PTEN function is the most common alteration in primary 
but not in secondary GBMs [43].  

 
 

1.5. RISK FACTORS 

The specific cause of GBM is unknown and identifying various risk factors has 
proven difficult. However, the cause-effect relationship between ionizing radia-
tion and the development of GBM was established with studies that de-
monstrated that children treated with radiotherapy for malignancies like leuke-
mia have a markedly increased risk for developing GBM [44]. Additionally, the 
use of cell phones that are known to release a small amount of non-ionizing 
electromagnetic radiation, has been suggested as possible risk factor for glio-
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mas, especially in the cases of long-term use [45]. Pesticide exposure (possibly 
also during pregnancy), is associated with an increased childhood brain tumors 
risk but no positive association of farm pesticide exposure and glioma risks in 
adults has been identified [46,47]. Head trauma has been suggested as a possible 
risk factor for developing GBM. Although epidemiological studies do not sup-
port a definitive connection between head injury and intracranial glioma, there 
are few case reports of post-traumatic gliomas published [48–53]. Family 
history of any cancer probably is not an important risk factor for adult glioma, 
however, a family history of brain tumors may play a role [54]. Previous studies 
have also found that gliomas are inversely associated with the presence of 
atopic diseases such as asthma, eczema, and hay fever [55]. It has also been 
suggested that viral infections (e.g. human herpesvirus 6, cytomegalovirus, 
simian virus 40) may be associated with the development of GBM by tumori-
genesis through integration of viral genetic material into normal DNA [56–58].  

Preventive measures, such as lifestyle and dietary changes, are ineffective in 
averting gliomas [59]. Moreover, early diagnosis and treatment unfortunately do 
not improve outcomes, precluding the utility of screening for this disease [60]. 

 
 

1.6. CLINICAL PRESENTATION 

The clinical history of patients with GBM is usually short, being less than 3 
months in more than 50% of patients, unless the neoplasm has developed from a 
lower-grade astrocytoma [61,62]. Figure 2 illustrates a clinical course of GBM 
patient treated at Tartu University Hospital. In this patient, symptoms (mainly 
headache) lasted for 3 months before final diagnosis of GBM was established 
after surgery. 

 

 
 
Figure 2. Clinical course of GBM patient treated at Tartu University Hospital 
Computer tomography images were obtained at the time of first onset of headache (left, 
January 2012) and 3 months later (right, April 2012). On the first CT image, tumor was 
not visible but 3 months later contrast-enhancing tumor and very extensive peritumoral 
oedema were present.  
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The character of the symptoms depends highly on the location of the tumor. 
Common symptoms of GBM include headache, seizures, nausea, vomiting and 
hemiparesis, however, due to temporal and frontal lobe involvement (most fre-
quent sites of GBM) symptoms such as progressive memory and neurological 
deficits, as well as personality changes may develop [63,64]. 

Headaches are relatively frequent, present in about 50% of patients at diag-
nosis, but usually with a nonspecific pain pattern [65]. Progressive severity, 
unilateral localization, and new-onset headache in a patient older than 50 years 
are some of the features that may distinguish a tumor-associated headache from 
a benign headache [9]. Seizures manifest in about 20% to 40% of patients, and 
usually a focal onset is reported [66]. As described earlier, cognitive difficulties 
and personality changes may develop and are often mistaken for psychiatric 
disorders or dementia, particularly in elderly individuals [9]. Focal signs such as 
hemiparesis, sensory loss, or visual field disturbances are common and reflect 
tumor location. Also, gait imbalance and incontinence may be present, usually 
in larger tumors with significant mass effect. Papilledema is associated with 
significantly increased intracranial pressure and is now rarely seen because 
imaging is usually obtained at earlier disease stages. Occasionally, the develop-
ment of symptoms is rapid, mimicking a stroke. Speech disorder may be mis-
taken for confusion or delirium [9].  
 
 

1.7. PROGNOSTIC FACTORS 

Radiation Therapy Oncology Group (RTOG) has proposed a prognostic score 
of malignant gliomas based on patient and tumor features (age, Karnofsky 
performance Status (KPS), extent of surgery) [67]. The European Organisation 
for Research and Treatment of Cancer and NCIC Clinical Trials Group 
(EORTC/NCIC) confirmed the prognostic value of recursive partitioning ana-
lysis including only GBM patients [68]. Additionally, German Glioma Network 
findings underline the association of GBM long-term survival with prog-
nostically favourable clinical factors, in particular young age and good initial 
performance score, as well as O6-methylguanine-DNA methyltransferase 
(MGMT) gene promoter hypermethylation [8]. Also, a 20% reduction in the 
hazards of mortality in patients with a specific histological form (giant cell 
GBM) compared to GBM has been reported [69]. 
 
 

1.8. TREATMENT 

Unfortunately, none of GBM treatment choices is curative.  
Upon initial diagnosis of GBM, standard treatment consists of maximal 

surgical resection, radiotherapy, and concomitant and adjuvant chemotherapy 
with temozolomide (TMZ) [14,7,9]. For older patients, less aggressive therapy 
is sometimes suggested, using radiation or chemotherapy alone [70,71].  
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1.8.1. Surgery 

Surgery is the first therapeutic modality for GBM.  
After neuroimaging, patients with suspected malignant glioma should be 

considered for surgical resection, aiming at relieving mass effect, achieving 
cytoreduction, and providing adequate tissue for histologic and molecular tumor 
characterization [9]. In inoperable tumors, stereotactic biopsy may be performed 
for histologic diagnosis, but the limited amount of tissue acquired may preclude 
full molecular characterization.  

The goal of surgery is to achieve gross total resection of the contrast 
enhancing component of the tumor (seen in Magnetic Resonance Imaging, MRI), 
without compromising neurological function (maximal safe resection) [72]. In 
some circumstances, gross total resection may not be possible based on anatomic 
structures invaded by the tumor. Advances in surgical imaging techniques, such 
as intraoperative ultrasound and MRI, diffusion tensor imaging, awake cranio-
tomy, cortical mapping, stereotactic guidance, and fluorescent-guided resection, 
have facilitated delineation of tumor borders and can help optimize maximal safe 
surgical resection [73,74,72]. Therefore, whenever possible, patients should be 
referred for surgery in tertiary care facilities, which provide optimized surgical 
tools (advanced intraoperative monitoring, awake mapping, and functional and 
intraoperative MRI) and allow for adequate handling, processing, and storage of 
the tissue, including comprehensive molecular characterization and tissue pro-
filing that may guide subsequent treatments [9,75]. 

 
 

1.8.2. Radiotherapy 

Although maximal surgical resection remains important, more than 90% of pa-
tients with glioma show recurrence at the original tumor location or within 2 to 
3 cm from the border of the original lesion [76–78]. Therefore, surgical re-
section is combined with adjuvant therapy to prolong survival.  

Since 1978, patients with GBM have been treated by debulking surgery (to the 
extent that is safely feasible) and postoperative radiotherapy [79]. Radiation 
therapy (RT) uses controlled high-energy rays to kill cancer cells by damaging 
directly or indirectly the DNA inside cells making them unable to divide or 
reproduce and delay a recurrence of the tumor. Abnormal cancer cells are more 
sensitive to radiation because they divide more quickly than normal cells. Over 
time, the abnormal cells die and the tumor shrinks. Normal cells can also be 
damaged by RT, but they can repair themselves more effectively. The area where 
the radiation is delivered (called the radiation field) is carefully calculated to 
include the smallest possible amount of normal brain as possible, so called the 
“involved field” (the original area of the tumor plus a small margin around).  

The current standard of care for RT in GBM is focal, fractionated external 
beam radiation therapy (EBRT) to the surgical resection cavity and to a 2–3 cm 
margin of surrounding brain tissue. Usually, 60 Gy of RT is delivered in 
fractions of 2 Gy over 6 weeks [7]. Although radiotherapy is still the corner-
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stone adjuvant treatment in GBM, at the present, the combination of RT plus 
chemotherapy with temozolomide (TMZ) is the most efficacious adjuvant 
therapy after primary resection. Treatment following surgery usually consists of 
6 weeks of RT to the surgical cavity and concomitant TMZ, followed by 6 
adjuvant cycles of TMZ [7]. 

 
 

1.8.3. Chemotherapy 

Chemotherapy refers to the use of medicines to stop or slow the growth of 
cancer cells. Chemotherapy works by interfering with the ability of rapidly 
growing cells (like cancer cells) to divide. Because most of an adult's normal 
cells are not actively growing, they are not affected by chemotherapy, with the 
exception of bone marrow (where blood cells are produced), the hair, and the 
lining of the gastrointestinal tract. Effects of chemotherapy on these and other 
normal tissues cause side effects during treatment. 

Up to 2005, chemotherapy had no demonstrable clinical benefit in GBM, and 
RT alone remained the standard of care after surgical resection [72]. However, in 
2005, a clinical trial demonstrated that concurrent RT and TMZ followed by adju-
vant TMZ significantly prolonged the median survival more than that of radiation 
alone (14.6 months versus 12.1 months; p < 0.001). These findings established the 
therapeutic benefit of TMZ in combination with RT, establishing the so-called 
“Stupp regimen”, standard of care for GBM treatment [7]. 

TMZ is an oral alkylating chemotherapeutic agent that causes DNA damage 
and triggers a cascade of events leading to tumor cell apoptosis [72]. Previous 
studies have shown that patients with an unmethylated DNA repair enzyme O6-
methylguanine-DNA methyltransferase (MGMT) gene are much less responsive 
to TMZ, whereas MGMT methylation confers sensitivity to TMZ in patients 
with GBM [9,72]. 

Implantation of carmustine wafers into the resection cavity is another ap-
proved treatment of GBM [80]. Similar to TMZ, carmustine is a DNA alky-
lating agent. Carmustine is released into the surrounding brain tissue immedia-
tely after tumor resection and its effect last for several weeks [73]. In clinical 
trials, carmustine wafers used in combination with radiation and TMZ have 
been shown to modestly prolong survival in subsets of patients. However, be-
cause there are complications associated with the use of wafers, including 
infection, swelling, need for removal, and impairment of wound healing, they 
are not used routinely at most centers [81,82,80]. 

After first-line treatment, virtually all glioblastoma patients experience di-
sease progression after a median progression free survival of 7 to 10 months 
[83]. Salvage treatments include surgical re-resection, re-irradiation and chemo-
therapy (bevacizumab, TMZ rechallenge, carmustine, lomustine, carboplatin, 
irinotecan) [9,84–86]. Unfortunately, none of the available salvage treatments 
has clearly shown improved survival and likely only benefit in selected patients. 
Treatment choices should be therefore individualized, and clinical trials strongly 
considered. 
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2. INTRODUCTION TO THE STUDY 
 
Since 1978, local radiotherapy, administered after debulking surgery, has been a 
mainstay of standard treatment of GBM patients [79]. Although radiotherapy 
results in excellent local control and cure rates in most solid tumors [87], the 
efficacy of this treatment modality in GBM is extremely limited, resulting only 
in disease stabilization for a few months [79,80,7]. Almost all GBM patients 
(99%) develop fast disease progression and tumor recurrence within or imme-
diately adjacent to the high-dose radiation (60 Gy) volumes [88,89], whereas 
local recurrences are also described after very high doses such as 90 Gy [90]. 
Therefore, GBM, by nature one of the most radioresistant tumors, represents a 
major challenge in neuro-oncology.   

Detailed information about molecular mechanisms of radioresistance of 
GBM is not known. The basis of radioresistance may involve many tumor cell 
and surrounding microenvironment processes, including changes in growth 
factors and their receptors, different signaling and apoptotic pathways and DNA 
repair mechanisms [91–95]. Since there is an urgent need for new treatment 
strategies to improve the chance of survival for the patients of this fast-killing 
disease, precise knowledge about these resistance mechanisms is of great 
importance.  
 
 

2.1. PARP-1 and DNA-PK 

Radiotherapy causes a variety of DNA lesions, including single-strand brakes 
(SSB) and double-strand brakes (DSB) [96]. The lethal lesion is an unrepaired 
or misrepaired DSB produced as part of a complex lesion [97]. 

PARP-1 (Poly(ADP-ribose) polymerase 1) is an enzyme of PARP super-
family that is responsible for most of PARP activity [98]. The most well-known 
role of PARP-1 is the detection of SSB [99]. After binding to radiation-induced 
SSB (damage detection), activated PARP recruits repair enzymes (X-ray repair 
cross-complementing group 1, DNA polymerase-β, DNA ligase III) that are 
involved in base excision repair (BER) pathway. Recruited enzymes process 
broken DNA ends, synthesize missing DNA and seal the gap in DNA [100, 
101].  

DNA-PK (DNA-dependent protein kinase) plays an important role in DNA 
DSB repair by nonhomologous end joining (NHEJ) pathway [102]. DNA-PK is 
a kinase that binds to DNA DSB, phosphorylates, and activates DNA-binding 
proteins (X-ray repair cross-complementing protein 4, DNA ligase IV) [103]. 
Due to interaction of these enzymes, double strand break ends are directly 
ligated [103,104]. Since DNA repair enzyme inhibitors enhance the cytotoxic 
effects of DNA-damaging agents (radiation, chemotherapy), their role in cancer 
therapy is increasingly explored [105]. 
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2.2. CD133 

According to the brain tumor cancer stem cell model, a subpopulation of cancer 
cells possesses the capacity of self-renewal, tumor formation and the capability 
to form progeny with a more restricted fate [106]. In GBM, several stem cell 
candidate markers have been explored, however, out of these, CD133 is the 
most studied [93,107].  

CD133 is a transmembrane glycoprotein which is expressed in different type 
of progenitor cells, including hematopoietic stem cells. CD133+ GBM cells are 
considered stem cells because of their ability to self-renew, differentiate and to 
initiate tumor formation in vivo [108]. An injection of as few as 100 CD133+ 
cells has been shown to produce a tumor that could be serially transplanted and 
resembled phenotypically the patient’s original tumor [108]. 

Previous in vitro and in vivo studies have proposed that CD133+ tumor cells 
represent the cellular population that confers GBM radioresistance and could 
therefore be the source of tumor recurrence after radiation [109].  

 
 

2.3. CD63 

Radioresistance of GBM involves tumor-cell related changes, as well as 
changes that occur in tumor surrounding microenvironment. It has been 
reported that both constituents of tumor microenvironment, inflammatory and 
immune response markers are expressed in GBM [110,111]. Nevertheless, their 
exact role and impact on radiotherapy efficacy is not known. 

CD63 is a lysosomal glycoprotein that is expressed on activated platelets, 
monocytes, macrophages, as well as on granulocytes, T-cells and B-cells [112]. 
Therefore, CD63 represents one of the markers of inflammation and immune 
response that might influence tumor micromilieu and thereby cancer cells.   

 
 

2.4. ANGIOGENESIS, VEGFR-2 

GBM is one of the most angiogenic tumors. Therefore, in recent years, the inhi-
bition of tumor angiogenesis has been an extremely attractive and dominating 
experimental therapeutic strategy in neuro-oncology [113,114]. 

In GBM, at least five mechanisms by which tumors achieve neovascula-
rization have been described: vascular co-option, angiogenesis, vasculogenesis, 
vascular mimicry, and glioblastoma-endothelial cell transdifferentiation [115]. 
Out of these, angiogenesis and vasculogenesis have been most extensively 
studied and described. During angiogenesis, blood vessels arise from sprouting 
and proliferation of endothelial cells from pre-existing vascular network, 
whereas in vasculogenesis, de novo blood vessels are formed through coloni-
zation of circulating bone marrow-derived endothelial progenitor cells that are 
recruited to the tumor [115]. Both previously mentioned mechanisms of neo-
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vascularization are largely regulated via vascular endothelial growth factor 
(VEGF) and its receptor 2 (VEGFR-2) [116]. 

Downstream effects of VEGFR-2 activation in the vascular endothelium 
include cell proliferation, migration, permeability and survival, resulting in neo-
vascularization processes, such as angiogenesis and vasculogenesis [116]. Con-
sequently, this receptor has been very attractive target in the development of 
antiangiogenic drugs (e.g. bevacizumab, sunitinib, sorafenib, vatalanib, van-
detanib, recentin, cediranib) [116]. Unfortunately, a number of these antiangio-
genic drugs (vandetanib, cediranib, sorafenib, sunitinib) have failed to show 
clinical efficacy in different phases of clinical trials both in newly diagnosed 
and recurrent glioblastoma [117–121]. Moreover, the most advanced antiangio-
genic drug in glioblastoma – bevacizumab – did not get approval from The 
European Medicines Agency Committee for Medicinal Products for Human Use 
(CHMP) due to the lack of clinically relevant efficacy [122,123]. All these 
negative trials have caused a lot of frustration since the results do not coin-
cidence with the initial expectations. The reasons of the lack of significant 
clinical efficacy of antiangiogenig drugs, however, are not fully elucidated. 

It has been shown that tumor microenvironment influences GBM treatment 
outcome [95]. Whether inflammatory tumor microenvironment, which is one of 
the characteristic histological features of GBM, affects the expression of 
VEGFR-2 is not clear. 
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3. AIMS OF THE STUDY 
 
The general aim of the study was to identify possibilities to improve the effi-
cacy of radiotherapy and chemotherapy in patients with GBM. 
 
Accordingly, the specific aims were: 
1. To explore, whether higher tumor levels of DNA repair enzymes (PARP-1, 

DNA-PK) contribute to worse treatment results of GBM patients after post-
operative radiotherapy. 

2. To test, whether higher proportion of CD133+ GBM cells (stem cell popu-
lation) contributes to worse treatment results after postoperative radiothe-
rapy. 

3. To evaluate the impact of tumor infiltrating CD63+ inflammatory and 
immune cells on radiotherapy treatment response and survival of GBM 
patients. 

4. To evaluate the impact of tumor microenvironment, particularly inflam-
matory reaction, on the expression of VEGFR-2 – one of the main targets of 
antiangiogenic drugs. 
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4. MATERIAL AND METHODS 
 

4.1. PATIENTS  

All the studies were approved by the Research Ethics Committee of the Univer-
sity of Tartu, Estonia. 

Between January 2006 and December 2008, maximum of 42 patients with 
GBM were treated with postoperative three-dimensional (3D) radiotherapy at 
Tartu University Hospital or North Estonia Medical Centre. Characteristics of 
patients are listed in table 1.  
 
 
Table 1: Characteristics of 42 patients with glioblastoma multiforme 

 
Variable 

 
No of patients (n=42) 

 
Percentage (%) 

Gender 
 Male 
 Female 

Age, years (mean)* 
Radiotherapy dose (mean) 
Chemotherapy** 

 No 
 Yes 

 
23 
19 
 

19–77 (57 years) 
30–60 Gy (54 Gy) 

16 
26 

 
55% 
45% 

 
 
 

38% 
62% 

* Age at the time of operation 
** Used for recurrent disease 
 
 
 

4.2. TREATMENT PLANNING AND  
TREATMENT PARAMETERS 

Treatment planning was performed using CT/MRI scans and TPS XiO CMS 
treatment planning system. The gross tumor volume (GTV) encompassed the 
resection cavity and any residual tumor. A 2–3 cm margin was added to create 
clinical target volume (CTV). Critical tissues were spared (brainstem, chiasma). 
For planned target volume (PTV), 0.5 cm margin was included. Treatments 
were performed using linear accelerators (30–60 Gy in 2.0 Gy fractions; mean 
dose 54 Gy). The prescribed dose was normalized to 100% at the isocenter and 
PTV was covered by 95% isodose surface (ICRU Report 50). None of the pa-
tients received concomitant and adjuvant chemotherapy with TMZ (available 
since 2010). However, for recurrent disease, 26 patients received chemotherapy 
with lomustine (CCNU). 
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4.3. HISTOLOGY  

Surgically excised GBM specimens were immediately fixed in the buffered 
10% formaline (pH 7.4) for 24 hours and subsequently embedded into paraffin 
wax as routinely performed. From the resulting tissue blocks, serial paraffin 
sections of 4 µm were cut and placed on glass slides for standard hematoxylin-
eosin (H&E) stain and immunohistochemistry. The diagnosis of GBM was con-
firmed in the H&E stained slides by 2 independent pathologists. 
 
 

4.4. IMMUNOHISTOCHEMISTRY 

Additional sections were cut from archived paraffin blocks and stained 
according to standard immunohistochemistry (IHC) protocol. 

For immunostaining, solutions and buffers provided by DAKO (Hamburg, 
Germany) were used. The sections were deparaffinized and incubated in the 
target retrieval solution (pH 9.0) in the 96°C thermostated water bath for 40 min 
and afterwards in peroxidase blocking solution for 5 min at room temperature. 
Subsequently, the tissue sections were incubated with the specific antibodies at 
room temperature for 1 hour in humid conditions. After several washings, the 
antigen-antibody complex was visualized by using DAKO REALTM EnVision 
Detection System, Peroxidase/DAB+, Rabbit/Mouse. Diaminobenzidine was 
used as chromogen. Slides were counterstained with hematoxyline, dehydrated 
and coverslipped for light microscopy.  

Characteristics of primary antibodies used for immunohistochemical staining 
are listed in table 2.  
 
 
Table 2: Characteristics of primary antibodies used for immunohistochemical staining 

Primary antibody Supplier Catalogue 
number Dilution 

anti-PARP-1 antibody 
anti-DNA-PKcs antibody 
anti-CD133 antibody 
anti-CD63 antibody 
anti-ICAM-1 antibody 
anti-VEGFR-2 antibody 

Bethyl Laboratories 
Bethyl Laboratories 
Biorbyt Ltd. 
Santa Cruz Biotechnology, Inc. 
Santa Cruz Biotechnology, Inc. 
Santa Cruz Biotechnology, Inc. 

#IHC-00279 
#IHC-00044 
#orb18124 
#sc-5275 
#sc-8439 
#sc-6251 

1:250 
1:250 
1:50 

1:150 
1:100 
1:100 
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4.5. EVALUATION AND SCORING  

Evaluation and scoring of slides are shortly described in table 3. 
 
 
Table 3: Evaluation and scoring of slides 

 
Parameter 

 
Staining 

 
Scoring 

 
Description 

Inflammatory 
reaction 

H&E 
 

Arbitrary score 1–3
 

1= weak inflammation 
2= moderate inflammation 
3= strong inflammation 

Necrosis H&E Percentage (%) Overall extent of necrosis 
PARP-1 staining 
intensity 
(tumor cells) 
 

IHC 
 

Arbitrary score 0–3
 

0= no staining 
1= weak staining intensity 
2= moderate staining intensity 
3= strong staining intensity 

DNA-PK staining 
intensity 
(tumor cells) 
 

IHC 
 

Arbitrary score 0–3
 

0= no staining 
1= weak staining intensity 
2= moderate staining intensity 
3= strong staining intensity 

CD133+ cells 
(stem like cells) 

IHC 
 

Percentage (%) 
 

Proportion of CD133+ cells per 
microscopic field 

CD63+ cells 
(inflammatory and 
immune cells) 

IHC 
 

Number  
 

Number of CD63+ cells per 
microscopic field 

ICAM-1 
(tissue expression) 

IHC 
 

Optical density 
(0–255) 

Pixel values measured by digital 
image analysis 

VEGFR-2 staining 
intensity 
(endothelial) 
 

IHC 
 

Arbitrary score 0–3
 

0= no staining 
1= weak staining intensity 
2= moderate staining intensity 
3= strong staining intensity 

 
 
 

4.5.1. Histology 

H&E stained sections were used to assess two parameters, both determined by 
an experienced pathologist.  

First, the overall extent of necrosis was assessed. For this, the whole section 
of tumor tissue was evaluated and overall proportion (%) of necrosis estimated.   

Afterwards, overall extent of inflammatory reaction was determined. This 
was based on typical visual appearance of inflammation, including presence of 
edema and inflammatory cell infiltration. For the evaluation, an arbitrary score 
ranging from 1 to 3 was applied (1= weak, 2= moderate, 3= strong inflamma-
tory reaction).  
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4.5.2. Immunohistochemistry 

The evaluation and scoring of immunohistochemically stained slides were 
carried out in a blinded fashion.  
 
 

4.5.2.1. PARP-1 and DNA-PK 

The evaluation and scoring of slides were carried out in 5 randomly taken 
microscopic fields at a magnification of × 40. Scoring was performed twice by 
one researcher. 

Immunohistochemical staining intensities of PARP-1 and DNA-PK were 
quantified using an arbitrary score ranging from 0 to 3 (0= no staining; 1= 
weak, 2= moderate, 3= strong staining intensity). GBM tissue displayed mainly 
cytoplasmic expression of PARP-1 and nuclear expression of DNA-PK. There-
fore, for PARP-1 cytoplasmic and for DNA-PK nuclear staining intensities were 
determined. Staining intensities of PARP-1 and DNA-PK positive cells were 
scored for each of five microscopic fields (excluding negative cells and necrotic 
areas). For individual values, the mean of 10 scores (2 x 5 fields) was 
calculated.  

Individual means were used to determine group mean and median values. 
According to median values of PARP-1 and DNA-PK, patients were divided 
into subgroups ≥ median (equal and more than median) and < median (less than 
median). These subgroups were used in survival analysis. 
 
 

4.5.2.2. CD133 

The proportion of CD133-positive (CD133+) cells was determined in 6 random-
ly taken microscopic fields at a magnification of × 40. The evaluation and 
scoring of slides were carried out by 2 independent researchers. 

For individual values, the mean proportion of CD133+ cells (%) was 
determined in 6 microscopic fields. These values were used to evaluate the 
correlation between the assessments of 2 independent researchers. Afterwards, 
the mean proportion of CD133+ cells in 12 microscopic fields (2 × 6 fields) was 
calculated. The proportion of CD133+ GBM cells was determined in areas with 
vital tumor tissue (excluding necrotic areas).  

Individual means of CD133+ cell proportions were used to determine group 
mean and median values. According to the median value of CD133+ pro-
portions, patients were divided into subgroups ≥ median (equal and more than 
median) and < median (less than median). These subgroups were used in 
survival analysis. 
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4.5.2.3. CD63 

The evaluation and scoring of slides were carried out in 5 randomly taken 
microscopic fields at a magnification of × 40. The evaluation was carried out by 
2 independent researchers. 

For individual values, the mean number of tumor infiltrating CD63-positive 
(CD63+) inflammatory and immune cells per microscopic field was determined 
in 5 microscopic fields. These values were used to evaluate the correlation 
between the assessments of 2 independent researchers. Afterwards, the mean 
number of tumor infiltrating CD63+ cells in 10 microscopic fields (2 × 5 fields) 
was calculated. The number of CD63+ cells was determined in areas with vital 
tumor tissue (excluding necrotic areas).  

Individual means of CD63+ inflammatory and immune cell numbers were 
used to determine group mean and median values. According to the median 
value of CD63+ numbers, patients were divided into subgroups ≥ median (equal 
and more than median) and < median (less than median). These groups were 
used in survival analysis. 
 

4.5.2.4. ICAM-1 

For intercellular adhesion molecule 1 (ICAM-1) expression, digital IHC image 
analysis was performed. Tissue expression of ICAM-1 was determined at a 
magnification of × 10. 

IHC digital image analysis was carried out in 6 selected images from each 
slide by using the freeware program ImageJ. The brown-colored area, occupied 
by the immunohistochemical reaction was selected by the color threshold 
filtering tool to substract the hematoxylin-stained areas at the background. Then 
the images were converted to the greyscale and the optical density by the area 
method was measured in pixel values ranging from 0–255. Value 0 represents 
the lightest shade of the color while 255 the darkest shade of the color in the 
image.  

 
4.5.2.5. VEGFR-2 

The evaluation and scoring of slides were carried out in 5 randomly taken 
microscopic fields at a magnification of × 40. The evaluation was performed by 
2 independent researchers. 

For VEGFR-2 expression, two parameters were assessed. First, the number 
of VEGFR-2 positive (VEGFR-2+) blood vessels per microscopic field was 
determined. Additionally, endothelial VEGFR-2 staining intensity was 
evaluated using an arbitrary score ranging from 0 to 3 (0= no staining; 1= weak, 
2= moderate, 3= strong staining intensity).  

For individual values, both parameters were determined in 5 microscopic 
fields. These values were used to evaluate the correlation between the assess-
ments of 2 independent researchers. Afterwards, the mean number of VEGFR-
2+ blood vessels and VEGFR-2 staining intensity in 10 microscopic fields (2 × 



25 

5 fields) were calculated. All VEGFR-2 parameters were determined in areas 
with vital tumor tissue (excluding necrotic areas). 

 
 

4.6. STATISTICAL ANALYSIS  

The SPSS statistical software was used to calculate individual means, group 
means, and standard deviations of the mean as well as median values. In 
addition, the author used Pearson correlation analysis. 

The magnitude of pre-irradiation PARP-1 and DNA-PK expression, the pro-
portion CD133+ GBM cells and the number of tumor infiltrating CD63+ 
inflammatory and immune cells were correlated with the overall survival that 
was defined as the period from the date of operation to the date of death 
resulting from GBM or to the date of last analysis. Survival curves were created 
using the Kaplan-Meier method and differences between the groups were 
compared using the log-rank test. Multivariate analysis was performed using the 
Cox proportional hazards model. Due to small number of patients, maximum of 
4 variables were included into multivariate analysis. A p-value <0.05 was 
regarded statistically significant. 
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5. RESULTS 
 

5.1. PARP-1 and DNA-PK (Paper I) 

5.1.1. Expression of PARP-1 and DNA-PK 

In a normal brain, a weak constitutive expression of PARP-1 and DNA-PK was 
seen. GBM tissue displayed various levels of PARP-1 (mainly cytoplasmic) and 
DNA-PK (nuclear) expression. Figure 3 illustrates low (score 1) and high (score 
3) expression of PARP-1 and DNA-PK in the tumor tissue.  
 
 

 
 
Figure 3. Expression of PARP-1 and DNA-PK in GBM 
Photos illustrate PARP-1 and DNA-PK immunohistochemical staining intensities in 
GBM tissue. A: weak cytoplasmic (score 1) staining intensity of PARP-1, B: strong 
cytoplasmic (score 3) staining intensity of PARP-1, C: weak nuclear (score 1) staining 
intensity of DNA-PK, D: strong nuclear (score 3) staining intensity of DNA-PK. 
 
 
Among individual GBM patients, the magnitude of PARP-1 immunoreactivity 
in the tumor tissue ranged from 1.2 to 2.8 (individual means). The mean and 
median values of PARP-1 expression of the entire study group were 1.96±0.50 
(mean±SD) and 2.0 respectively. There were slightly more patients with high 
(≥median) expression levels of PARP-1 (56%) in the study group. Individual 
levels of DNA-PK expression ranged from 0.8 to 2.8 (individual means). The 
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mean and median values of DNA-PK expression of the entire study group were 
2.02±0.49 (mean±SD) and 2.0, respectively. Similarly to PARP-1, there were 
more patients with high (≥median) expression levels of DNA-PK (65%) in the 
whole study group. 
 
 

5.1.2. Correlation of tumor PARP-1 and DNA-PK expression with 
overall survival 

Thirty two patients had died by the time of analysis. The median overall 
survival of the whole study group was 10.0 months (95% CI 8.1–11.9). The 
overall survival among the patients with low (<median) and high (≥median) 
expression levels of PARP-1 is represented in figure 4. The median survival of 
the patients with low and high tumor PARP-1 levels did not differ significantly, 
being 12.0 months (95% CI 8.3–15.7) and 10.0 months (95% CI 7.9–12.1) 
respectively (p=0.93). In contrast, figure 5 illustrates significant overall survival 
difference between the patients with low (<median) and high (≥median) 
expression levels of DNA-PK. The median survival of the patients with low and 
high tumor DNA-PK levels were 13.0 months (95% CI 10.7–15.3) and 9.0 
months (95% CI 7.2–10.8) respectively (p=0.02).  

DNA-PK expression (HR 3.9, 95% CI 1.5–10.7, p=0.01) and Karnofsky 
Performance Score (KPS; HR 3.3, 95% CI 1.4–8.4, p=0.01) emerged as the 
significant independent prognostic factors for overall survival in the multi-
variate analysis (Table 4).  
 
 
Table 4: Multivariate analysis for overall survival 

 Overall survival 
Variable  p HR (95% CI) 
 
DNA-PK* 
PARP-1* 
Chemotherapy 
Karnofsky performance score 

 
IHC range 0.8–2.8 
IHC range 1.2–2.8 
yes vs no 
<70% vs ≥70% 

 
0.01 
0.12 
0.89 
0.01 

 
3.9 [1.5–10.7] 
0.5 [0.2–1.2] 
1.1 [0.4–2.6] 
3.3 [1.4–8.4] 

 
*Continuous variable; IHC – Immunohistochemical staining intensity; HR – Hazard 
Ratio;  
CI – Confidence Interval 
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Figure 4. Kaplan-Meier analysis of overall survival according to PARP-1 expression 
The median survival of patients with low and high tumor PARP-1 levels did not differ 
(p=0.961). 
 
 

 
 

Figure 5. Kaplan-Meier analysis of overall survival according to DNA-PK expression 
The median survival of patients with low and high tumor DNA-PK levels differed 
significantly (p=0.016). The median survival of the patients with low and high tumor 
DNA-PK levels were 13.0 months (95% CI 10.7–15.3) and 9.0 months (95% CI 7.2–
10.8) respectively.  
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5.2. CD 133 (Paper II) 

5.2.1. Proportion of CD133+ GBM cells 

In GBM tumor samples, the proportion of CD133+ cells varied greatly between 
patients. Figure 6 illustrates low (<median) and high (≥median) CD133+ cell 
proportions in the tumor tissue.  
 
 

 
 

Figure 6. CD133+ stem cells in GBM  
Photos illustrate different proportions of CD133+ stem cells (A: low, B: high) in GBM 
tissue. 
 
 
The proportion of CD133+ GBM stem cells was determined by 2 independent 
researchers whose results were in good accordance (R=0.8, p<0.0001).  

Among individual GBM patients, the proportion of CD133+ stem cells in 
tumor tissue ranged from 0.5% to 82% (individual means). Mean and median 
proportions of CD133+ cells of the entire study group were 33%±24% (mean± 
SD) and 28% respectively. According to individual values, patients were di-
vided into two groups: patients with low (<median) and high (≥median) 
proportion of CD133+ GBM cells. Groups were sufficiently balanced, since 
there were 48% of patients with low (<median) and 52% of patients with high 
(≥median) proportion of CD133+ cells.  

Additionally to IHC the overall proportion of necrosis (%) was determined 
in haematoxylin-eosin stained tissue sections. The mean proportion of necrosis 
of the entire study group was 38%±31% (mean±SD). Correlation analysis, 
based on the individual values, revealed a significant association between the 
proportion of stem-cells and the percentage of necrosis (R=0.5, p<0.01). 
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5.2.2. Correlation of CD133+GBM cell proportion with  
overall survival 

Forty patients had died by the time of analysis. The median overall survival of 
the whole study group was 10.0 months (95% CI 9.0–11.0). Figure 7 illustrates 
the overall survival among patients with low and high proportion of CD133+ 
GBM cells. Their survival times clearly depended on the proportion of CD133+ 
cells (log rank test, p=0.02). Median survival times for patients with low 
(<median) and high (≥median) proportion of CD133+ cells were 9.0 months 
(95% CI 7.6–10.5) and 12.0 months (95% CI 9.3–14.7) respectively. 
 
 

 
 

Figure 7. Kaplan-Meier analysis of overall survival according to CD133+ GBM stem 
cell proportions 
The median survival of patients with low and high proportions of CD133+ stem cells 
differed significantly (p=0.02). Median survival times for patients with low (<median) 
and high (≥median) proportion of CD133+ cells were 9.0 months (95% CI 7.6–10.5) 
and 12.0 months (95% CI 9.3–14.7) respectively. 
 
 
In multivariate analysis (table 5), the proportion of CD133+ cells (HR 2.0, 95% 
CI 1.0–3.8, p=0.04) and Karnofsky Performance Score (HR 2.2, 95% CI 1.0–
4.8, p=0.04) emerged as significant independent prognostic factors for overall 
survival. 
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Table 5: Multivariate analysis for overall survival 
 Overall survival 
Variable  p HR (95% CI) 
 
CD133+ 
Radiotherapy dose* 
Chemotherapy 
Karnofsky performance score 

 
<median vs ≥median 
range 30–60 Gy 
yes vs no 
<70% vs ≥70% 

 
0.04 
0.24 
0.75 
0.04 

 
2.0 [1.0–3.8] 
1.0 [0.9–1.0] 
1.1 [0.5–2.4] 
2.2 [1.0–4.8] 

* Continuous variable; HR- Hazard Ratio; CI- Confidence Interval 
 
 
 

5.3. CD63 (Paper III) 

5.3.1. Numbers of tumor infiltrating CD63+ inflammatory and  
immune cells 

In GBM tumor samples, the numbers of CD63+ cells varied greatly between pa-
tients. Figure 8 illustrates low (<median) and high (≥median) CD63+ inflamma-
tory and immune cell numbers in tumor tissue.  
 

 

 
 

Figure 8. CD63+ inflammatory and immune cells in GBM  
Photos illustrate different numbers of CD63+ inflammatory and immune cells (A: low, 
B: high) in GBM tissue. 
 
 

The numbers of CD63+ cells was determined by 2 independent researchers 
whose results were in good accordance (R=0.8, p<0.0001).  

Among individual GBM patients, the numbers of CD63+ cells per micro-
scopic field ranged from 10.3 to 134.5 (individual means). The mean and 
median numbers of CD63+ inflammatory and immune cells of the entire study 
group were 45.3±27.2 (mean±SD) and 39.6, respectively. According to indivi-
dual values, patients were divided into two groups: patients with low (<median) 
and high (≥median) numbers of CD63+ tumor infiltrating cells. Groups were 
balanced, since there were 50% of patients with low (<median) and 50% of 
patients with high (≥median) numbers of CD63+ cells.  
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In addition to immunohistochemistry, the overall proportion of necrosis (%) 
was determined in haematoxylin-eosin stained tissue sections by an experienced 
pathologist. The mean proportion of necrosis of the entire study group was 
38%±31% (mean±SD). Correlation analysis, based on individual values, 
revealed a significant association between the numbers of CD63+ tumor 
infiltrating inflammatory and immune cells and the percentage of necrosis 
(R=0.5, p=0.004). 

 
 

5.3.2. Correlation of tumor infiltrating CD63+ inflammatory and 
immune cell numbers with overall survival 

Thirty eight patients had died by the time of analysis. The median overall 
survival of the whole study group was 10.0 months (95% CI 9.0–11.0). Figure 9 
illustrates the overall survival among patients with low and high numbers of 
CD63+ tumor infiltrating inflammatory and immune cells. The survival times 
clearly depended on the number of CD63+ cells (log rank test, p=0.003). 
Median survival times for patients with low (<median) and high (≥median) 
numbers of CD63+ cells were 9.0 months (95% CI 8.1–9.9) and 12.0 months 
(95% CI 8.5–15.5), respectively. 
 
 

 
 
Figure 9. Kaplan-Meier analysis of overall survival according to CD63+ inflammatory 
and immune cell numbers 
The median survival of patients with low and high numbers of CD63+ inflammatory 
and immune cells differed significantly (p=0.003). Median survival times for patients 
with low (<median) and high (≥median) numbers of CD63+ cells were 9.0 months 
(95% CI 8.1–9.9) and 12.0 months (95% CI 8.5–15.5) respectively. 
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In multivariate analysis (Table 6), the number of CD63+ tumor infiltrating 
inflamematory and immune cells (HR 2.4, 95% CI 1.2–5.1, p=0.02) emerged as 
significant independent prognostic factor for OS.  
 
 
Table 6: Multivariate analysis for overall survival 

 Overall survival 
Variable  p HR (95% CI) 
 
CD63+ 
Radiotherapy dose* 
Chemotherapy 
Karnofsky performance score 

 
<median vs ≥median 
range 40–60 Gy 
yes vs no 
<70% vs ≥70% 

 
0.02 
0.59 
0.66 
0.13 

 
2.4  [1.2–5.1] 
1.0  [0.9–1.1] 
1.2  [0.6–2.5] 
1.9  [0.8–4.5] 

* Continuous variable; HR- Hazard Ratio; CI- Confidence Interval 
 
 
 

5.4. Inflammation, ICAM-1 and VEGFR-2 (Paper IV) 

5.4.1. Inflammation and ICAM-1 

In individual GBM samples, the extent of inflammation varied, being in the 
whole group 1.9±0.7 (mean±SD). Figure 10 represents GBM tissues with weak 
(A), moderate (B), and strong (C) visual inflammatory reaction.  
 
 

 

 
 
Figure 10. Inflammatory reaction in GBM 
Photos illustrate GBM tissues with inflammatory reaction. A: weak (score 1) 
inflammation, B: moderate (score 2) inflammation, C: strong (score 3) inflammation. 
Note different numbers of tumor infiltrating inflammatory cells. 
 

 
Similarly, individual optical densities of ICAM-1 in GBM tissue varied, ranging 
from to 17.6 to 154.9 pixel values. Group mean optical density of ICAM-1 was 
57,0±27.1 (mean±SD). Figure 11 illustrates GBM tissues with weak (A), 
moderate (B), and strong (C) optical density of ICAM-1. 
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Figure 11. ICAM-1 expression in GBM 
Photos illustrate GBM tissues with different extent of ICAM-1 expression. A: weak 
optical density, B: moderate optical density, C: strong optical density. 

 

5.4.2. VEGFR-2 

VEGFR-2 parameters were determined by 2 independent researchers whose 
results were in good accordance (R=0.8, p<0.0001). 

In GBM tissue sections, the number of VEGFR-2+ blood vessels per micro-
scopic field and endothelial VEGFR-2 staining intensity were 6.2±2.4 
(mean±SD) and 1.2±0.8 (mean±SD) respectively. Figure 12 illustrates GBM 
tissues with weak (A), moderate (B), and strong (C) expression level of 
VEGFR-2 in tumor blood vessels.  
 
 

 
 
Figure 12. VEGFR-2 expression in GBM blood vessels 
Photos illustrate GBM tissues with different endothelial staining intensities of VEGFR-
2 in blood vessels. A: weak (score 1) staining intensity, B: moderate (score 2) staining 
intensity, C: strong (score 3) staining intensity. Note also different numbers of VEGFR-
2+ blood vessels. 
 

 

5.4.3. Correlation of VEGFR-2 expression with  
inflammation and ICAM-1 

The results of correlation analysis are described in table 7. A positive as-
sociation was found between the extent of visual inflammation and VEGFR-2 
staining intensity (R=0.4, p=0.005). Moreover, VEGFR-2 staining intensity 
correlated with the expression level (optical density) of tissue ICAM-1 (R=0.4, 
p=0.026). Additionally, there was a trend toward significant association 
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between the number of VEGFR-2 positive blood vessels and VEGFR-2 staining 
intensity in GBM tissue (R=0.3, p=0.065). 
 
 
Table 7: Correlation of VEGFR-2 expression with inflammation and ICAM-1* 

 
Correlations 

 
p value 

 
Visual inflammatory reaction and VEGFR-2 staining intensity 
Tissue ICAM-1 expression and VEGFR-2 staining intensity 
The number of VEGFR-2+ blood vessels and VEGFR-2 staining 
intensity 

 
p=0.005 
p=0.026 
p=0.065 

* Bivariate Pearson correlation test 
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6. DISCUSSION 
 

6.1. PARP-1 and DNA-PK 

In the present study, we assessed 2 DNA-repair enzymes (PARP-1, DNA-PK) 
in GBM tissue before standard radiotherapy. Our study revealed a weak consti-
tutive expression of PARP-1 and DNA-PK in normal brain tissue. Similarly, 
constitutive expression of PARP-1 and DNA-PK within normal brain has been 
documented in previous human studies [124,125]. A primary function of PARP-
1 and DNA-PK under basal condition is the detection of DNA damage and the 
facilitation of DNA repair to maintain genomic integrity [126,127]. Similarly to 
our findings, the high expression of DNA repair enzymes in GBM tissue has 
been described in other studies [125,128].   

In the present study, the median survival of the entire study group was 10.0 
months. This is in a good accordance with previous studies where postoperative 
radiotherapy has resulted in median survival of 9.0–11.6 months [79,129,80]. 
Since GBM patients had different tumor levels of PARP-1 and DNA-PK, we 
looked whether differences in protein expression influence the treatment 
outcome. Our study showed that survival did not depend on PARP-1 expression 
in tumor tissue, since median survival of GBM patients with high or low levels 
of PARP-1 did not differ. In contrast, survival was significantly influenced by 
the expression level of DNA-PK, showing much shorter median survival of 
patients with high tumor levels (9.0 months) compared to patients with low 
levels (13.0 months). Moreover, multivariate analysis showed that next to the 
well-established prognostic factor KPS [130], DNA-PK expression emerged as 
a significant independent predictor for overall survival. This suggests that GBM 
patients with high tumor levels of DNA-PK are more resistant and respond less 
to standard radiotherapy. 

No clinical studies have been published which compare treatment outcome 
of GBM patients after radiotherapy depending on tumor PARP-1 and DNA-PK 
expression levels. Therefore, the data of the present study cannot be compared 
with similar studies. In spite of that, there are some preclinical studies where 
inhibition of these DNA repair enzymes (resulting in low levels of these 
enzymes) has been tested in GBM cell cultures. The effect of PARP-1 inhibitor 
Olaparib in combination with radiotherapy has been evaluated in four GBM cell 
lines (T98G, U373-MG, UVW, U87-MG) [131]. In three GBM cell lines, 
decrease in surviving fraction of tumor cells, radiosensitization and delayed 
repair of radiation-induced DNA-brakes were seen. However, in U87-MG cell 
line, Olaparib had no effect on radiation sensitivity in 2 independent studies 
[131,132]. This shows that the inhibition of PARP-1 might be insufficient to 
increase the radiosensitivity of GBM, which is also suggested in our study.  

Previous in vitro studies have demonstrated that DNA-PK-deficient cell line 
(MO59J) is approximately 30-fold more sensitive to radiation than DNA-PK-
proficient cell line (MO59K) [133]. Moreover, specific DNA-PK inhibitors 
SU11752 and wortmannin have demonstrated to sensitize GBM cells (MO59K) 
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to radiotherapy [134]. Interestingly, SU11752 alone did not affect GBM cell 
survival. However, in combination, SU11752 sensitized cells fivefold to 
ionizing radiation at 2 Gy with even more pronounced effect at higher radiation 
doses. Most recent in vitro study confirmed that novel DNA-PK inhibitor 
NU7741 increased the cytotoxicity of irradiation by twofold in MO59-Fus-1 
cells (DNA-PK-proficient) whereas it had no effect on MO59J cells [135]. 
NU7741 decreased the repair of radiation-induced DSB and inhibited also 
homologous recombination activity (assessed by Rad51 foci) in a DNA-PK 
dependent manner. This shows that there is a potential cross talk of DNA-PK 
with another important DNA repair pathway – homologous recombination. 
Additionally, specific inhibition of DNA-PK with short hairpin RNA (shRNA) 
has been shown to radiosensitize glioma-initiating cells [136].  

Since only high expression of DNA-PK correlated with poor survival of 
GBM patients, the repair of DSB rather than SSB might have a prognostic 
value. Similarly, previous experimental studies have shown that the incidence of 
cell killing, and higher response to radiotherapy do not correlate with the 
induced number of SSB, but relates better to the incidence of DSB [15]. 
Radiotherapy has been shown to produce equivalent number of DNA lesions in 
MO59J (DNA-PK-deficient) and MO59K (DNA-PK-proficient) GBM cell lines 
[137]. Nevertheless, significant DNA damage repair was evident for MO59K 
cells with a 5.8 fold increase in relative survival, whereas MO59J GBM cells 
showed little repair capacity. More DSB were repaired by 30 min in MO59K 
cells than in MO59J cells, suggesting that deficient DSB repair may be a major 
determinant of radiosensitivity of GBM cells. 

Present study measured only baseline (preirradiation) levels of PARP-1 and 
DNA-PK expression. Due to study design, changes in these proteins that might 
occur during radiotherapy cannot be described. However, previous in vitro 
study has shown that there is a radiation-induced increase in the activity of 
PARP in glioblastoma cell line A172 [138]. Also, in MO59K cell line, both 
DNA-PK relative protein level and DNA-PK activity have been shown to 
increase in response to irradiation [139]. In contrast, there was no increase in 
DNA-PK protein level and no detectable kinase activity in DNA-PK deficient 
MO59J cells, either with or without irradiation.  

In the present study, only postoperative radiotherapy was used. However, 
radiotherapy alone is no longer standard adjuvant treatment of GBM. In 
countries with access to temozolomide, combined treatment consisting of radio-
therapy and concomitant as well as adjuvant chemotherapy (radiochemo-
therapy) is preferably used [7]. Whether tumor PARP-1 and DNA-PK expres-
sion have the prognostic value for patients treated with combined treatment 
schedule, is not clear. Nevertheless, the effect of DNA repair enzymes on 
combined treatment results is rather plausible since TMZ has been shown to 
produce DNA lesions that are substrates for base excision repair and 
homologous recombination DNA repair pathways [140,141]. In vivo, mice 
treated with combined treatment of PARP inhibitor E7016 plus radiotherapy 
and temozolomide, showed additional growth delay of six days compared with 
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the combination of radiotherapy and temozolomide [142]. Additionally, pre-
vious in vitro studies have reported that in glioblastoma cells (MO59K, 
MO59J), the sensitivity of temozolomide depends on DSB repair efficiency 
since DSB are critically involved in drug-induced apoptosis [143]. 

In conclusion, this hypothesis generating study showed that the survival of 
GBM patients receiving postoperative radiotherapy depends on the tumor 
expression of DNA-PK. Further studies are needed to clarify whether DNA-PK 
inhibitors might have a potential to radiosensitize GBM and improve the 
treatment outcome of this devastating disease.  

 
 

6.2. CD 133 

In the current study, the presence of CD133+ cells in GBM tissue was detected 
by immunohistochemical staining method. The proportion of CD133+ GBM 
stem cells was determined in surgically excised tumor tissue, i.e. prior 
radiotherapy. The study revealed wide variability in the proportion of these 
cells. Among evaluated GBM samples, there were tumors that contained only 
0.5% CD133+ GBM cells but also tissues in which the proportion of CD133+ 
cells was as high as 82%. The variability in CD133+ GBM stem cell propor-
tions has also been reported in studies of 37 and 44 consecutive GBM patients, 
where CD133 expression ranged between 0.5% and 10.0% [144,145]. However, 
in our study, somewhat higher CD133+ GBM cell proportions were detected 
(median 28%) that might be related to the use of different primary CD133 
antibody clone [146].  

Present study revealed the correlation between the proportion of CD133+ 
stem cells and the overall proportion of tissue necrosis. It is widely accepted 
that necrosis typically develops in hypoxic (low-oxygen) environments. In 
GBM, the expression of hypoxia markers (CAIX and HIF-1α) has been shown 
to be especially high in tumor regions containing 10% to 45% necrosis of total 
area [147]. Additionally, it has been reported that tumor-initiating CD133+ 
GBM stem cells are preferentially expanded in hypoxic conditions [147,148]. 
Therefore, hypoxia might have also influenced the proportion of CD133+ GBM 
cells in the present study. 

Additionally to the determination of CD133+ cell proportions, tumor CD133 
expression levels were correlated with GBM patients overall survival. The 
median survival of the entire study group was 10.0 months. However, the 
survival time clearly depended on the proportion of CD133+ GBM stem cells. 
Median survival times for patients with low (<median) and high (≥median) 
proportion of CD133+ cells were 9.0 months and 12.0 months respectively. In 
contrast to what was expected, significantly longer survival times after 
postoperative radiotherapy were achieved in patients with higher stem cell 
proportion. To the knowledge of authors, there are no other clinical studies that 
would have evaluated the prognostic significance of CD133 expression after 
GBM radiotherapy. Nevertheless, clinical series that have used radiochemo-
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therapy (radiotherapy and concomitant plus adjuvant TMZ), which currently 
represents standard-of-care treatment for GBM, have shown opposite results. In 
clinical study of 44 GBM patients, the CD133+ tumor cell proportion of ≥2% 
negatively correlated with overall survival [144]. Additionally, mRNA expres-
sion analysis in 48 GBM patients showed that high sample CD133 mRNA 
expression was a significant prognostic factor for adverse overall survival 
independent of the extent of resection and O(6)-methylguanine-DNA methyl-
transferase (MGMT) gene methylation status [149]. These opposite results may 
be related to other treatment protocol (radiochemotherapy), different primary 
antibody used for CD133 immunohistochemical detection, as well as to the fact 
that mRNA expression study samples contained up to 50% of non-tumor tissue, 
which may also contain CD133 [150]. 

Similarly to our findings, different clinical outcomes were documented in a 
study that divided GBM patients into 2 groups (CD133-low, CD133-high) 
according to CD133+ cell ratio either <3% or ≥3%, as detected by FACS 
analysis (fluorescence activated cell scanning) of primary tumor cultures. 
Namely, tumors from CD133-low GBM patients were shown to have tendency 
to be localized within the deeper structures of the brain, to show more invasive 
growth patterns and ventricle involvement, as well as relatively higher rate of 
disease progression after radiotherapy and chemotherapy [151]. Also, although 
not in primary GBM, significantly longer survival times were detected in 
recurrent GBM patients with higher proportion of CD133+ cells [145]. In 
addition, the multivariate analysis of the present study revealed that next to the 
well-established prognostic factor KPS, CD133+ GBM stem cell proportion 
emerged as a significant independent predictor for overall survival. This clearly 
suggests that GBM patients with high proportion of CD133+ tumor cells 
respond better to radiotherapy and achieve better treatment response that 
consequently result in longer survival times. 

It has been widely accepted that CD133+ GBM stem cells are especially 
radioresistant [109]. The findings of our study point toward the possibility that 
these cells might be, in contrast to what has been believed, radiosensitive. The 
radioresistant nature of CD133+ GBM stem cells has been mainly documented 
in studies that compare isolated CD133+ and CD133- GBM cell lines 
[109,152]. However, when compared to the traditional glioblastoma established 
cell lines that contain heterogeneous cell subpopulations, higher radiosensitivity 
of CD133+ GBM stem cells has been seen. It has been previously reported that 
CD133+ GBM stem cells have a reduced capacity to repair radiation-induced 
double strand brakes (DSBs), which is likely to be a major contributor to the 
relatively greater degree of radiosensitivity [153]. Therefore, the radiosensitivity 
of CD133+ GBM stem cells might be greatly underestimated. 

As mentioned earlier, a correlation between the proportion of CD133+ GBM 
stem cells and the overall proportion of tissue necrosis was found. This shows 
indirectly that also a surrounding microenvironment may contribute to the 
radiation response of GBM stem cells. Indeed, recent publications have con-
firmed this relationship. It has been demonstrated that GBM stem cells 
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irradiated in vivo within orthotopic xenografts are less susceptible to DSB 
induction and have greater capacity to repair damage as compared to same 
tumor cells irradiated under in vitro growth conditions [154]. Moreover, close 
correlation between CD133+ GBM cells and hypoxia [147], vascular structures 
[91], extracellular matrix (ECM) components [93], as well as inflammation and 
immunoregulatory markers [155] have been reported. This all shows that 
radiation response of CD133+ GBM stem cells are determined by a numerous 
known and unknown processes that can be collectively named as “micro-
environment-stem cell unit” [93]. 

In conclusion, our study showed that there is no association between higher 
proportion of stem cells and the aggressiveness of GBM. In contrast, in patients 
with higher stem cell proportion, significantly longer survival times after post-
operative radiotherapy were achieved.  

 
 

6.3. CD63 

It has been shown that both tumor-cell related changes, as well as changes in 
tumor surrounding microenvironment contribute to the inefficacy of standard 
radiotherapy.  

In the current study, we evaluated the role of tumor infiltrating CD63+ in-
flammatory and immune cells, representing one constituent of tumor micro-
milieu, on radiotherapy treatment response and survival of GBM patients. The 
presence of CD63+ cells was detected by immunohistochemical staining proce-
dure, which revealed wide variability in these cell numbers: evaluated tumor 
samples contained from 10.3 CD63+ cells to as much as 134.5 CD63 cells per 
microscopic field. In previous studies, CD63 expression has been evaluated in a 
different manner. For example, CD63 expression has been reported in GBM 
tissue microarray cores as labeling indexes, representing the percentage of 
positively immunostained tissue area [156]. Also, gene expression analyses in 
GBM tumor tissue that always contain also some proportions of non-tumor 
components have revealed higher levels of CD63 [157,158]. However, in these 
previously described studies, it is not exactly clear, whether CD63 expression 
relates more to tumor cells and/or normal tissue compartments, including 
inflammatory and immune cells, which makes the comparison of the studies 
difficult. Our study additionally revealed the association between the numbers 
of CD63+ tumor infiltrating inflammatory and immune cells and the percentage 
of necrosis in GBM tissue. This shows that next to cancer cells, inflammatory 
and immune response might be mediated through other components of the 
tumor microenvironment.  

Median survival time of the entire study group was 10.0 months. Present 
study revealed, however, that the survival time clearly depended on the number 
of tumor infiltrating CD63+ inflammatory and immune cells. Median survival 
times for patients with low (<median) and high (≥median) numbers of CD63+ 
inflammatory and immune cells were 9.0 months and 12.0 months respectively. 
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Therefore, patients whose tumors were infiltrated with higher number of inflam-
matory and immune cells, had better treatment response and lived significantly 
longer compared to those whose tumors had fewer tumor infiltrating CD63+ 
cells. Given the dismal prognosis of GBM, the gain in overall survival of 3 
months is remarkable. To the knowledge of authors, there are no other clinical 
studies that would have evaluated the prognostic signifycance of the amount of 
tumor infiltrating CD63+ inflammatory and immune cells after GBM radio-
therapy. However, it has been shown earlier that co-expression of tissue 
inhibitor of metalloproteinase-4 (TIMP-4) and CD63 is associated with reduced 
survival of GBM patients [156]. In the latter study, however, CD63 expression 
was evaluated in only 3 small GBM tissue microarray cores and reported as 
labeling indexes, representing the percentage of positively immunostained 
tissue area comprising both tumor and inevitably also non-tumor tissue. 
Moreover, in univariate analysis, TIMP-4 and CD63 labeling indexes alone did 
not reach statistical significance in relation to median cancer specific survival.  

Our study raises the possibility that both inflammation and immune reaction 
might influence radiation sensitivity of GBM cells and thereby treatment out-
come. According to a dominating belief, targeting the inflammatory signaling 
pathways might offer a good opportunity to improve clinical cancer outcome, 
since irradiation itself leads to additional synthesis of several pro-inflammatory 
factors and inflammatory response is one of the hallmark of radiation-induced 
normal tissue side effects [159,160]. However, there are several clinical studies, 
although in other types of cancer, showing that blocking of inflammatory 
pathways does not enhance treatment response of radiotherapy and concomitant 
chemotherapy. For example, blocking of inflammatory enzyme cyclo-
oxygenase-2 (COX-2), which is also expressed in GBM tissues, with a selective 
inhibitor of COX-2 celexocib does not improve treatment efficacy and survival 
in patients with stage IIIA/B non-small cell lung cancer [111,161]. Similar 
disappointing results with COX-2 inhibitor celexocib have been reported in 
pancreatic cancer, as well as in rectal cancer [162,163].  In contrast to latter 
studies but in line with our data, a higher grade of inflammatory infiltration in 
tumor tissue that was defined by 2 pathologists in a blinded fashion in 10–20 
microscopic fields in hematoxylin stained sections, related to favorable survival 
of rectal cancer patients receiving preoperative radiotherapy [164].   

In the tumor microenvironment, an intensive interaction between tumor cells 
and infiltrating immune cells, most frequently macrophages and T-cells occur 
[165, 160]. The presence of tumor infiltrating T-cells has also been reported in 
GBM tissues [110]. Similarly to our study, increased immune cell infiltration is 
a significant independent variable contributing to longer survival in high grade 
astrocytomas and glioblastoma [166,167]. Additionally, the expression of 
immune genes in GBM has been associated with prolonged progression-free 
survival and immunohistochemically detected expression of CD3 and CD68 
cells (markers of T-cells and macrophages) is significantly more frequent in 
responders to radiotherapy than in non-responders, confirming the role of tumor 
infiltrating immune cells in modulating radiation effects in GBM [168]. It is 
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believed that tumor infiltrating resident leukocytes detect danger signals form 
cytotoxic therapy that results in subsequent activation of both innate and 
adaptive immune cells [169,170]. Indeed, it has been previously reported that 
irradiation influences tumor immune response through release of proinflam-
matory molecules and cytokines, antigen presentation, increased homing of 
inflammatory cells, enhanced T-cell activation and cytotoxic immune response, 
as well as through inhibition of immunosuppressive cells [170].     

Previous studies have shown that pro-inflammatory and immune-based 
mechanisms might have a potential to influence the response to conventional 
cytotoxic therapy and thereby diminish tumor progression and prolong patients 
survival. In fact, signs from early clinical trials confirm that the combination of 
immune-based therapies and chemotherapy, which is one form of cytotoxic 
treatment, result indeed in synergistic effects. In GBM patients (mostly with 
recurrent tumors), autologous dentritic cell vaccination prior chemotherapy 
significantly prolonged time to tumor recurrence and survival [171]. Moreover, 
vaccine responders have been shown to exhibit significantly longer times to 
post chemotherapy tumor progression and survival than nonresponders [172]. 
Therefore, concomitant immune-therapy with cytotoxic anti-cancer treatment 
holds great promise and the exact sequencing and combination of different 
treatment modalities (including radiotherapy) should be defined in the near 
future. 

In conclusion, enhanced inflammatory and immune response in GBM tissue 
corresponds to better survival after postoperative radiotherapy. Although CD63 
immunohistochemical expression does not distinguish exact cell types that have 
the greatest impact on GBM treatment response, our study created a good 
platform for further clarifying studies. 

 
 

6.4. Inflammation, ICAM-1 and VEGFR-2 

In the present study, we evaluated the impact of tumor microenvironment on the 
expression level of VEGFR-2 – one of the main targets of antiangiogenic drugs. 
Foremost, the possible role of inflammatory reaction was assessed. Inflamma-
tory reaction was evaluated by two means. First, visual inflammation (based on 
the presence of tissue edema and inflammatory cell infiltration) was estimated 
in hematoxylin-eosin stained sections by experienced pathologist. Afterwards, 
to reduce subjectivity, a digital IHC image analysis was performed in ICAM-1 
stained sections. ICAM-1 was chosen as a marker of inflammation since this 
transmembrane glycoprotein can be induced in response to a number of stimuli, 
including inflammatory mediators, hormones and cellular stresses [173,174]. 
Moreover, endothelial ICAM-1 is considered to represent the most important 
adhesion molecule for leukocyte recruitment to inflamed sites [175–177].  

All glioblastoma samples showed various levels of visually confirmed 
inflammatory reaction. This is not surprising since inflammation is considered 
one of the characteristic histopathological features of glioblastoma [178]. Also, 
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the expression of ICAM-1 was present in all digitally analyzed individual tumor 
samples, which is in good accordance with previous studies, where compared to 
peritumoral ICAM-1 expression significantly higher expression of ICAM-1 has 
been detected in GBM tumor areas both in gene and protein levels [179–181]. 
In GBM cells, ICAM-1 expression has been shown to increase following 
stimulation with pro-inflammatory cytokines, such as interleukin-1β (IL-1β), 
tumor necrosis factor-alpha (TNFα) and interferon-gamma (IFN-γ) [179,182], 
indicating that ICAM-1 is one of the inflammatory mediators also in this type of 
cancer. 

In GBM tissues, different numbers of VEGFR-2+ blood vessels and endo-
thelial levels of VEGFR-2 were detected. Previous studies have shown that in 
normal brain, low or undetectable endothelial expression of VEGFR-2 can be 
found, however, in gliomas, the proportion of VEGFR-2+ vessels and 
endothelial VEGFR-2 expression increases with tumor grade, being the highest 
in GBM [183,184]. Our study revealed that also in most aggressive glioma – 
GBM – the extent of VEGFR-2 expression may vary. Additionally, present 
study showed that the expression of VEGFR-2 depends on inflammatory 
reaction in tumor tissue: the higher endothelial VEGFR-2 expression the higher 
extent of inflammation. Moreover, this association was seen for both assess-
ments of inflammatory reaction (visual and computer software based).  

Angiogenesis is a tightly controlled process that in a number of pathological 
conditions, including cancer and inflammation, may become aberrant [185]. 
Different factors produced by tissues are capable of promoting or inhibiting 
blood vessel proliferation, whereas in normal status, the balance between angio-
genic and angiostatic factors exists. In inflammation, this balance is clearly 
inclined toward angiogenic factors and angiogenesis [186].  

Although the link between inflammation and angiogenesis has received 
much attention only recently, there is a substantial body of evidence showing 
close association between these two processes. Previous studies have described 
that angiogenic factors exhibit both pro-angiogenic and pro-inflammatory 
effects, inflammatory cells are able to produce large quantities of pro-angio-
genic factors and both processes (inflammation and angiogenesis) are capable of 
potentiating each other [186]. For example, VEGF that exerts majority of its 
angiogenic effects by binding to VEGFR-2, has also been shown to induce 
adhesion molecules on endothelial cells during inflammation [187]. In endo-
thelial cells, treatment with VEGF results in an increase of both ICAM-1 
mRNA, as well as protein expression [188]. Moreover, VEGF increases leuko-
cyte adhesiveness to endothelial cells, which is the first step of leukocyte 
trafficking into inflamed tissue [188]. Next to these effects, VEGF enhances 
vascular permeability and causes vasodilatation, potentiating thereby inflam-
mation through formation of tissue edema [116,189]. At the same time, hyper-
permeability is also involved in pathological angiogenesis [189]. Additionally, 
inflammatory and angiogenic processes involve similar cell types. Inflammatory 
cells, namely monocytes, macrophages, T lymphocytes and neutrophils, partici-
pate in the angiogenesis by secreting cytokines that affect endothelial cell 
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functions, proliferation, migration and activation [190]. Macrophages, present in 
the inflammatory infiltrate, produce a broad array of angiogenic growth factors 
and cytokines, generate channels for blood flow through proteolytic mecha-
nisms, and promote the remodeling of arterioles into arteries [185]. Inflam-
matory dendritic cells stimulate similarly angiogenesis by secreting angiogenic 
factors and cytokines, as well as by promoting pro-angiogenic activity of T 
lymphocytes [185]. Previous studies have also shown that pro-inflammatory 
cytokines, which are always present in inflamed tissue, mediate also endothelial 
expression of VEGFR-2 [191,192]. Latter is in line with our findings since 
positive correlation was found between the extent of VEGFR-2 expression and 
inflammatory response in GBM tissue.     

There are several clinical situations, where inflammatory reaction in GBM 
may be suppressed. These particularly include the use of anti-inflammatory 
drugs, such as steroids and nonsteroidal anti-inflammatory drugs (NSAIDs) to 
manage tumor surrounding inflammation and edema [193]. Whether these very 
commonly used medicines influence also treatment efficacy of antiangiogenic 
drugs through diminishing inflammatory response and thereby the expression of 
VEGFR-2, remains unclear. Nevertheless, our data point toward the possibility 
that this association might exist. This is also supported by studies where 
dexamethasone, most frequently used steroid in GBM patients, has been shown 
to inhibit the effects of pro-inflammatory cytokines, VEGF mRNA expression, 
VEGFR-2 expression, as well as macrophage infiltration [192,194,195]. 

In conclusion, our study showed that the expression of VEGFR-2 – one of 
the main targets of antiangiogenic drugs - depends on GBM microenvironment. 
Importantly, higher endothelial VEGFR-2 levels were seen in the presence of 
more pronounced inflammation, whereas in less inflamed tissues only weak 
expression of VEGFR-2 was found. Latter has to be taken into consideration 
when treatment approaches that block VEGFR-2 signaling are designed. 
 
The present PhD study has several limitations. These include retrospective data 
collection and small number of patients, which considered small Estonian popu-
lation and rare tumor type is inevitable. Also, some important variables, such as 
tumor O6-methylguanine-DNA methyltransferase (MGMT) methylation status, 
isocitrate dehydrogenase 1 (IDH1) gene mutation status, recursive partitioning 
analysis (RPA) and patient’s quality of life scores were not recorded. 
Nevertheless, this study showed that several aspects in GBM therapy might be 
improved and modification of not only GBM cells but also stem cells and tumor 
microenvironment might be necessary to find more efficacious treatment 
strategies to fight this devastating disease. Latter, however, has to be clarified in 
further preclinical and clinical studies that may be based on ideas that rose in 
the present study.  
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7. CONCLUSIONS 
 
1. The survival of GBM patients receiving postoperative radiotherapy depends 

on tumor expression of DNA-PK. GBM patients with high tumor levels of 
DNA-PK are more resistant and respond less to standard radiotherapy that 
consequently result in significantly shorter survival times. Further studies are 
needed to clarify whether DNA-PK inhibitors might have a potential to 
radiosensitize GBM and improve the treatment outcome of this disease. 

2. In patients with GBM, there is no association between higher proportion of 
tumor stem cells and the aggressiveness of disease. In contrast, in patients 
with higher stem cell proportion, significantly longer survival times after 
postoperative radiotherapy were achieved. Underlying reasons and possible 
higher sensitivity of GBM stem cells to fractionated radiotherapy should be 
clarified in further studies.    

3. Enhanced inflammatory and immune response in GBM tissue corresponds to 
better survival after postoperative radiotherapy. Therefore, pro-inflammatory 
and immune-based therapies might have a potential to influence the response 
to conventional cytotoxic therapy and thereby diminish tumor progression 
and prolong patients survival.  

4. The expression of VEGFR-2 – one of the main targets of antiangiogenic 
drugs – depends on GBM microenvironment. Higher endothelial VEGFR-2 
levels were seen in the presence of more pronounced inflammation, whereas 
in less inflamed tissues only weak expression of VEGFR-2 was found. Latter 
may be one of the reasons of inefficacy of antiangiogenic drugs and should 
be taken into consideration when GBM treatment approaches that block 
VEGFR-2 signaling are designed. 

 
  



46 

8. REFERENCES 
 
1. Dolecek TA, Propp JM, Stroup NE, Kruchko C (2012) CBTRUS statistical report: 

primary brain and central nervous system tumors diagnosed in the United States in 
2005–2009. Neuro-oncology 14 Suppl 5:v1–49. doi:10.1093/neuonc/nos218 

2. Lee CH, Jung KW, Yoo H, Park S, Lee SH (2010) Epidemiology of primary brain 
and central nervous system tumors in Korea. Journal of Korean Neurosurgical 
Society 48 (2):145–152. doi:10.3340/jkns.2010.48.2.145 

3. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolinsky Y, Stroup NE, 
Kruchko C, Barnholtz-Sloan JS (2013) CBTRUS statistical report: Primary brain 
and central nervous system tumors diagnosed in the United States in 2006–2010. 
Neuro-oncology 15 Suppl 2:ii1–56. doi:10.1093/neuonc/not151 

4. Crocetti E, Trama A, Stiller C, Caldarella A, Soffietti R, Jaal J, Weber DC, Ricardi 
U, Slowinski J, Brandes A (2012) Epidemiology of glial and non-glial brain 
tumours in Europe. Eur J Cancer 48 (10):1532–1542. doi:10.1016/j.ejca.2011. 
12.013 

5. Bruce JN (2014) Glioblastoma Multiforme medicine.medscape.com/article/ 
283252-overview#a280156 

6. Liigant A (2003) Epidemiology of Primary Central Nervous System Tumors In 
Estonia from 1986–1996. University of Tartu, Tartu, Estonia, Tartu, Estonia 

7. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, 
Belanger K, Brandes AA, Marosi C, Bogdahn U, Curschmann J, Janzer RC, 
Ludwin SK, Gorlia T, Allgeier A, Lacombe D, Cairncross JG, Eisenhauer E, 
Mirimanoff RO, European Organisation for R, Treatment of Cancer Brain T, 
Radiotherapy G, National Cancer Institute of Canada Clinical Trials G (2005) 
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. The 
New England journal of medicine 352 (10):987–996. doi:10.1056/NEJMoa043330 

8. Krex D, Klink B, Hartmann C, von Deimling A, Pietsch T, Simon M, Sabel M, 
Steinbach JP, Heese O, Reifenberger G, Weller M, Schackert G, German Glioma 
N (2007) Long-term survival with glioblastoma multiforme. Brain: a journal of 
neurology 130 (Pt 10):2596–2606. doi:10.1093/brain/awm204 

9. Omuro A, DeAngelis LM (2013) Glioblastoma and other malignant gliomas: a 
clinical review. JAMA: the journal of the American Medical Association 310 
(17):1842–1850. doi:10.1001/jama.2013.280319 

10. Fukushima S, Narita Y, Miyakita Y, Ohno M, Takizawa T, Takusagawa Y, Mori 
M, Ichimura K, Tsuda H, Shibui S (2013) A case of more than 20 years survival 
with glioblastoma, and development of cavernous angioma as a delayed 
complication of radiotherapy. Neuropathology: official journal of the Japanese 
Society of Neuropathology 33 (5):576–581. doi:10.1111/neup.12022 

11. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK (2007) WHO Classification of 
Tumours of the Central Nervous System. 4th edn., Lyon, France: International 
Agency for Research on Cancer 

12. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, 
Scheithauer BW, Kleihues P (2007) The 2007 WHO classification of tumours of 
the central nervous system. Acta neuropathologica 114 (2):97–109. 
doi:10.1007/s00401-007-0243-4 

13. Altieri R, Agnoletti A, Quattrucci F, Garbossa D, Calamo Specchia FM, Bozzaro 
M, Fornaro R, Mencarani C, Lanotte M, Spaziante R, Ducati A (2014) Molecular 



47 

biology of gliomas: present and future challenges. Translational medicine @ 
UniSa 10:29–37 

14. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, Hahn WC, 
Ligon KL, Louis DN, Brennan C, Chin L, DePinho RA, Cavenee WK (2007) 
Malignant astrocytic glioma: genetics, biology, and paths to treatment. Genes & 
development 21 (21):2683–2710. doi:10.1101/gad.1596707 

15. Frankenberg-Schwager M (1989) Review of repair kinetics for DNA damage 
induced in eukaryotic cells in vitro by ionizing radiation. Radiotherapy and 
oncology: journal of the European Society for Therapeutic Radiology and 
Oncology 14 (4):307–320 

16. Ohgaki H, Kleihues P (2007) Genetic pathways to primary and secondary glio-
blastoma. The American journal of pathology 170 (5):1445–1453. doi:10.2353/ 
ajpath.2007.070011 

17. Takanen S, Bangrazi C, Caiazzo R, Raffetto N, Tombolini V (2013) Multiple bone 
metastases from glioblastoma multiforme without local brain relapse: a case report 
and review of the literature. Tumori 99 (5):e237–240. doi:10.1700/1377.15323 

18. Blume C, von Lehe M, van Landeghem F, Greschus S, Bostrom J (2013) 
Extracranial glioblastoma with synchronous metastases in the lung, pulmonary 
lymph nodes, vertebrae, cervical muscles and epidural space in a young patient – 
case report and review of literature. BMC research notes 6:290. doi:10.1186/1756-
0500-6-290 

19. Beauchesne P, Soler C, Mosnier JF (2000) Diffuse vertebral body metastasis from 
a glioblastoma multiforme: a technetium-99m Sestamibi single-photon emission 
computerized tomography study. Journal of neurosurgery 93 (5):887–890. 
doi:10.3171/ jns.2000.93.5.0887 

20. Chelly I, Mekni A, Ferchichi L, Houissa S, Kchir N, Haouet S, Khaldi M, Zitouna 
M (2006) [Bone metastasis from a glioblastoma: An unusual course!]. Neuro-
Chirurgie 52 (4):367–370 

21. Razmogolova O, Sokolova TV (2013) [A rare case of glioblastoma metastasis to 
the lung]. Arkhiv patologii 75 (4):34–36 

22. Nauen DW, Li QK (2014) Cytological diagnosis of metastatic glioblastoma in the 
pleural effusion of a lung transplant patient. Diagnostic cytopathology 42 (7):619–
623. doi:10.1002/dc.22993 

23. Mujic A, Hunn A, Taylor AB, Lowenthal RM (2006) Extracranial metastases of a 
glioblastoma multiforme to the pleura, small bowel and pancreas. Journal of 
clinical neuroscience: official journal of the Neurosurgical Society of Australasia 
13 (6):677–681. doi:10.1016/j.jocn.2005.08.016 

24. Hata N, Katsuta T, Inoue T, Arikawa K, Yano T, Takeshita M, Iwaki T (2001) 
[Extracranial metastasis of glioblastoma to the lung and heart with a histological 
resemblance to small cell carcinoma of the lung: an autopsy case]. No shinkei geka 
Neurological surgery 29 (5):433–438 

25. Yasuhara T, Tamiya T, Meguro T, Ichikawa T, Sato Y, Date I, Nakashima H, 
Ohmoto T (2003) Glioblastoma with metastasis to the spleen – case report. 
Neurologia medico-chirurgica 43 (9):452–456 

26. Fonkem E, Lun M, Wong ET (2011) Rare phenomenon of extracranial metastasis 
of glioblastoma. Journal of clinical oncology: official journal of the American 
Society of Clinical Oncology 29 (34):4594–4595. doi:10.1200/JCO.2011.39.0187 

27. Miliaras G, Tsitsopoulos PP, Markoula S, Kyritsis A, Polyzoidis KS, Malamou-
Mitsi V (2009) Multifocal glioblastoma with remote cutaneous metastasis: a case 



48 

report and review of the literature. Central European neurosurgery 70 (1):39–42. 
doi:10.1055/s-2008–1080941 

28. Guo L, Qiu Y, Ge J, Zhou D (2012) Glioblastoma multiforme with subcutaneous 
metastases, case report and literature review. Journal of Korean Neurosurgical 
Society 52 (5):484–487. doi:10.3340/jkns.2012.52.5.484 

29. Kuhn U, Kohler HH, Jecker P (2003) [Rare tumors of the parotid gland. Lympha-
denoma of a sebaceous gland and extracranial metastasis from glioblastoma]. Hno 
51 (5):417–420 

30. Taha M, Ahmad A, Wharton S, Jellinek D (2005) Extra-cranial metastasis of glio-
blastoma multiforme presenting as acute parotitis. British journal of neurosurgery 
19 (4):348–351. doi:10.1080/02688690500305506 

31. Kraft M, Lang F, Braunschweig R, Janzer RC (2008) Parotid gland metastasis 
from glioblastoma multiforme: a case report and review of the literature. European 
archives of oto-rhino-laryngology: official journal of the European Federation of 
Oto-Rhino-Laryngological Societies 265 (6):709–711. doi:10.1007/s00405–007–
0499–2 

32. Wallace CJ, Forsyth PA, Edwards DR (1996) Lymph node metastases from glio-
blastoma multiforme. AJNR American journal of neuroradiology 17 (10):1929–
1931 

33. Datta CK, Weinstein JD, Bland JE, Brager PM, Stewart MA (1998) A case of 
cervical lymph node metastasis resulting from glioblastoma multiforme. The West 
Virginia medical journal 94 (5):276–278 

34. Zhen L, Yufeng C, Zhenyu S, Lei X (2010) Multiple extracranial metastases from 
secondary glioblastoma multiforme: a case report and review of the literature. 
Journal of neuro-oncology 97 (3):451–457. doi:10.1007/s11060-009-0044-9 

35. Frank S, Kuhn SA, Brodhun M, Mueller U, Romeike B, Kosmehl H, Regenbrecht 
CR, Ewald C, Reichart R, Kalff R (2009) Metastatic glioblastoma cells use 
common pathways via blood and lymphatic vessels. Neurologia i neurochirurgia 
polska 43 (2):183–190 

36. Mujtaba SS, Haroon S, Faridi N (2013) Cervical metastatic glioblastoma 
multiforme. Journal of the College of Physicians and Surgeons--Pakistan: JCPSP 
23 (2):160–161. doi:02.2013/JCPSP.160161 

37. Alentorn A, Labussiere M, Sanson M, Delattre JY, Hoang-Xuan K, Idbaih A 
(2013) [Genetics and brain gliomas]. Presse medicale 42 (5):806–813. 
doi:10.1016/ j.lpm.2012.05.013 

38. Fujisawa H, Reis RM, Nakamura M, Colella S, Yonekawa Y, Kleihues P, Ohgaki 
H (2000) Loss of heterozygosity on chromosome 10 is more extensive in primary 
(de novo) than in secondary glioblastomas. Laboratory investigation; a journal of 
technical methods and pathology 80 (1):65–72 

39. Watanabe K, Sato K, Biernat W, Tachibana O, von Ammon K, Ogata N, 
Yonekawa Y, Kleihues P, Ohgaki H (1997) Incidence and timing of p53 mutations 
during astrocytoma progression in patients with multiple biopsies. Clinical cancer 
research: an official journal of the American Association for Cancer Research 3 
(4):523–530 

40. Ruano Y, Ribalta T, de Lope AR, Campos-Martin Y, Fiano C, Perez-Magan E, 
Hernandez-Moneo JL, Mollejo M, Melendez B (2009) Worse outcome in primary 
glioblastoma multiforme with concurrent epidermal growth factor receptor and 
p53 alteration. American journal of clinical pathology 131 (2):257–263. 
doi:10.1309/ AJCP64YBDVCTIRWV 



49 

41. Benito R, Gil-Benso R, Quilis V, Perez M, Gregori-Romero M, Roldan P, 
Gonzalez-Darder J, Cerda-Nicolas M, Lopez-Gines C (2010) Primary glio-
blastomas with and without EGFR amplification: relationship to genetic alterations 
and clinicopathological features. Neuropathology: official journal of the Japanese 
Society of Neuropathology 30 (4):392–400. doi:10.1111/j.1440–1789.2009. 
01081.x 

42. Liu KW, Hu B, Cheng SY (2011) Platelet-derived growth factor receptor alpha in 
glioma: a bad seed. Chinese journal of cancer 30 (9):590–602. doi:10.5732/ 
cjc.011.10236 

43. Tohma Y, Gratas C, Biernat W, Peraud A, Fukuda M, Yonekawa Y, Kleihues P, 
Ohgaki H (1998) PTEN (MMAC1) mutations are frequent in primary 
glioblastomas (de novo) but not in secondary glioblastomas. Journal of 
neuropathology and experimental neurology 57 (7):684–689 

44. Neglia JP, Robison LL, Stovall M, Liu Y, Packer RJ, Hammond S, Yasui Y, 
Kasper CE, Mertens AC, Donaldson SS, Meadows AT, Inskip PD (2006) New 
primary neoplasms of the central nervous system in survivors of childhood cancer: 
a report from the Childhood Cancer Survivor Study. Journal of the National 
Cancer Institute 98 (21):1528–1537. doi:10.1093/jnci/djj411 

45. Hardell L, Carlberg M, Hansson Mild K (2013) Use of mobile phones and cordless 
phones is associated with increased risk for glioma and acoustic neuroma. Patho-
physiology: the official journal of the International Society for Pathophysiology / 
ISP 20 (2):85–110. doi:10.1016/j.pathophys.2012.11.001 

46. Yiin JH, Ruder AM, Stewart PA, Waters MA, Carreon T, Butler MA, Calvert GM, 
Davis-King KE, Schulte PA, Mandel JS, Morton RF, Reding DJ, Rosenman KD, 
Brain Cancer Collaborative Study G (2012) The Upper Midwest Health Study: a 
case-control study of pesticide applicators and risk of glioma. Environmental 
health: a global access science source 11:39. doi:10.1186/1476–069X-11–39 

47. Greenop KR, Peters S, Bailey HD, Fritschi L, Attia J, Scott RJ, Glass DC, de 
Klerk NH, Alvaro F, Armstrong BK, Milne E (2013) Exposure to pesticides and 
the risk of childhood brain tumors. Cancer causes & control: CCC 24 (7):1269–
1278. doi:10.1007/s10552–013–0205–1 

48. Preston-Martin S, Pogoda JM, Schlehofer B, Blettner M, Howe GR, Ryan P, 
Menegoz F, Giles GG, Rodvall Y, Choi NW, Little J, Arslan A (1998) An 
international case-control study of adult glioma and meningioma: the role of head 
trauma. International journal of epidemiology 27 (4):579–586 

49. Hochberg F, Toniolo P, Cole P (1984) Head trauma and seizures as risk factors of 
glioblastoma. Neurology 34 (11):1511–1514 

50. Han Z, Du Y, Qi H, Yin W (2013) Post-traumatic malignant glioma in a pregnant 
woman: case report and review of the literature. Neurologia medico-chirurgica 53 
(9):630–634 

51. Henry PT, Rajshekhar V (2000) Post-traumatic malignant glioma: case report and 
review of the literature. British journal of neurosurgery 14 (1):64–67 

52. Salvati M, Caroli E, Rocchi G, Frati A, Brogna C, Orlando ER (2004) Post-
traumatic glioma. Report of four cases and review of the literature. Tumori 90 
(4):416–419 

53. Zhou B, Liu W (2010) Post-traumatic glioma: report of one case and review of the 
literature. International journal of medical sciences 7 (5):248–250 

54. Wrensch M, Lee M, Miike R, Newman B, Barger G, Davis R, Wiencke J, Neuhaus 
J (1997) Familial and personal medical history of cancer and nervous system 



50 

conditions among adults with glioma and controls. American journal of 
epidemiology 145 (7):581–593 

55. Linos E, Raine T, Alonso A, Michaud D (2007) Atopy and risk of brain tumors: a 
meta-analysis. Journal of the National Cancer Institute 99 (20):1544–1550. 
doi:10.1093/jnci/djm170 

56. Chi J, Gu B, Zhang C, Peng G, Zhou F, Chen Y, Zhang G, Guo Y, Guo D, Qin J, 
Wang J, Li L, Wang F, Liu G, Xie F, Feng D, Zhou H, Huang X, Lu S, Liu Y, Hu 
W, Yao K (2012) Human herpesvirus 6 latent infection in patients with glioma. 
The Journal of infectious diseases 206 (9):1394–1398. doi:10.1093/infdis/jis513 

57. Mitchell DA, Xie W, Schmittling R, Learn C, Friedman A, McLendon RE, 
Sampson JH (2008) Sensitive detection of human cytomegalovirus in tumors and 
peripheral blood of patients diagnosed with glioblastoma. Neuro-oncology 10 
(1):10–18. doi:10.1215/15228517–2007–035 

58. Mazzoni E, Gerosa M, Lupidi F, Corallini A, Taronna AP, D'Agostino A, Bovenzi 
M, Ruggeri G, Casali F, Rotondo JC, Rezza G, Barbanti-Brodano G, Tognon M, 
Martini F (2014) Significant prevalence of antibodies reacting with simian virus 40 
mimotopes in sera from patients affected by glioblastoma multiforme. Neuro-
oncology 16 (4):513–519. doi:10.1093/neuonc/not217 

59. Kyritsis AP, Bondy ML, Levin VA (2011) Modulation of glioma risk and 
progression by dietary nutrients and antiinflammatory agents. Nutrition and cancer 
63 (2):174–184. doi:10.1080/01635581.2011.523807 

60. Kelly PJ (2010) Gliomas: Survival, origin and early detection. Surgical neurology 
international 1:96. doi:10.4103/2152-7806.74243 

61. Ohgaki H, Kleihues P (2013) The definition of primary and secondary 
glioblastoma. Clinical cancer research: an official journal of the American 
Association for Cancer Research 19 (4):764–772. doi:10.1158/1078-0432.CCR-
12-3002 

62. Iacob G, Dinca EB (2009) Current data and strategy in glioblastoma multiforme. 
Journal of medicine and life 2 (4):386–393 

63. De A, Bala N, Bhattacharjee A (2011) Treatment of Glioblastoma Multiforme. 
JPBMS 12 (12):1–7 

64. Larjavaara S, Mantyla R, Salminen T, Haapasalo H, Raitanen J, Jaaskelainen J, 
Auvinen A (2007) Incidence of gliomas by anatomic location. Neuro-oncology 9 
(3):319–325. doi:10.1215/15228517-2007-016 

65. Forsyth PA, Posner JB (1993) Headaches in patients with brain tumors: a study of 
111 patients. Neurology 43 (9):1678–1683 

66. Glantz MJ, Cole BF, Forsyth PA, Recht LD, Wen PY, Chamberlain MC, 
Grossman SA, Cairncross JG (2000) Practice parameter: anticonvulsant 
prophylaxis in patients with newly diagnosed brain tumors. Report of the Quality 
Standards Subcommittee of the American Academy of Neurology. Neurology 54 
(10):1886–1893 

67. Curran WJ, Jr., Scott CB, Horton J, Nelson JS, Weinstein AS, Fischbach AJ, 
Chang CH, Rotman M, Asbell SO, Krisch RE, et al. (1993) Recursive partitioning 
analysis of prognostic factors in three Radiation Therapy Oncology Group 
malignant glioma trials. Journal of the National Cancer Institute 85 (9):704–710 

68. Mirimanoff RO, Gorlia T, Mason W, Van den Bent MJ, Kortmann RD, Fisher B, 
Reni M, Brandes AA, Curschmann J, Villa S, Cairncross G, Allgeier A, Lacombe 
D, Stupp R (2006) Radiotherapy and temozolomide for newly diagnosed 
glioblastoma: recursive partitioning analysis of the EORTC 26981/22981-NCIC 



51 

CE3 phase III randomized trial. Journal of clinical oncology: official journal of the 
American Society of Clinical Oncology 24 (16):2563–2569. doi:10.1200/ 
JCO.2005.04.5963 

69. Ortega A, Nuno M, Walia S, Mukherjee D, Black KL, Patil CG (2014) Treatment 
and survival of patients harboring histological variants of glioblastoma. Journal of 
clinical neuroscience: official journal of the Neurosurgical Society of Australasia 
21 (10):1709–1713. doi:10.1016/j.jocn.2014.05.003 

70. Malmstrom A, Gronberg BH, Marosi C, Stupp R, Frappaz D, Schultz H, 
Abacioglu U, Tavelin B, Lhermitte B, Hegi ME, Rosell J, Henriksson R, Nordic 
Clinical Brain Tumour Study G (2012) Temozolomide versus standard 6-week 
radiotherapy versus hypofractionated radiotherapy in patients older than 60 years 
with glioblastoma: the Nordic randomised, phase 3 trial. The lancet oncology 13 
(9):916–926. doi:10.1016/S1470-2045(12)70265-6 

71. Wick W, Platten M, Meisner C, Felsberg J, Tabatabai G, Simon M, Nikkhah G, 
Papsdorf K, Steinbach JP, Sabel M, Combs SE, Vesper J, Braun C, Meixensberger 
J, Ketter R, Mayer-Steinacker R, Reifenberger G, Weller M, Society NOASGoN-
oWGoGC (2012) Temozolomide chemotherapy alone versus radiotherapy alone 
for malignant astrocytoma in the elderly: the NOA-08 randomised, phase 3 trial. 
The lancet oncology 13 (7):707–715. doi:10.1016/S1470-2045(12)70164-X 

72. Wilson TA, Karajannis MA, Harter DH (2014) Glioblastoma multiforme: State of 
the art and future therapeutics. Surgical neurology international 5:64. 
doi:10.4103/2152-7806.132138 

73. Anton K, Baehring JM, Mayer T (2012) Glioblastoma multiforme: overview of 
current treatment and future perspectives. Hematology/oncology clinics of North 
America 26 (4):825–853. doi:10.1016/j.hoc.2012.04.006 

74. Hoover JM, Chang SM, Parney IF (2010) Clinical trials in brain tumor surgery. 
Neuroimaging clinics of North America 20 (3):409–424. doi:10.1016/ 
j.nic.2010.04. 006 

75. Sherman JH, Hoes K, Marcus J, Komotar RJ, Brennan CW, Gutin PH (2011) 
Neurosurgery for brain tumors: update on recent technical advances. Current 
neurology and neuroscience reports 11 (3):313–319. doi:10.1007/s11910-011-
0188-9 

76. Choucair AK, Levin VA, Gutin PH, Davis RL, Silver P, Edwards MS, Wilson CB 
(1986) Development of multiple lesions during radiation therapy and 
chemotherapy in patients with gliomas. Journal of neurosurgery 65 (5):654–658. 
doi:10.3171/jns.1986. 65.5.0654 

77. Gaspar LE, Fisher BJ, Macdonald DR, LeBer DV, Halperin EC, Schold SC, Jr., 
Cairncross JG (1992) Supratentorial malignant glioma: patterns of recurrence and 
implications for external beam local treatment. International journal of radiation 
oncology, biology, physics 24 (1):55–57 

78. Halperin EC, Burger PC, Bullard DE (1988) The fallacy of the localized 
supratentorial malignant glioma. International journal of radiation oncology, 
biology, physics 15 (2):505–509 

79. Walker MD, Alexander E, Jr., Hunt WE, MacCarty CS, Mahaley MS, Jr., Mealey 
J, Jr., Norrell HA, Owens G, Ransohoff J, Wilson CB, Gehan EA, Strike TA 
(1978) Evaluation of BCNU and/or radiotherapy in the treatment of anaplastic 
gliomas. A cooperative clinical trial. Journal of neurosurgery 49 (3):333–343. 
doi:10.3171/ jns.1978.49.3.0333 



52 

80. Westphal M, Hilt DC, Bortey E, Delavault P, Olivares R, Warnke PC, Whittle IR, 
Jaaskelainen J, Ram Z (2003) A phase 3 trial of local chemotherapy with 
biodegradable carmustine (BCNU) wafers (Gliadel wafers) in patients with 
primary malignant glioma. Neuro-oncology 5 (2):79–88. doi:10.1215/S1522-8517-
02-00023-6 

81. Hart MG, Grant R, Garside R, Rogers G, Somerville M, Stein K (2008) Chemo-
therapeutic wafers for High Grade Glioma. The Cochrane database of systematic 
reviews (3):CD007294. doi:10.1002/14651858.CD007294 

82. McGirt MJ, Than KD, Weingart JD, Chaichana KL, Attenello FJ, Olivi A, Laterra 
J, Kleinberg LR, Grossman SA, Brem H, Quinones-Hinojosa A (2009) Gliadel 
(BCNU) wafer plus concomitant temozolomide therapy after primary resection of 
glioblastoma multiforme. Journal of neurosurgery 110 (3):583–588. doi:10.3171/ 
2008.5.17557 

83. Omuro AM, Faivre S, Raymond E (2007) Lessons learned in the development of 
targeted therapy for malignant gliomas. Molecular cancer therapeutics 6 (7):1909–
1919. doi:10.1158/1535-7163.MCT-07-0047 

84. Combs SE, Thilmann C, Edler L, Debus J, Schulz-Ertner D (2005) Efficacy of 
fractionated stereotactic reirradiation in recurrent gliomas: long-term results in 172 
patients treated in a single institution. Journal of clinical oncology: official journal 
of the American Society of Clinical Oncology 23 (34):8863–8869. doi:10.1200/ 
JCO.2005. 03.4157 

85. Minniti G, Scaringi C, De Sanctis V, Lanzetta G, Falco T, Di Stefano D, Esposito 
V, Enrici RM (2013) Hypofractionated stereotactic radiotherapy and continuous 
low-dose temozolomide in patients with recurrent or progressive malignant 
gliomas. Journal of neuro-oncology 111 (2):187–194. doi:10.1007/s11060-012-
0999-9 

86. Fokas E, Wacker U, Gross MW, Henzel M, Encheva E, Engenhart-Cabillic R 
(2009) Hypofractionated stereotactic reirradiation of recurrent glioblastomas: a 
beneficial treatment option after high-dose radiotherapy? Strahlentherapie und 
Onkologie: Organ der Deutschen Rontgengesellschaft  [et al] 185 (4):235–240. 
doi:10.1007/s00066-009-1753-x 

87. Ringborg U, Bergqvist D, Brorsson B, Cavallin-Stahl E, Ceberg J, Einhorn N, 
Frodin JE, Jarhult J, Lamnevik G, Lindholm C, Littbrand B, Norlund A, Nylen U, 
Rosen M, Svensson H, Moller TR (2003) The Swedish Council on Technology 
Assessment in Health Care (SBU) systematic overview of radiotherapy for cancer 
including a prospective survey of radiotherapy practice in Sweden 2001 – 
summary and conclusions. Acta Oncol 42 (5–6):357–365 

88. Minniti G, Amelio D, Amichetti M, Salvati M, Muni R, Bozzao A, Lanzetta G, 
Scarpino S, Arcella A, Enrici RM (2010) Patterns of failure and comparison of 
different target volume delineations in patients with glioblastoma treated with 
conformal radiotherapy plus concomitant and adjuvant temozolomide. 
Radiotherapy and oncology: journal of the European Society for Therapeutic 
Radiology and Oncology 97 (3):377–381. doi:10.1016/j.radonc.2010.08.020 

89. Milano MT, Okunieff P, Donatello RS, Mohile NA, Sul J, Walter KA, Korones 
DN (2010) Patterns and timing of recurrence after temozolomide-based 
chemoradiation for glioblastoma. International journal of radiation oncology, 
biology, physics 78 (4):1147–1155. doi:10.1016/j.ijrobp.2009.09.018 

90. Chan JL, Lee SW, Fraass BA, Normolle DP, Greenberg HS, Junck LR, Gebarski 
SS, Sandler HM (2002) Survival and failure patterns of high-grade gliomas after 



53 

three-dimensional conformal radiotherapy. Journal of clinical oncology: official 
journal of the American Society of Clinical Oncology 20 (6):1635–1642 

91. Jamal M, Rath BH, Williams ES, Camphausen K, Tofilon PJ (2010) Micro-
environmental regulation of glioblastoma radioresponse. Clinical cancer research: 
an official journal of the American Association for Cancer Research 16 (24):6049–
6059. doi:10.1158/1078-0432.CCR-10-2435 

92. Li HF, Kim JS, Waldman T (2009) Radiation-induced Akt activation modulates 
radioresistance in human glioblastoma cells. Radiat Oncol 4:43. doi:10.1186/1748-
717X-4-43 

93. Mannino M, Chalmers AJ (2011) Radioresistance of glioma stem cells: intrinsic 
characteristic or property of the 'microenvironment-stem cell unit'? Molecular 
oncology 5 (4):374–386. doi:10.1016/j.molonc.2011.05.001 

94. Chalmers AJ (2010) Overcoming resistance of glioblastoma to conventional 
cytotoxic therapies by the addition of PARP inhibitors. Anti-cancer agents in 
medicinal chemistry 10 (7):520–533 

95. Cooper LA, Gutman DA, Chisolm C, Appin C, Kong J, Rong Y, Kurc T, Van 
Meir EG, Saltz JH, Moreno CS, Brat DJ (2012) The tumor microenvironment 
strongly impacts master transcriptional regulators and gene expression class of 
glioblastoma. The American journal of pathology 180 (5):2108–2119. 
doi:10.1016/j.ajpath.2012. 01.040 

96. McMillan T, Steel G (2002) DNA damage and cell killing. In: Steel G (ed) Basic 
Clinical Radiobiology. Arnold, London, pp 71–83 

97. Olive PL (1998) The role of DNA single- and double-strand breaks in cell killing 
by ionizing radiation. Radiation research 150 (5 Suppl):S42–51 

98. Ame JC, Spenlehauer C, de Murcia G (2004) The PARP superfamily. BioEssays: 
news and reviews in molecular, cellular and developmental biology 26 (8):882–
893. doi:10.1002/bies.20085 

99. Fisher AE, Hochegger H, Takeda S, Caldecott KW (2007) Poly(ADP-ribose) poly-
merase 1 accelerates single-strand break repair in concert with poly(ADP-ribose) 
glycohydrolase. Molecular and cellular biology 27 (15):5597–5605. doi:10.1128/ 
MCB.02248–06 

100. Chalmers AJ (2009) The potential role and application of PARP inhibitors in 
cancer treatment. British medical bulletin 89:23–40. doi:10.1093/bmb/ldp005 

101. Powell C, Mikropoulos C, Kaye SB, Nutting CM, Bhide SA, Newbold K, 
Harrington KJ (2010) Pre-clinical and clinical evaluation of PARP inhibitors as 
tumour-specific radiosensitisers. Cancer treatment reviews 36 (7):566–575. 
doi:10.1016/j.ctrv.2010. 03.003 

102. Lees-Miller SP (1996) The DNA-dependent protein kinase, DNA-PK: 10 years 
and no ends in sight. Biochemistry and cell biology = Biochimie et biologie 
cellulaire 74 (4):503–512 

103. Sakata K, Someya M, Matsumoto Y, Hareyama M (2007) Ability to repair DNA 
double-strand breaks related to cancer susceptibility and radiosensitivity. Radiation 
medicine 25 (9):433–438. doi:10.1007/s11604–007–0161–3 

104. Drouet J, Delteil C, Lefrancois J, Concannon P, Salles B, Calsou P (2005) DNA-
dependent protein kinase and XRCC4-DNA ligase IV mobilization in the cell in 
response to DNA double strand breaks. The Journal of biological chemistry 280 
(8):7060–7069. doi:10.1074/jbc.M410746200 

105. Plummer R (2010) Perspective on the pipeline of drugs being developed with 
modulation of DNA damage as a target. Clinical cancer research: an official 



54 

journal of the American Association for Cancer Research 16 (18):4527–4531. 
doi:10.1158/1078–0432.CCR-10–0984 

106. Laks DR, Visnyei K, Kornblum HI (2010) Brain tumor stem cells as therapeutic 
targets in models of glioma. Yonsei medical journal 51 (5):633–640. doi:10.3349/ 
ymj.2010.51.5.633 

107. Dell'Albani P (2008) Stem cell markers in gliomas. Neurochemical research 33 
(12):2407–2415. doi:10.1007/s11064–008–9723–8 

108. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM, 
Cusimano MD, Dirks PB (2004) Identification of human brain tumour initiating 
cells. Nature 432 (7015):396–401. doi:10.1038/nature03128 

109. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW, 
Bigner DD, Rich JN (2006) Glioma stem cells promote radioresistance by 
preferential activation of the DNA damage response. Nature 444 (7120):756–760. 
doi:10.1038/ nature05236 

110. Kim YH, Jung TY, Jung S, Jang WY, Moon KS, Kim IY, Lee MC, Lee JJ (2012) 
Tumour-infiltrating T-cell subpopulations in glioblastomas. British journal of 
neurosurgery 26 (1):21–27. doi:10.3109/02688697.2011.584986 

111. Temel SG, Kahveci Z (2009) Cyclooxygenase-2 expression in astrocytes and 
microglia in human oligodendroglioma and astrocytoma. Journal of molecular 
histology 40 (5–6):369–377. doi:10.1007/s10735–009–9250–1 

112. Metzelaar MJ, Wijngaard PL, Peters PJ, Sixma JJ, Nieuwenhuis HK, Clevers HC 
(1991) CD63 antigen. A novel lysosomal membrane glycoprotein, cloned by a 
screening procedure for intracellular antigens in eukaryotic cells. The Journal of 
biological chemistry 266 (5):3239–3245 

113. Norden AD, Drappatz J, Wen PY (2009) Antiangiogenic therapies for high-grade 
glioma. Nature reviews Neurology 5 (11):610–620. doi:10.1038/nrneurol.2009.159 

114. Seystahl K, Weller M (2012) Is there a world beyond bevacizumab in targeting 
angiogenesis in glioblastoma? Expert opinion on investigational drugs 21 (5):605–
617. doi:10.1517/13543784.2012.670219 

115. Hardee ME, Zagzag D (2012) Mechanisms of glioma-associated neovascula-
rization. The American journal of pathology 181 (4):1126–1141. doi:10.1016/ 
j.ajpath.2012. 06.030 

116. Holmes K, Roberts OL, Thomas AM, Cross MJ (2007) Vascular endothelial 
growth factor receptor-2: structure, function, intracellular signalling and 
therapeutic inhibition. Cellular signalling 19 (10):2003–2012. doi:10.1016/ 
j.cellsig.2007.05.013 

117. Kreisl TN, McNeill KA, Sul J, Iwamoto FM, Shih J, Fine HA (2012) A phase I/II 
trial of vandetanib for patients with recurrent malignant glioma. Neuro-oncology 
14 (12):1519–1526. doi:10.1093/neuonc/nos265 

118. Batchelor TT, Mulholland P, Neyns B, Nabors LB, Campone M, Wick A, Mason 
W, Mikkelsen T, Phuphanich S, Ashby LS, Degroot J, Gattamaneni R, Cher L, 
Rosenthal M, Payer F, Jurgensmeier JM, Jain RK, Sorensen AG, Xu J, Liu Q, van 
den Bent M (2013) Phase III randomized trial comparing the efficacy of cediranib 
as monotherapy, and in combination with lomustine, versus lomustine alone in 
patients with recurrent glioblastoma. Journal of clinical oncology: official journal 
of the American Society of Clinical Oncology 31 (26):3212–3218. doi:10.1200/ 
JCO.2012.47.2464 

119. Hainsworth JD, Ervin T, Friedman E, Priego V, Murphy PB, Clark BL, Lamar RE 
(2010) Concurrent radiotherapy and temozolomide followed by temozolomide and 



55 

sorafenib in the first-line treatment of patients with glioblastoma multiforme. 
Cancer 116 (15):3663–3669. doi:10.1002/cncr.25275 

120. Pan E, Yu D, Yue B, Potthast L, Chowdhary S, Smith P, Chamberlain M (2012) A 
prospective phase II single-institution trial of sunitinib for recurrent malignant 
glioma. Journal of neuro-oncology 110 (1):111–118. doi:10.1007/s11060-012-
0943-z 

121. Hutterer M, Nowosielski M, Haybaeck J, Embacher S, Stockhammer F, Gotwald 
T, Holzner B, Capper D, Preusser M, Marosi C, Oberndorfer S, Moik M, 
Buchroithner J, Seiz M, Tuettenberg J, Herrlinger U, Wick A, Vajkoczy P, 
Stockhammer G (2014) A single-arm phase II Austrian/German multicenter trial 
on continuous daily sunitinib in primary glioblastoma at first recurrence (SURGE 
01–07). Neuro-oncology 16 (1):92–102. doi:10.1093/neuonc/not161 

122. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, Vogelbaum 
MA, Colman H, Chakravarti A, Pugh S, Won M, Jeraj R, Brown PD, Jaeckle KA, 
Schiff D, Stieber VW, Brachman DG, Werner-Wasik M, Tremont-Lukats IW, 
Sulman EP, Aldape KD, Curran WJ, Jr., Mehta MP (2014) A randomized trial of 
bevacizumab for newly diagnosed glioblastoma. The New England journal of 
medicine 370 (8):699–708. doi:10.1056/NEJMoa1308573 

123. Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa R, Carpentier 
AF, Hoang-Xuan K, Kavan P, Cernea D, Brandes AA, Hilton M, Abrey L, 
Cloughesy T (2014) Bevacizumab plus radiotherapy-temozolomide for newly 
diagnosed glioblastoma. The New England journal of medicine 370 (8):709–722. 
doi:10.1056/ NEJMoa1308345 

124. Cookson MR, Ince PG, Usher PA, Shaw PJ (1999) Poly(ADP-ribose) polymerase 
is found in both the nucleus and cytoplasm of human CNS neurons. Brain research 
834 (1–2):182–185 

125. Moll U, Lau R, Sypes MA, Gupta MM, Anderson CW (1999) DNA-PK, the DNA-
activated protein kinase, is differentially expressed in normal and malignant 
human tissues. Oncogene 18 (20):3114–3126. doi:10.1038/sj.onc.1202640 

126. Cayuela ML, Carrillo A, Ramirez P, Parrilla P, Yelamos J (2001) Genomic 
instability in a PARP-1(-/-) cell line expressing PARP-1 DNA-binding domain. 
Biochemical and biophysical research communications 285 (2):289–294. 
doi:10.1006/bbrc.2001.5178 

127. Ferguson DO, Sekiguchi JM, Chang S, Frank KM, Gao Y, DePinho RA, Alt FW 
(2000) The nonhomologous end-joining pathway of DNA repair is required for 
genomic stability and the suppression of translocations. Proceedings of the 
National Academy of Sciences of the United States of America 97 (12):6630–
6633. doi:10.1073/pnas.110152897 

128. Wharton SB, McNelis U, Bell HS, Whittle IR (2000) Expression of poly(ADP-
ribose) polymerase and distribution of poly(ADP-ribosyl)ation in glioblastoma and 
in a glioma multicellular tumour spheroid model. Neuropathology and applied 
neurobiology 26 (6):528–535 

129. Kristiansen K, Hagen S, Kollevold T, Torvik A, Holme I, Nesbakken R, Hatlevoll 
R, Lindgren M, Brun A, Lindgren S, Notter G, Andersen AP, Elgen K (1981) 
Combined modality therapy of operated astrocytomas grade III and IV. 
Confirmation of the value of postoperative irradiation and lack of potentiation of 
bleomycin on survival time: a prospective multicenter trial of the Scandinavian 
Glioblastoma Study Group. Cancer 47 (4):649–652 



56 

130. Laws ER, Parney IF, Huang W, Anderson F, Morris AM, Asher A, Lillehei KO, 
Bernstein M, Brem H, Sloan A, Berger MS, Chang S, Glioma Outcomes I (2003) 
Survival following surgery and prognostic factors for recently diagnosed 
malignant glioma: data from the Glioma Outcomes Project. Journal of 
neurosurgery 99 (3):467–473. doi:10.3171/jns.2003.99.3.0467 

131. Dungey FA, Loser DA, Chalmers AJ (2008) Replication-dependent radio-
sensitization of human glioma cells by inhibition of poly(ADP-Ribose) 
polymerase: mechanisms and therapeutic potential. International journal of 
radiation oncology, biology, physics 72 (4):1188–1197. doi:10.1016/ 
j.ijrobp.2008.07.031 

132. Dungey FA, Caldecott KW, Chalmers AJ (2009) Enhanced radiosensitization of 
human glioma cells by combining inhibition of poly(ADP-ribose) polymerase with 
inhibition of heat shock protein 90. Molecular cancer therapeutics 8 (8):2243–
2254. doi:10.1158/1535–7163.MCT-09–0201 

133. Allalunis-Turner MJ, Barron GM, Day RS, 3rd, Dobler KD, Mirzayans R (1993) 
Isolation of two cell lines from a human malignant glioma specimen differing in 
sensitivity to radiation and chemotherapeutic drugs. Radiation research 134 
(3):349–354 

134. Ismail IH, Martensson S, Moshinsky D, Rice A, Tang C, Howlett A, McMahon G, 
Hammarsten O (2004) SU11752 inhibits the DNA-dependent protein kinase and 
DNA double-strand break repair resulting in ionizing radiation sensitization. 
Oncogene 23 (4):873–882. doi:10.1038/sj.onc.1207303 

135. Tavecchio M, Munck JM, Cano C, Newell DR, Curtin NJ (2012) Further characte-
risation of the cellular activity of the DNA-PK inhibitor, NU7441, reveals 
potential cross-talk with homologous recombination. Cancer chemotherapy and 
pharmacology 69 (1):155–164. doi:10.1007/s00280-011-1662-4 

136. Zhuang W, Li B, Long L, Chen L, Huang Q, Liang ZQ (2011) Knockdown of the 
DNA-dependent protein kinase catalytic subunit radiosensitizes glioma-initiating 
cells by inducing autophagy. Brain research 1371:7–15. doi:10.1016/ 
j.brainres.2010.11.044 

137. Allalunis-Turner MJ, Zia PK, Barron GM, Mirzayans R, Day RS, 3rd (1995) 
Radiation-induced DNA damage and repair in cells of a radiosensitive human 
malignant glioma cell line. Radiation research 144 (3):288–293 

138. Wang X, Ohnishi K, Takahashi A, Ohnishi T (1998) Poly(ADP-ribosyl)ation is 
required for p53-dependent signal transduction induced by radiation. Oncogene 17 
(22):2819–2825. doi:10.1038/sj.onc.1202216 

139. Mi J, Dziegielewski J, Bolesta E, Brautigan DL, Larner JM (2009) Activation of 
DNA-PK by ionizing radiation is mediated by protein phosphatase 6. PloS one 4 
(2):e4395. doi:10.1371/journal.pone.0004395 

140. Goellner EM, Grimme B, Brown AR, Lin YC, Wang XH, Sugrue KF, Mitchell L, 
Trivedi RN, Tang JB, Sobol RW (2011) Overcoming temozolomide resistance in 
glioblastoma via dual inhibition of NAD+ biosynthesis and base excision repair. 
Cancer research 71 (6):2308–2317. doi:10.1158/0008–5472.CAN-10–3213 

141. McEllin B, Camacho CV, Mukherjee B, Hahm B, Tomimatsu N, Bachoo RM, 
Burma S (2010) PTEN loss compromises homologous recombination repair in 
astrocytes: implications for glioblastoma therapy with temozolomide or 
poly(ADP-ribose) polymerase inhibitors. Cancer research 70 (13):5457–5464. 
doi:10.1158/0008-5472.CAN-09-4295 



57 

142. Russo AL, Kwon HC, Burgan WE, Carter D, Beam K, Weizheng X, Zhang J, 
Slusher BS, Chakravarti A, Tofilon PJ, Camphausen K (2009) In vitro and in vivo 
radiosensitization of glioblastoma cells by the poly (ADP-ribose) polymerase 
inhibitor E7016. Clinical cancer research: an official journal of the American 
Association for Cancer Research 15 (2):607–612. doi:10.1158/1078-0432.CCR-
08-2079 

143. Roos WP, Batista LF, Naumann SC, Wick W, Weller M, Menck CF, Kaina B 
(2007) Apoptosis in malignant glioma cells triggered by the temozolomide-
induced DNA lesion O6-methylguanine. Oncogene 26 (2):186–197. 
doi:10.1038/sj.onc.1209785 

144. Pallini R, Ricci-Vitiani L, Banna GL, Signore M, Lombardi D, Todaro M, Stassi 
G, Martini M, Maira G, Larocca LM, De Maria R (2008) Cancer stem cell analysis 
and clinical outcome in patients with glioblastoma multiforme. Clinical cancer 
research: an official journal of the American Association for Cancer Research 14 
(24):8205–8212. doi:10.1158/1078-0432.CCR-08-0644 

145. Pallini R, Ricci-Vitiani L, Montano N, Mollinari C, Biffoni M, Cenci T, Pierconti 
F, Martini M, De Maria R, Larocca LM (2011) Expression of the stem cell marker 
CD133 in recurrent glioblastoma and its value for prognosis. Cancer 117 (1):162–
174. doi:10.1002/cncr.25581 

146. Hermansen SK, Christensen KG, Jensen SS, Kristensen BW (2011) Inconsistent 
immunohistochemical expression patterns of four different CD133 antibody clones 
in glioblastoma. The journal of histochemistry and cytochemistry: official journal 
of the Histochemistry Society 59 (4):391–407. doi:10.1369/0022155411400867 

147. Pistollato F, Abbadi S, Rampazzo E, Persano L, Della Puppa A, Frasson C, Sarto 
E, Scienza R, D'Avella D, Basso G (2010) Intratumoral hypoxic gradient drives 
stem cells distribution and MGMT expression in glioblastoma. Stem Cells 28 
(5):851–862. doi:10.1002/stem.415 

148. Sheehan JP, Shaffrey ME, Gupta B, Larner J, Rich JN, Park DM (2010) Improving 
the radiosensitivity of radioresistant and hypoxic glioblastoma. Future Oncol 6 
(10):1591–1601. doi:10.2217/fon.10.123 

149. Metellus P, Nanni-Metellus I, Delfino C, Colin C, Tchogandjian A, Coulibaly B, 
Fina F, Loundou A, Barrie M, Chinot O, Ouafik L, Figarella-Branger D (2011) 
Prognostic impact of CD133 mRNA expression in 48 glioblastoma patients treated 
with concomitant radiochemotherapy: a prospective patient cohort at a single 
institution. Annals of surgical oncology 18 (10):2937–2945. doi:10.1245/s10434-
011-1703-6 

150. Ardebili SY, Zajc I, Gole B, Campos B, Herold-Mende C, Drmota S, Lah TT 
(2011) CD133/prominin1 is prognostic for GBM patient's survival, but inversely 
correlated with cysteine cathepsins' expression in glioblastoma derived spheroids. 
Radiology and oncology 45 (2):102–115. doi:10.2478/v10019-011-0015-6 

151. Zhang M, Song T, Yang L, Chen R, Wu L, Yang Z, Fang J (2008) Nestin and 
CD133: valuable stem cell-specific markers for determining clinical outcome of 
glioma patients. Journal of experimental & clinical cancer research: CR 27:85. 
doi:10.1186/ 1756-9966-27-85 

152. Joo KM, Kim SY, Jin X, Song SY, Kong DS, Lee JI, Jeon JW, Kim MH, Kang 
BG, Jung Y, Jin J, Hong SC, Park WY, Lee DS, Kim H, Nam DH (2008) Clinical 
and biological implications of CD133-positive and CD133-negative cells in 
glioblastomas. Laboratory investigation; a journal of technical methods and 
pathology 88 (8):808–815. doi:10.1038/labinvest.2008.57 



58 

153. Jamal M, Rath BH, Tsang PS, Camphausen K, Tofilon PJ (2012) The brain micro-
environment preferentially enhances the radioresistance of CD133(+) glioblastoma 
stem-like cells. Neoplasia 14 (2):150–158 

154. McCord AM, Jamal M, Williams ES, Camphausen K, Tofilon PJ (2009) CD133+ 
glioblastoma stem-like cells are radiosensitive with a defective DNA damage 
response compared with established cell lines. Clinical cancer research: an official 
journal of the American Association for Cancer Research 15 (16):5145–5153. 
doi:10.1158/1078-0432.CCR-09-0263 

155. Christensen K, Schroder HD, Kristensen BW (2011) CD133+ niches and single 
cells in glioblastoma have different phenotypes. Journal of neuro-oncology 104 
(1):129–143. doi:10.1007/s11060–010–0488-y 

156. Rorive S, Lopez XM, Maris C, Trepant AL, Sauvage S, Sadeghi N, Roland I, 
Decaestecker C, Salmon I (2010) TIMP-4 and CD63: new prognostic biomarkers 
in human astrocytomas. Modern pathology: an official journal of the United States 
and Canadian Academy of Pathology, Inc 23 (10):1418–1428. doi:10.1038/ 
modpathol. 2010.136 

157. Shirahata M, Iwao-Koizumi K, Saito S, Ueno N, Oda M, Hashimoto N, Takahashi 
JA, Kato K (2007) Gene expression-based molecular diagnostic system for 
malignant gliomas is superior to histological diagnosis. Clinical cancer research: 
an official journal of the American Association for Cancer Research 13 (24):7341–
7356. doi:10.1158/1078-0432.CCR-06-2789 

158. Wei KC, Huang CY, Chen PY, Feng LY, Wu TW, Chen SM, Tsai HC, Lu YJ, 
Tsang NM, Tseng CK, Pai PC, Shin JW (2010) Evaluation of the prognostic value 
of CD44 in glioblastoma multiforme. Anticancer research 30 (1):253–259 

159. Deorukhkar A, Krishnan S (2010) Targeting inflammatory pathways for tumor 
radiosensitization. Biochemical pharmacology 80 (12):1904–1914. doi:10.1016/ 
j.bcp.2010.06.039 

160. Multhoff G, Radons J (2012) Radiation, inflammation, and immune responses in 
cancer. Frontiers in oncology 2:58. doi:10.3389/fonc.2012.00058 

161. Mutter R, Lu B, Carbone DP, Csiki I, Moretti L, Johnson DH, Morrow JD, Sandler 
AB, Shyr Y, Ye F, Choy H (2009) A phase II study of celecoxib in combination 
with paclitaxel, carboplatin, and radiotherapy for patients with inoperable stage 
IIIA/B non-small cell lung cancer. Clinical cancer research: an official journal of 
the American Association for Cancer Research 15 (6):2158–2165. 
doi:10.1158/1078-0432.CCR-08-0629 

162. Morak MJ, Richel DJ, van Eijck CH, Nuyttens JJ, van der Gaast A, Vervenne WL, 
Padmos EE, Schaake EE, Busch OR, van Tienhoven G (2011) Phase II trial of 
Uracil/Tegafur plus leucovorin and celecoxib combined with radiotherapy in 
locally advanced pancreatic cancer. Radiotherapy and oncology: journal of the 
European Society for Therapeutic Radiology and Oncology 98 (2):261–264. 
doi:10.1016/ j.radonc.2010.10.016 

163. Jakobsen A, Mortensen JP, Bisgaard C, Lindebjerg J, Rafaelsen SR, Bendtsen VO 
(2008) A COX-2 inhibitor combined with chemoradiation of locally advanced 
rectal cancer: a phase II trial. International journal of colorectal disease 23 
(3):251–255. doi:10.1007/s00384-007-0407–7 

164. Knutsen A, Adell G, Sun XF (2006) Inflammatory infiltration, fibrosis, necrosis 
and mucinous content in relation to clinicopathological and molecular factors in 
rectal cancers with or without preoperative radiotherapy. Oncology reports 16 
(2):321–327 



59 

165. Luster AD, Alon R, von Andrian UH (2005) Immune cell migration in inflam-
mation: present and future therapeutic targets. Nature immunology 6 (12):1182–
1190. doi:10.1038/ni1275 

166. Donson AM, Birks DK, Schittone SA, Kleinschmidt-DeMasters BK, Sun DY, 
Hemenway MF, Handler MH, Waziri AE, Wang M, Foreman NK (2012) 
Increased immune gene expression and immune cell infiltration in high-grade 
astrocytoma distinguish long-term from short-term survivors. J Immunol 189 
(4):1920–1927. doi:10.4049/jimmunol.1103373 

167. Lohr J, Ratliff T, Huppertz A, Ge Y, Dictus C, Ahmadi R, Grau S, Hiraoka N, 
Eckstein V, Ecker RC, Korff T, von Deimling A, Unterberg A, Beckhove P, 
Herold-Mende C (2011) Effector T-cell infiltration positively impacts survival of 
glioblastoma patients and is impaired by tumor-derived TGF-beta. Clinical cancer 
research: an official journal of the American Association for Cancer Research 17 
(13):4296–4308. doi:10.1158/1078-0432.CCR-10-2557 

168. Ducray F, de Reynies A, Chinot O, Idbaih A, Figarella-Branger D, Colin C, 
Karayan-Tapon L, Chneiweiss H, Wager M, Vallette F, Marie Y, Rickman D, 
Thomas E, Delattre JY, Honnorat J, Sanson M, Berger F (2010) An ANOCEF 
genomic and transcriptomic microarray study of the response to radiotherapy or to 
alkylating first-line chemotherapy in glioblastoma patients. Molecular cancer 
9:234. doi:10.1186/ 1476-4598–9–234 

169. Matsumura S, Wang B, Kawashima N, Braunstein S, Badura M, Cameron TO, 
Babb JS, Schneider RJ, Formenti SC, Dustin ML, Demaria S (2008) Radiation-
induced CXCL16 release by breast cancer cells attracts effector T cells. J Immunol 
181 (5):3099–3107 

170. Shiao SL, Ganesan AP, Rugo HS, Coussens LM (2011) Immune micro-
environments in solid tumors: new targets for therapy. Genes & development 25 
(24):2559–2572. doi:10.1101/gad.169029.111 

171. Wheeler CJ, Das A, Liu G, Yu JS, Black KL (2004) Clinical responsiveness of 
glioblastoma multiforme to chemotherapy after vaccination. Clinical cancer 
research: an official journal of the American Association for Cancer Research 10 
(16):5316–5326. doi:10.1158/1078-0432.CCR-04-0497 

172. Wheeler CJ, Black KL, Liu G, Mazer M, Zhang XX, Pepkowitz S, Goldfinger D, 
Ng H, Irvin D, Yu JS (2008) Vaccination elicits correlated immune and clinical 
responses in glioblastoma multiforme patients. Cancer research 68 (14):5955–
5964. doi:10.1158/0008-5472.CAN-07-5973 

173. Roebuck KA, Finnegan A (1999) Regulation of intercellular adhesion molecule-1 
(CD54) gene expression. Journal of leukocyte biology 66 (6):876–888 

174. Chen CC (2006) Signal transduction pathways of inflammatory gene expressions 
and therapeutic implications. Current pharmaceutical design 12 (27):3497–3508 

175. Koning GA, Schiffelers RM, Storm G (2002) Endothelial cells at inflammatory 
sites as target for therapeutic intervention. Endothelium: journal of endothelial cell 
research 9 (3):161–171 

176. Hua S (2013) Targeting sites of inflammation: intercellular adhesion molecule-1 as 
a target for novel inflammatory therapies. Frontiers in pharmacology 4:127. 
doi:10.3389/ fphar.2013.00127 

177. Hubbard AK, Rothlein R (2000) Intercellular adhesion molecule-1 (ICAM-1) 
expression and cell signaling cascades. Free radical biology & medicine 28 
(9):1379–1386 



60 

178. Piperi C, Themistocleous MS, Papavassiliou GA, Farmaki E, Levidou G, Korko-
lopoulou P, Adamopoulos C, Papavassiliou AG (2010) High incidence of MGMT 
and RARbeta promoter methylation in primary glioblastomas: association with 
histopathological characteristics, inflammatory mediators and clinical outcome. 
Molecular medicine 16 (1–2):1–9. doi:10.2119/molmed.2009.00140 

179. Kuppner MC, van Meir E, Hamou MF, de Tribolet N (1990) Cytokine regulation 
of intercellular adhesion molecule-1 (ICAM-1) expression on human glioblastoma 
cells. Clinical and experimental immunology 81 (1):142–148 

180. Berindan-Neagoe I, Chiorean R, Braicu C, Florian IS, Leucuta D, Crisan D, Cocis 
A, Balacescu O, Irimie A (2012) Quantitative mRNA expression of genes involved 
in angiogenesis, coagulation and inflammation in multiforme glioblastoma tumoral 
tissue versus peritumoral brain tissue: lack of correlation with clinical data. 
European cytokine network 23 (2):45–55. doi:10.1684/ecn.2012.0302 

181. Gingras MC, Roussel E, Bruner JM, Branch CD, Moser RP (1995) Comparison of 
cell adhesion molecule expression between glioblastoma multiforme and 
autologous normal brain tissue. Journal of neuroimmunology 57 (1–2):143–153 

182. Meager A (1996) Bioimmunoassays for proinflammatory cytokines involving 
cytokine-induced cellular adhesion molecule expression in human glioblastoma 
cell lines. Journal of immunological methods 190 (2):235–244 

183. Kuczynski EA, Patten SG, Coomber BL (2011) VEGFR2 expression and TGF-
beta signaling in initial and recurrent high-grade human glioma. Oncology 81 
(2):126–134. doi:10.1159/000332849 

184. Huang H, Held-Feindt J, Buhl R, Mehdorn HM, Mentlein R (2005) Expression of 
VEGF and its receptors in different brain tumors. Neurological research 27 
(4):371–377. doi:10.1179/016164105X39833 

185. David Dong ZM, Aplin AC, Nicosia RF (2009) Regulation of angiogenesis by 
macrophages, dendritic cells, and circulating myelomonocytic cells. Current 
pharmaceutical design 15 (4):365–379 

186. Granger DN, Senchenkova E (2010) Angiogenesis. Inflammation and the Micro-
circulation. San Rafael (CA): Morgan & Claypool Life Sciences, 
http://www.ncbi.nlm.nih.gov/ books/NBK53377/ 

187. Lohela M, Bry M, Tammela T, Alitalo K (2009) VEGFs and receptors involved in 
angiogenesis versus lymphangiogenesis. Current opinion in cell biology 21 
(2):154–165. doi:10.1016/j.ceb.2008.12.012 

188. Kim I, Moon SO, Kim SH, Kim HJ, Koh YS, Koh GY (2001) Vascular endothelial 
growth factor expression of intercellular adhesion molecule 1 (ICAM-1), vascular 
cell adhesion molecule 1 (VCAM-1), and E-selectin through nuclear factor-kappa 
B activation in endothelial cells. The Journal of biological chemistry 276 
(10):7614–7620. doi:10.1074/jbc.M009705200 

189. Nagy JA, Benjamin L, Zeng H, Dvorak AM, Dvorak HF (2008) Vascular 
permeability, vascular hyperpermeability and angiogenesis. Angiogenesis 11 
(2):109–119. doi:10.1007/s10456–008–9099-z 

190. Naldini A, Carraro F (2005) Role of inflammatory mediators in angiogenesis. 
Current drug targets Inflammation and allergy 4 (1):3–8 

191. Yao JS, Zhai W, Young WL, Yang GY (2006) Interleukin-6 triggers human 
cerebral endothelial cells proliferation and migration: the role for KDR and MMP-
9. Biochemical and biophysical research communications 342 (4):1396–1404. 
doi:10.1016/ j.bbrc.2006.02.100 



61 

192. Ristimaki A, Narko K, Enholm B, Joukov V, Alitalo K (1998) Proinflammatory 
cytokines regulate expression of the lymphatic endothelial mitogen vascular 
endothelial growth factor-C. The Journal of biological chemistry 273 (14):8413–
8418 

193. Roth P, Regli L, Tonder M, Weller M (2013) Tumor-associated edema in brain 
cancer patients: pathogenesis and management. Expert review of anticancer 
therapy 13 (11):1319–1325. doi:10.1586/14737140.2013.852473 

194. Narko K, Enholm B, Makinen T, Ristimaki A (1999) Effect of inflammatory 
cytokines on the expression of the vascular endothelial growth factor-C. 
International journal of experimental pathology 80 (3):109–112 

195. Zhang N, Fang Z, Contag PR, Purchio AF, West DB (2004) Tracking angiogenesis 
induced by skin wounding and contact hypersensitivity using a Vegfr2-luciferase 
transgenic mouse. Blood 103 (2):617–626. doi:10.1182/blood-2003-06-1820 

 
 
 
 
 
  



62 

9. SUMMARY IN ESTONIAN 
 

Multiformne glioblastoom: võimalused parandamaks  
kasvajavastase ravi efektiivsust 

Multiformne glioblastoom (MGB) on kõige agressiivsem aju primaarne paha-
loomuline kasvaja täiskasvanutel, mille ravitulemused on siiani ebarahuldavad 
(keskmine elulemus ca 1 aasta). MGB diagnoosiga haigete elulemust ei ole 
siiani suudetud märkimisväärselt pikendada vaatamata aastakümneid kestnud 
uurimustöödele. Alates 1978. aastast on MGB standardraviks olnud kasvaja 
kirurgiline eemaldamine koos sellele järgneva postoperatiivse kiiritusraviga 
ning medikamentoosse raviga (keemiaravi, sihtmärkravi). MGB on oma iseloo-
mult resistentne haigus, sest nii postoperatiivse kiiritusravi kui ka medika-
mentoosse raviga on võimalik saavutada ainult haiguse lühiajalist stabilisat-
siooni. Paraku surevad ravi järgselt enamus haigetest (99%) lokaalse retsidiivi 
tõttu ajukoes, mistõttu peetakse MGB üheks kõige raskemini ravitavaks paha-
loomuliseks kasvajaks. Ravitulemuste parandamise üheks alustalaks on ravi-
resistentsust põhjustavate mehhanismide väljaselgitamine.  

Käesoleva töö põhieesmärgiks oli leida võimalusi MGB-vastase ravi 
efektiivsuse tõstmiseks ning selleks: 
1. hinnati, kas MGB kõrge reparatsiooniensüümide (PARP-1 ja DNA-PK) tase 

on seotud halvema ravivastusega ning seeläbi haigete lühema elulemusega, 
2. hinnati, kas CD133+ kasvaja tüvirakud, mida eelnevate eelkliiniliste uurin-

gute põhjal on peetud kõige radioresistentsemateks kasvajarakkudeks, 
mõjutavad MGB diagnoosiga haigete ravitulemusi ja elulemust, 

3. hinnati, kas CD63+ kasvajat infiltreerivad põletiku- ja immuunrakud mõju-
tavad MGB diagnoosiga haigete ravitulemusi ja elulemust, 

4. hinnati kasvaja mikrokeskkonna, eelkõige põletiku mõju ühe kõige olu-
lisema angiogeneesi inhibiitorite sihtmärgi, VEGFR-2 ekspressioonile. 

Uuringusse kaasati MGB diagnoosiga haiged (max n=42), kes said postope-
ratiivset kiiritusravi Tartu Ülikooli Kliinikumis või Põhja-Eesti Regionaal-
haiglas aastatel 2006–2008. Operatsiooni käigus eemaldatud kasvajakoes hin-
nati hematoksüliin-eosiin värvingu järgselt nekroosi ulatust (%) ning põleti-
kulist reaktsiooni (1=nõrk, 2=mõõdukas, 3=raske põletikuline reaktsioon). 
Immuunhistokeemilise värvingu järgselt hinnati kasvajarakkudes DNA reparat-
siooniensüümide (PARP-1, DNA-PK) värvumise taset (skoor 0–3), CD133+ 
MGB tüvirakkude osakaalu mikroskoobi vaatevälja kohta (%), CD63+ põletiku- 
ja immuunrakkude arvu mikroskoobi vaatevälja kohta, ICAM-1 ekspressiooni 
optilist tihedust (kvantitatiivse pikseli analüüsi tarkvara abil) ning VEGFR-2 
endoteliaalse värvumise intensiivsust (skoor 0–3). Lisaks eelnevatele hinnati 
DNA reparatsiooniensüümide taseme, CD133+ tüvirakkude proportsiooni ning 
kasvajat infiltreerivate CD63+ põletiku- ja immuunrakkude seost patsientide 
üldise elulemusega (Kaplan-Meieri elulemuse analüüs, mitmemõõtmeline ana-
lüüs). Korrelatsioonide analüüsimisel kasutati Pearsoni korrelatsiooni testi. 
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Kasvajarakkude PARP-1 ja DNA-PK värvumise tasemed varieerusid 
vastavalt vahemikus 1,2–2,8 ja 0,8–2,8. PARP-1 keskmine ja mediaanväärtus 
olid vastavalt 1,96±0,50 (keskmine±standardhälve) ning 2,0. DNA-PK kesk-
mine ja mediaanväärtus olid vastavalt 2,02±0,49 (keskmine±standardhälve) ja 
2,0. Kogu MGB diagnoosiga haigete grupi üldise elulemuse mediaan oli 10,0 
kuud (95% UV 8,1–11,9). Elulemus ei sõltunud PARP-1 tasemest (p=0,93), 
kuid sõltus oluliselt kasvajarakkude DNA-PK tasemest (p=0,02). Patsientide 
elulemus madala (<mediaan) ja kõrge (≥mediaan) DNA-PK tasemega oli 
vastavalt 13,0 kuud (95% UV 10,7–15,3) ja 9,0 kuud (95% UV 7,2–10,8). 
Mitmemõõtmeline analüüs kinnitas, et DNA-PK tase on üldise elulemuse 
oluline prognostiline tegur (riskisuhe 3,9, 95% UV 1,5–10,7, p=0,01). 

CD133+ tüvirakkude osakaal oli MGB koes väga varieeruv, jäädes erine-
vatel patsientidel vahemikku 0,5–82%. Tüvirakkude osakaalu keskmine ja 
mediaanväärtus olid vastavalt 33%±24%  (keskmine±standardhälve) ning 28%. 
Kogu grupi üldise elulemuse mediaan oli 10,0 kuud (95% UV 9,0–11,0). 
Elulemus sõltus märkimisväärselt CD133+ rakkude osakaalust (p=0,02). 
Patsientide elulemus madala (<mediaan) ja kõrge (≥mediaan) CD133+ tüvi-
rakkude osakaaluga oli vastavalt 9,0 kuud (95% UV 7,6–10,5) ja 12,0 kuud 
(95% UV 9,3–14,7). Mitmemõõtmeline analüüs kinnitas, et CD133+ tüvirakku-
de osakaal on oluline prognostiline tegur (riskisuhe 2,0 95% UV 1,0–3,8, 
p=0,04). 

Kasvajat infiltreerivate CD63+ põletiku- ja immuunrakkude arv mikroskoobi 
vaatevälja kohta varieerus MGB diagnoosiga haigetel vahemikus 10,3–134,5. 
CD63+ rakkude keskmine arv ja mediaanväärtus olid vastavalt 45,3±27,2 
(keskmine±standardhälve) ning 39,6. Kogu grupi üldise elulemuse mediaan oli 
10,0 kuud (95% UV 9,0–11,0). Elulemus sõltus märkimisväärselt kasvajat 
infiltreerivate CD63+ põletiku- ja immuunrakkude arvust (p=0,003). Patsientide 
elulemus madala (<mediaan) ja kõrge (≥mediaan) CD63+ põletikuliste rakkude 
arvuga olid vastavalt 9,0 kuud (95% UV 8,1–9,9) ja 12,0 kuud (95% UV 8,5–
15,5). Mitmemõõtmeline analüüs kinnitas, et CD63+ põletikurakkude arv on 
oluline prognostiline tegur (riskisuhe 2,4 95% UV 1,2–5,1, p=0,02). 

MGB koes visuaalselt hinnatud põletikulise reaktsiooni keskmine skoor oli 
uuringugrupis 1,9±0,7 (keskmine±standardhälve). Digitaalse pikseli analüüsiga 
hinnatud ICAM-1 ekspressiooni optiline tihedus varieerus vahemikus 17,6–
154,9 ühikut. Grupi keskmine ICAM-1 optiline tihedus oli 57,0±27,1 (kesk-
mine± standardhälve). Grupi keskmine endoteliaalse VEGFR-2 värvumise 
intensiivsus oli 1,2±0,8 (keskmine±standardhälve). Märkimisväärne korrelat-
sioon leiti endoteliaalse VEGFR-2 ekspressiooni ja põletiku ulatuse vahel 
(p<0,01). Samuti esines märkimisväärne seos endoteliaalse VEGFR-2 ekspres-
siooni ja kasvajakoe ICAM-1 optilise tiheduse vahel (p=0.03). 

Käesolev doktoritöö näitas, et postoperatiivset kiiritusravi saavate MGB 
diagnoosiga haigete elulemus sõltub kasvaja DNA-PK tasemest. Patsiendid, 
kelle kasvajakoes oli kõrge DNA-PK tase, allusid ravile halvemini ning elasid 
lühemalt. Seetõttu tuleks edasistes uuringutes hinnata, kas DNA-PK inhibiitorid 
võiksid tõsta kasvajarakkude tundlikkust kiiritusravile ning parandada seeläbi 
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ravitulemust. Käesoleva töö raames täheldati, et kliinilised andmed ei kinnita 
seost MGB CD133+ tüvirakkude suurema osakaalu ning kasvaja agressiivsema 
kulu vahel. Suurema CD133+ tüvirakkude osakaaluga patsiendid saavutasid 
postoperatiivse kiiritusravi järgselt pikemalt kestva haiguse remissiooni ja 
pikema elulemuse. Selle põhjused vajavad selgitamist edasistes uuringutes. 
Lisaks eelnevale leiti, et  kasvajat infiltreerivad CD63+ põletiku- ja immuun-
rakud omavad soodsat toimet MGB haigete elulemusele. Haigetel, kellel 
kasvajakude sisaldas postoperatiivse kiiritusravi eelselt rohkem põletiku- ja 
immuunrakke, oli oluliselt pikem elulemus. Eelnevast tulenevalt võiks seega 
edasistes uuringutes vaadelda, kas põletikku- ja immuunreaktsiooni võimen-
davad ravimeetodid koos standardse tsütotoksilise kasvajavastase raviga paran-
daksid MGB ravitulemust. Samuti selgus käesolevast tööst, et MGB ravis 
laialdaselt testitud angiogeneesi inhibiitorite ühe olulise sihtmärgi – VEGFR-2 – 
ekspressioon sõltub kasvajakoe põletiku ulatusest. VEGFR-2 ekspressiooni 
sõltuvus tuumori põletikulisest mikrokeskkonnast võib olla üheks angiogeneesi 
inhibiitorite ebaefektiivsuse põhjuseks. 

Kokkuvõtvalt võib öelda, et MGB ravitulemuste parandamiseks on mitmeid 
võimalusi ning efektiivsema kasvajavastase ravi läbiviimiseks ei tuleks mõju-
tada ainult kasvajarakke, vaid ka kasvaja tüvirakke ning kasvaja mikrokesk-
konda. Doktoritöö raames tekkinud ideid on kavas testida edasistes eelkliini-
listes ning kliinilistes uuringutes. 
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