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Abstract

The glial tumors, so called gliomas, represent the largest group of the primary central
nervous system malignancies. Gliomas remain generally an incurable disease progressing
from the lower grades of malignancy to the more aggressive tumors in the course of time.
This finally leads to the rapid patient’s clinical deterioration and eventually the death.
Recently there has been a significant expansion of knowledge in the neuro-oncology domain
regarding the onset and development of neoplastic disease at the genetic as well as epigenetic
level. Novel prognostic and predictive molecular genetic biomarkers are emerging that can
be used for more precise diagnosis, for more accurate assessment of a patients” prognosis,
or for better selection of therapy and prediction of therapeutic response. The fundamental
view of the histological-based classification of central nervous system tumors is gradually
changing and the molecular biomarkers are incorporating in addition to histopathology to
refine the diagnoses of many tumor entities at the moment. The recent findings from
molecular genetics of gliomas together with the results from clinical trials incorporating the

various biomarkers are discussed in this thesis.

In the first study the biomarker isocitrate dehydrogenases 1 (IDH1) R132H mutation was
examined in the tumor tissue from patients with glioblastoma multiforme and the results
were correlated with the clinical characteristics of patients. The prognostic value of this
biomarker was proved. Patients with IDH1 R132H mutation in the tumor tissue had
significantly longer survival than patients with IDH1 wild-type tumors. The presented results
were included into the large recently published meta-analysis that confirmed positive
prognostic effect of the IDH mutations on both overall survival and progression-free survival

in patients with gliomas.

The second study examined the chromosomal aberration 1p/19q co-deletion in patients with
anaplastic oligodendroglioma who were treated with the combined radiotherapy and
chemotherapy (procarbazine, lomustine and vincristine regime - PCV). The results were
correlated with the clinical characteristics of patients. The prognostic value of 1p/19q co-
deletion was proved. The strong positive predictive value of this biomarker for overall
survival was also shown for patients with co-deletion treated with neurosurgery and
radiotherapy plus PCV chemotherapy by comparison with neurosurgery and radiotherapy

alone.



The enormous advances in the molecular genetics of central nervous system tumors
especially gliomas bring completely new opportunities for the optimization of the treatment
strategies for an individual patient with these diagnoses. The analysis of molecular genetics
in central nervous system tumors is now recommended in order to implement the principles

of personalized medicine into the clinical management of these malignancies.
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1. Theoretical introduction

1.1 Biomarkers and personalized medicine in neurooncology

Personalized medicine represents new model of an individual patient’s medical care [1,2].
The main goal of personalized medicine is the shift from the concept of “one medicine fits
to all patients with the same disease” to individual treatment of each patient - “the right
treatment to the right patient in the right time” [3-5]. Personalized medicine is based on the
evolving knowledge about the human genome, gene functions as well as the genetic basis of
the individual differences in responses to a treatment. The main strategy of personalized
medicine is to provide an individualized approach to each patient, based on his/her personal
genetic profile and combining information from omics disciplines (genomics, epigenomics,
proteomics, transcriptomics, metabolomics and others) with innovative preventive and

therapeutic strategies that are more efficient, safe and cost-effective [6-9].

Central nervous system (CNS) tumors account for about 2% of all cancers with the annually
incidence 9.5 cases out of 100,000 people [10,11]. The widely used World Health
Organization (WHO) classification from 2007 recognized more than 130 different
histopathological units of primary CNS tumors [12]. This represents a very extensive and
markedly heterogeneous group of diseases, with individual types of tumors exhibiting

various biological behaviors.

Recently there has been a significant expansion of knowledge in the neuro-oncology domain
regarding the onset and development of neoplastic disease at the genetic as well as epigenetic
levels [13]. Novel prognostic and predictive biomarkers are emerging and the fundamental
view of the histological-based classification of CNS tumors is gradually changing.
Moreover, even in the given histopathological units, further segmentation is starting to
establish based on molecular genetic profiles resulting from the international integrative
multiplatform studies of the CNS tumors [14-16]. The huge progress in genetic and
epigenetic findings led to the very recent update of WHO CNS tumors classification in 2016
[17]. For the first time, the molecular biomarkers are incorporated in addition to
histopathology to refine the diagnoses of many tumor entities. The updated classification
presents a new perspective for how CNS tumor diagnoses should be structured in the era of

molecular medicine.
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The largest group among the primary CNS tumors (about 50%) are formed from supporting
glial cells and are called gliomas [12,18]. Gliomas are the most diverse group of CNS tumors
differing in their typical localization, age predisposition, morphology, grade and the
inclination to progression. To date, gliomas are classified mainly based on their
histopathological characteristics. The most important classes are astrocytomas,
oligodendrogliomas, ependymomas and mixed type of gliomas such as oligoastrocytomas.

Gliomas can be also categorized according to morphological features of anaplasia into the
grade of malignancy with a range of WHO grades | to IV. This classification is closely linked
to the distinct disease behavior, ranging from slow progression in lower grade tumors, to
extremely poor prognosis for patients with WHO grade IV glial tumors (glioblastoma
multiforme - GBM). However, it is not time independent during the disease course. Low-
grade tumors (WHO grade 1) progress to high-grade (anaplastic) gliomas (WHO grade I11)
and finally also to secondary GBM over time, which is now explained in detail on molecular
genetic level [19]. The progression to GBM leads to rapid clinical deterioration and
eventually to the patient’s death within 15 months despite the complex treatment [20,21].
The only exception are WHO grade | gliomas (the most important representative - pilocytic
astrocytoma) representing biologically entirely different type of tumors also called
“circumscribed”. These tumors are potentially curable with surgical resection only and do
not progress to the higher grades over the disease time course [22]. Schematically CNS
gliomas are subdivided into the lower grade tumors (low grade glioma - LGG) representing
the WHO grades | and Il tumors and high grade tumors (high grade glioma - HGG) with the
WHO grade Il and IV tumors (anaplastic gliomas and GBM). This sub-classification has
strong clinical significance because of the substantial differences in treatment strategies.

In the near future it is likely to be necessary to integrate various molecular genetic
biomarkers together with the principles of personalized medicine into standard clinical care
for patients suffering from neurological cancers. The most recent and clinically relevant
examples of the use of personalized medicine approaches in the management of the glioma
patients will be discussed in this work focusing on glioblastoma multiforme,

oligodendroglioma and the group of low grade gliomas.
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1.2 Glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most common and most malignant primary brain
tumor in adults with an incidence of 3-4/100,000/year [23,24]. GBM is extremely invasive
and difficult to treat surgically, characterized by intense and aberrant vascularization and
high resistance to radiotherapy (RT) and chemotherapy (CHT). The current standard of care
for patients with newly diagnosed GBM is neurosurgery followed by fractionated external
beam RT and CHT with systemic temozolomide [25]. The median survival of GBM patients
is 12.1-14.6 months and only 3-5% of patients survive longer than 3 years [26]. The progress
in the knowledge of GBM genetics over the past 10 years has revealed several abnormalities
in a diversity of mutated genes and cellular signaling pathways. The importance of the GBM
microenvironment, especially of tumor angiogenesis, has also been studied. New knowledge
regarding the diversity of GBM on molecular and genetic level could lead to the deep
analysis of the tumor and the refinement of management personalized to the individual

patient in the near future.

1.2.1 Histopathology of glioblastoma

The application of histopathology together with molecular genetics is required for so called
“integrated diagnosis” of GBM according to the WHO 2016 classification of CNS tumors
[17]. GBM represent primary brain malignancy originating from glia, the brain tissue which
provides supportive functions to neural cells (nutrients, oxygen supply, mechanical support,
guidance in development and immune functions) but also acts in very complex processes
(signal transduction and neurotransmission). GBM is the most common form of high-grade
glial tumor defined by specific histopathological criteria such as hyper-cellularity, necrosis,

pleomorphism, vascular proliferation and pseudopallisading [20,27].

GBM can be categorized into two subgroups - primary and secondary. Primary GBM are
diagnosed as advanced cancer, whereas secondary cases have clinical, radiological or
histopathological evidence of progression from a pre-existing lower-grade tumors [17,28].
There are substantial clinical differences between these two groups. Secondary GBM occur
less frequently (<10% of all GBM), among younger patients (with a median age of 44 years),
and have longer median overall survival (OS) by comparison with primary GBM (31 vs. 15

months, respectively). However, distinction between primary and secondary GBM based on
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the histopathological findings alone is not possible [29]. On the other hand, there are
fundamental differences between primary and secondary tumors at the genetic level that
might allow their differentiation [17,19].

1.2.2 Molecular genetics of glioblastoma

The origin of cancer is currently understood as the accumulation of hereditary and/or somatic
alterations (mutations) in genes that control critical biological processes, such as the
regulation of apoptosis, the cell cycle progression and proliferation [30,31]. This could be
manifested by the activation of oncogenes or by the silencing of tumor suppressor genes,
which leads to the different gene expression profile of cancer cells. However, not only
genetic alterations are immediately essential for malignant transformation. Epigenetic
mechanisms of modification of gene expression, such as DNA methylation status,
imprinting, chromatin changes, and the role of micro-RNAs, are also being discussed
[30,31].

Comprehensive analysis of genetic and epigenetic alterations in glial tumors by comparison
with normal brain tissue is now very important. This molecular approach could provide
novel targets for diagnostic, prognostic or therapeutic purposes. It could also help with the
identification of subgroups of patients who have better prognosis on standard therapy or

preferentially respond to certain single or combined novel targeted therapies.

Some of the pioneer genetic studies of malignant gliomas described the presence of an extra
copy of chromosome 7 in the cancer cells and an amplification of the receptor of epidermal
growth factor (EGFR) gene was identified [32]. Further karyotype and loss of heterozygosity
studies identified the positions of tumor suppressor genes on chromosomes 9, 10 and 17
[33]. The main gene which was altered on chromosome 17 in GBM was identified as tumor
suppressor TP53, which has a critical role in the inspection of the genome for DNA damage
and can arrest the cell cycle and trigger apoptosis. Owing to further progress in genetics, the
loss of tumor suppressors from chromosomes 9 (p16 cell-cycle inhibitor) and chromosome
10 (phosphatase and tensin homolog - PTEN) were described in 1994 and 1997, respectively
[34,35]. The role of p16 is to arrest cell cycle progression, whereas PTEN is a negative
regulator of the phosphoinositide 3-kinase (P13K) cell signaling pathway [36].
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The unprecedented progress of recent years in all “omics” disciplines (such as genomics,
transcriptomics, proteomics and others) together with improvements in bioinformatics
technologies have provided new opportunities for the current brain cancer research. One of
the most important genome-wide analyses of 20,661 protein-coding genes in GBM was
completed in 2008. This study examined 22 tumors” genome samples and identified the most
important alterations at the genetic level that drive glioblastoma formation and progression
[16]. Most of the common alterations in DNA were identified, such as point mutations, small
insertions and deletions, as well as larger copy number changes, genetic amplifications and

deletions.

Another exciting work in this area is conducted by the cancer genome atlas research network
(TCGA). The TCGA consortium is carrying out research in more than 20 types of human
cancers including GBM. A total number of 500 specimens of primary untreated GBM were
utilized for the DNA (gene copy number, gene sequencing, epigenetic modification), MRNA

(gene expression profile), and microRNA (regulation of expression) analyzes [15].

The alterations of several important cell signaling pathways involving in GBM development
and growth were uncovered from these and others large multiplatform studies [15,16,19,37].
Among the most important ones are i) KRAS and PI13K oncogenic pathways (88% of GBM),
ii) the p53 pathway (87% of GBM), iii) cell-cycle regulatory pathway (78% of GBM), and
iv) the newly discovered alterations in metabolic pathways including isocitrate
dehydrogenases 1 and 2 (IDH1 and IDH2) mutations (10% of GBM, in the vast majority the
secondary). The alterations in IDH1/2 could also serve as independent prognostic factor that

will be discussed hereafter in this section [38].

Based on these high-throughput sequencing studies evaluating large groups of tumors, GBM
could be divided into different subtypes. By this approach, GBM still remain one
pathological unit but are subdivided by their genetic alterations and expression profiles. The
novel four subgroups of GBM explored from the TCGA data are called Classical,
Mesenchymal, Proneural and Neural, named because of the function of overexpressed so
called “signature” genes across these classes [39]. This subdivision has an important clinical
relevance as the proneural group has the better prognosis, whereas the GBM with
mesenchymal gene expression pattern have the worse OS of less than 12 months. Novel

molecular classifications of GBM could be also useful for defining important molecular
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alterations within each group, eventually suitable for therapeutic intervention by
personalized targeted anticancer therapy.

1.2.3 Prognostic and predictive glioblastoma biomarkers

The huge progress in the genetics as well as epigenetics of gliomas in the recent years
revealed some particularly important molecular biomarkers that significantly change the
approach to clinical management of patients with these primary CNS tumors. The most
important examples of prognostic and/or predictive biomarkers and their clinical relevance
in the treatment of GBM patients is discussed in this section, such as the mutations in
isocitrate dehydrogenases 1 and 2 (IDH1/2), the glioma cytosine-guanine (CpG) islets
methylator phenotype (G-CIMP) or the promoter methylation status of the O-6-
methylguanine-methyltransferase (MGMT) gene.

1.2.4 Mutations in IDH1/2 as a glioblastoma biomarker

The isocitrate dehydrogenases mutations are the important glioma biomarkers close to
clinical application that are able to contribute to determining the patient’s prognosis. IDH is
an important Krebs cycle enzyme that converts isocitrate into alpha-ketoglutarate (a-KG)
and reduces nicotinamide adenine dinucleotide phosphate (NADP+) to the reduced form
NADPH. IDH thus acts in one of the critical steps of carbohydrate, lipid as well as amino
acid metabolism [40]. Human IDH enzyme has three different isoforms - IDH1 (found in

the cytoplasm and peroxisomes) and IDH2 and 3 (presented in the mitochondria).

Recurrent mutations in IDH were systematically described in patients with GBM, although
only in about 5-10% of the tumors (predominantly secondary GBM). In contrast, IDH1/2
mutations were subsequently found with high frequency in diffuse astrocytomas (70-80%)
and anaplastic astrocytomas (up to 50%) [41,42]. Mutations in IDH1 show conservative
amino acid substitution R132H in 90%. R132C, R132G, R132S and R132L substitutions are
also known but uncommon. Mutations in IDH2 are much rarer and primarily involve R172

amino acid substitution [42,43].

The real breakthrough in the understanding of IDH1/2 mutations for glioma oncogenesis
was the discovery of completely new function of the mutant enzyme. Instead of NADP+

dependent production of a-KG, mutant IDH catalyzes the NADPH-dependent reduction of
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a-KG to 2-hydroxyglutarate (2-HG). Gliomas with IDH1/2 mutations therefore contain the
high concentration of 2-HG, unlike tumors without such mutations [44]. Potential onco-
metabolite 2-HG is closely related to cancer initiation and progression. 2-HG serves as an
potent inhibitor of alpha-ketoglutarate-dependent dioxygenases, which leads to genome-
wide epigenetic changes [45]. Cells with mutations in IDH1/2 thus undergo massive
epigenetic alterations including DNA and histone hypermethylation that leads to chromatin

remodeling and extensively influences gene expression [46-48].

From the perspective of personalized medicine the marked impact of these mutations on
GBM prognosis is especially important, regardless of the therapy intervention. Patients with
GBM and mutations in IDH1/2 are generally younger and have a significantly longer median
OS than patients without these mutations (IDH-wild type). Across several studies, better
prognosis for patients with IDH1/2 mutated GBM than IDH-wild type GBM were observed
with the longer median OS of 3.8 vs. 1.1 years, 2.6 vs. 1.3 years, 2.3 vs. 1.2 years and 3 vs.
1 year [16,43,49,50]. Even more significant differences in OS were found in patients with
anaplastic astrocytomas; 5.4 vs. 1.7 years, 6.8 vs. 1.6 years and 7 vs. 2 years [43,49,50] as
well as diffuse astrocytoma 12.6 vs. 5.5 years [49]. Recent meta-analysis of 55 observational
studies has shown that patients with gliomas positive for IDH1/2 mutations have improved

both overall survival and progression-free survival [38].

The growing importance of IDH mutations in clinical practice also requires the development
of standardized and validated methods for analyzing of this biomarker in the tumor tissues
with  high sensitivity and specificity. IDH mutations can be assessed by
immunohistochemistry or molecular biology techniques from the resected tumor tissue or
biopsy [51-54]. These can be complemented or even replaced with non-invasive in-vivo
determination of onco-metabolite 2-HG in the tumor tissue by MRI-spectroscopy [55-58].
This approach detecting the resulting product of mutated enzyme is also independent from
sequential type of IDH1/2 mutations. It represents unique case in oncology when the specific
mutation in the tumor tissue can be assessed by accessible radiology method with high

sensitivity and specificity.

Further research will clarify the potential therapeutic effect of inhibition of mutated enzyme

or depletion of onco-metabolite 2-HG accumulated in glial tumors. Inhibition of mutant IDH
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shows promise in phase /1l clinical trials with hematologic malignancies and further
development is ongoing in solid tumors including gliomas [59].

1.2.5 MGMT promoter methylation as a glioblastoma biomarker

The current standard of care for GBM patients includes neurosurgery, RT and the use of the
temozolomide-based chemotherapy. Temozolomide is an oral alkylating agent that causes
DNA damage by alkylation of the 0-6 position of guanine and the production of DNA
interstrand cross-links [25]. In a large, randomized, phase Il trial in newly diagnosed
patients with GBM conducted by Roger Stupp, RT and concurrent daily temozolomide
followed by adjuvant temozolomide provided a median survival benefit of 2.5 months and
the proportion of 2-year survivors increased from 10.4% to 26.5% in comparison with RT
alone. 5-year OS was also higher in combined treatment arm (9,8 vs. 1,9%) [60]. The Stupp’s
regime has become a gold standard of care in the treatment of patients with newly diagnosed
GBM and is still valid today. There exists a subset of patients who have better response to
temozolomide, but the majority of GBM patients become rapidly resistant.

One of the strongest predictive biomarkers for the chemotherapy response is the alteration
in the MGMT gene [61]. The enzyme MGMT s able to repair the DNA damage caused by
temozolomide. The presence of MGMT leads to reduction in the effect of temozolomide-
based chemotherapy. The silencing of MGMT can be caused by epigenetic mechanisms,
such as the DNA hypermethylation of CpG islands in the promoter region. This alteration
leads to a decrease in the transcription of MGMT and to worse ability of tumor to repair
damage caused by temozolomide which means a better therapeutic response [62].
Methylation of the MGMT promoter was observed in more than 40% of patients with GBM
(more in the subgroup with secondary GBM) [63,64].

The subset analysis of the Stupp’s clinical trial showed that the patients with
hypermethylated MGMT promoter had a significantly longer median OS after therapy with
RT plus temozolomide compared with RT alone (21.7 vs. 15.3 months) [25,63]. There was
no statistically significant difference in OS between the treatment arms in the subgroup
without methylation of the MGMT promoter. In another study, MGMT promoter
hypermethylation was predictive for a better response to RT independently of treatment with
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temozolomide [65]. Therefore, the MGMT methylation status could be potentially
considered as a general biomarker of better therapeutic response in GBM.

But what is the real predictive value of MGMT promoter methylation in everyday clinical
practice? The substantial limitation of the use of this biomarker in choosing the most
appropriate therapy for an individual patient is the lack of an alternative effective treatment
for patients with newly diagnosed GBM. Moreover, the randomized phase 11 clinical trial
radiation therapy oncology group (RTOG) 0525 which compared dose-intense
temozolomide (75-100 milligrams per square meter of body surface on days 1 to 21 of a 28-
day cycle) versus standard dose temozolomide (150-200 milligrams per meter squared on
days 1 to 5 of a 28-day cycle) didn’t reveal a benefit of dose-intense regime overall, or in
the subgroups of MGMT hypermethylated or unmethylated patients [66]. However the
prognostic effect of this biomarker was also proven in this trial.

The MGMT promoter methylation could be incorporated into clinical practice as a predictive
biomarker in some particular scenario, such as in the treatment of patients with the higher
age and/or poorer performance status. Patients with age of more than 65 years and/or
Karnofsky performance status (KPS) less than or equal to 60 often develop significant
toxicity which limits the applicability of the standard treatment regime with RT and

temozolomide.

Two independent clinical trials in elderly patients with GBM (NOA-08 and Nordic trial)
randomized subjects into the RT alone (standard RT vs. hypofractionated RT in Nordic trial)
versus temozolomide alone (dose-intense temozolomide in NOA-08) arms as an initial
treatment [67,68]. Patients with MGMT promoter methylated tumors showed better outcome
with temozolomide in both trials. Whereas those with MGMT unmethylated tumors had
reduced survival when treated with temozolomide by comparison with RT alone. These
results strongly support the predictive role of MGMT biomarker for the choosing of the
optimal therapy in elderly GBM patients who are not commonly eligible for the combined
modality treatment [13]. Currently, the optimal treatment strategy for elderly patients with
GBM should be selected in a multi-disciplinary setting taking into account the KPS, extent
of tumor resection and MGMT promoter methylation status. Based on the results from
clinical trials mentioned above, it is now recommended to use temozolomide monotherapy
after surgery in GBM patients with age more than 70 years and/or KPS less than or equal to

60 with tumor positive for MGMT promoter methylation also in the Czech Republic [60].
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The prognostic as well as predictive role of MGMT biomarker has a close relation to the
presence or absence of IDH mutations in the tumor tissue. In the recent study with 98 GBM
patients the combined analyses of IDH mutations together with MGMT promoter
methylation outperforms either IDH1 mutations or MGMT methylation assessment alone in
predicting survival [69]. The best prognosis was observed for those patients with IDH
mutated MGMT methylated tumors followed by IDH mutated MGMT unmethylated and
IDH wild-type MGMT methylated GBM. The worst prognosis was found in patients with
IDH wild-type MGMT unmethylated tumors. The subanalyses of 183 anaplastic glioma
patients from the NOA-04 clinical trial revealed the predictive effect of MGMT promoter
methylation for benefit from alkylating agent chemotherapy only in patients with IDH1-
wild-type, but not IDH1-mutant tumors [70]. The analysis of various biomarkers and their
combinations will probably become the gold standard in the treatment planning for GBM

patients in the near future.

1.2.6 G-CIMP as a glioblastoma biomarker

Another molecular genetic biomarker with possible clinical relevance for GBM patients is
the glioma cytosine-guanine (CpG) islets methylator phenotype (G-CIMP).
Hypermethylation of the CpG islets in glioma genome was studied mainly as a prognostic
biomarker for GBM patients. The subanalysis of 272 GBM from the TCGA dataset
demonstrated that patients with G-CIMP positive tumors were of younger age and
experienced significantly improved OS [71]. Moreover, the vast majority of the G-CIMP
positive tumors had also IDH1 mutations and belonged to proneural pattern of gene
expression. The direct relationship between the mutations in IDH1/2 and occurrence of G-
CIMP in tumor tissue was subsequently found [72]. The presence of IDH1/2 mutations and
an accumulation of onco-metabolite 2-HG seems to be the sufficient factor for the

establishment of G-CIMP in glioma genome.

1.2.7 The perspectives of novel therapies for patients suffering from GBM

The standard therapeutic options for the treatment of GBM as well as other types of high-
grade glioma have only limited benefits. The novel group of anticancer drugs so called
targeted therapies are directed against certain tumor features such as altered signaling and

metabolic pathways, aberrant tumor vessels, angiogenesis and the tumor microenvironment
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[30,36]. Recent genome-wide studies and the molecular characterization of GBM has
enabled the identification of potential new targets in cancer cells together with the
development of novel therapeutic small molecules and monoclonal antibodies and initiation
of clinical trials with these drugs [24,73]. Also new approaches of targeted immunotherapy

could bring a fundamental breakthrough into the treatment of gliomas [74].

However, there is a wide molecular diversity and heterogeneity associated with the aberrant
GBM signaling pathways. Recent study identified distinct mutation profile of recurrent
glioma that varied from the initial mutation analyses in the same patient [75]. The exomes
of 23 initial low-grade gliomas and recurrent tumors resected from the same patients were
sequenced and the mutation profiles were compared each other. In 43% of cases, at least half
of the mutations presented in the initial tumor were not found at recurrence. Moreover, the
mutational profile of GBM is also affected by chemotherapy as the recurrent tumors exhibit
temozolomide-induced damage to the DNA mismatch repair system resulting in a
hypermutated phenotype [76]. Another study revealed the possibility of GBM proneural
gene expression pattern transition to a mesenchymal pattern at recurrence which could also
affects the effectiveness of new drugs used at the beginning of the treatment in newly-

diagnosed disease [37].

These and others mechanisms such as the lack of tumor dependence on proposed target,
failure of drug penetration into CNS, or clonal evolution and antigen escape of tumor after
effective therapeutic intervention, could be the reasons for the relative lack of success of
new targeted approaches in the treatment of gliomas. Only a small clinical benefit has been
demonstrated with the novel therapeutics so far which is discussed in more detail in the

following text.

Overcoming of these barriers will probably require the use of individualized molecular
profiling of each GBM tumor at the initial diagnosis and also at the recurrence and
application of personalized medicine principles in combination of targeted therapies with
other types of treatment for high-grade gliomas.
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1.2.8 Inhibitors of growth factors and their receptors, inhibitors of

intracellular signaling pathways

This is a group of relatively new molecules that are able to specifically affect (inhibit)
various aberrantly activated cell signaling pathways leading to the formation and progression
of cancer [24,36]. Such effect can be achieved by inhibition of specific growth factors and
their receptors including epidermal growth factor family (EGF) and their receptors (EGFR),
platelet-derived growth factors (PDGF) and their receptors (PDGFR), insulin-like growth
factors (IGF), fibroblast growth factor (FGF) and their receptors and others. These receptors
and their ligands are overexpressed or mutated in high proportion of GBM [16,77].

The molecular aberrations in EGFR comprising mutations or gene overexpression are
described in approximately 50% of GBM [15]. Therefore aberrantly activated EGFR could
be possible therapeutic target, similar to the situation common in other tumor types. One of
the approved drugs directed against EGFR is gefitinib. The progression-free survival (PFS)
at 6 months was 13% and the median OS was 10 months in early phase Il clinical trial of
recurrent GBM treated with gefitinib [78]. There were more recent studies with gefitinib as
monotherapy or in combinations for GBM treatment with results of only very limited
efficacy compared to standard treatment [79-81]. Another EGFR inhibitor also examined as
a possible treatment for GBM is erlotinib. Number of phase Il trials of erlotinib as a single
agent showed only minimal benefit for GBM treatment and modest survival benefit in
combination with other agents [82-84]. Another promising drug with EGFR inhibitory
activity is lapatinib. This drug was tested in multiple clinical trials in patients with GBM but
again with very limited antitumor effect [85-87]. The newer irreversible EGFR inhibitor
afatinib has been recently evaluated as a monotherapy or in combination with temozolomide
in phase I/11 study with recurrent GBM patients [88]. Afatinib had a manageable safety
profile but only very limited activity. Cetuximab is a chimeric monoclonal antibody which
can also inhibit EGFR. This drug was tested in the small group of GBM patients but with
poor results [89]. Some improvement was observed in the phase Il study evaluating the
combination of cetuximab, irinotecan, and bevacizumab. However, the efficacy data were
not superior compared to results with bevacizumab and irinotecan alone [90]. The observed

effects of EGFR inhibitors in the treatment of GBM patients are still generally weak. Better
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results could be possibly achieved by stratification of patients eligible to the treatment by
presence of overexpression or specific mutations of EGFR in the tumor tissue [91-93].

The PDGFR is another receptor on cell surface frequently overexpressed and activated in
GBM, especially in the proneural subtype [15,39]. The aberrant activation of PDGFR assists
in the transition from lower grade glioma to GBM and the PDGF ligand is able to stimulate
tumor growth and angiogenesis [94,95]. Imatinib is a kinase inhibitor of PDGRF, ¢c-KIT, and
oncogene fusion protein BCR-ABL that was extensively examined also in patients with
GBM. The PFS 16% at 6 months was observed in one phase Il trial of patients with the
recurrent disease [96]. Further multicenter phase Il studies confirmed that imatinib as a
monotherapy or in combinations failed to improve PFS or OS in patients with GBM [97,98].
Multikinase inhibitors influencing tumor angiogenesis sunitinib, sorafenib, or vandetanib
have also inhibitory effect on PDGFR. These substances were evaluated in the treatment of
GBM as well [99,100]. Nevertheless, more recent multicentric randomized phase Il clinical
trial of RT and temozolomide with or without vandetanib in newly diagnosed GBM patients
showed no significant OS benefit of combination compared with the parallel control arm,
which led to early termination of the study [101]. Newer multikinase inhibitors affecting
PDGFR such as dasatinib or nintedanib also failed to improve OS in patients with recurrent
GBM [102-104]. Based on the results from these and other clinical trials with various
targeted drugs inhibiting overexpressed PDGFR in the tumor tissue, this approach
unfortunately does not seem to be an effective therapeutic strategy for patients with GBM at

the moment.

Intracellular components in signaling pathways mediate the response of cells to the growth
factors and their interactions with cell surface receptors. Inhibition of such aberrant signaling
components is a promising targeted therapeutic approach for the treatment of many types of
cancer including high-grade glioma [24,36]. Activation of protein kinase C (PKC)
contributes to the signal propagation from several growth factors, such as EGF and PDGF,
which stimulate glioma cell proliferation. The examples of drugs that inhibit PKC and were
evaluated in patients with GBM were tamoxifen [105,106] or enzastaurin [107,108]. Again,
the minimal or no benefit was observed. Mammalian target of rapamycin (mTOR) is another
intracellular protein-kinase involved in cell growth signaling. It transduces the signals from
PI3K as well as the KRAS pathway [36]. Overexpression of growth factors or deletion of
PTEN increases the mTOR activation in GBM [77,109]. Selective mTOR inhibitors were
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examined in GBM settings as well. The small molecule sirolimus was not effective as a
single agent and had limited efficacy in a phase Il trial in combination with erlotinib
[84,110]. Another mTOR inhibitor everolimus showed no clear clinical benefit in
combination with gefitinib for recurrent GBM [80]. The recent phase Il study evaluating
everolimus, temozolomide, and radiotherapy in patients with newly diagnosed glioblastoma
showed no appreciable survival benefit of the combination compared with historical controls
treated with conventional therapy [111]. The newer selective inhibitor of PI3K showed low
overall response rate with median PFS at 6 months only 17% in the phase Il study with
recurrent GBM patients. However, 21% of participants had durable stable disease even if the
association between stable disease and molecular biomarkers was not seen [112]. There are
many other targeted therapeutics affecting various aberrantly activated intracellular
signalizations of cancer cells that were examined in the GBM settings, such as PARP
inhibitors, STATS3 inhibitors and others [24,73,113-115].

Unfortunately, despite enormous advances in the research of personalized medicine and
targeted oncological therapy during the past decade, none of these therapeutics have proved
the significant PFS or OS benefit in the well-designed phase 111 clinical trial for patients with
newly diagnosed or recurrent disease as a monotherapy or in combination with standard

treatment regime so far.

1.2.9 Inhibition of angiogenesis in glioblastoma

The cancer research increasingly highlights the fundamental role of tumor
microenvironment together with pathological angiogenesis and tumor neovascularization for
the development and progression of malignant diseases [30,116]. The processes of
pathological angiogenesis and possible mechanisms to their therapeutic inhibition have been
extensively studied also in the case of GBM [117-119]. The central position in tumor
angiogenesis hold the vascular growth factors, especially vascular endothelial growth factor
(VEGF) and its variant VEGF-A, primarily through its interactions with the VEGFR1 and
VEGFR?2 receptors found on endothelial as well as cancer cells. Excessive microvascular
proliferation and VEGF overexpression were identified in the tumor tissue from GBM
patients. The higher intra-tumor as well as plasma VEGF concentrations were associated

with rapid disease progression and presence of early recurrence [119-124]. Therefore a great
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effort is being made with the evaluation of antiangiogenic and anti-VEGF agents in GBM
settings.

One of the most commonly used inhibitors of angiogenesis in cancer treatment is
bevacizumab, which is a humanized 1gG1l monoclonal antibody against VEGF-A.
Bevacizumab was extensively examined in clinical trials for treatment of recurrent as well
as newly diagnosed GBM, as a single agent and in various combinations with chemotherapy
and other targeted therapeutics [118,125-130]. Bevacizumab gained accelerated approval by
the US Food and Drug Administration (FDA) for the use in recurrent GBM in 2009 based
on a high radiographic response rate and prolonged PFS [131]. The multicenter phase 2
BELOB trial undertaken in 14 hospitals in the Netherlands suggested the possible OS benefit
for patients with recurrent GBM treated with the combination of bevacizumab plus
lomustine versus bevacizumab or lomustine alone [132]. However, the well-designed phase
I11 European organization for research and treatment of cancer (EORTC) 26101 clinical
trial failed to confirm the OS benefit of bevacizumab plus lomustine by comparison with
lomustine alone (9.1 vs. 8.6 months, HR 0.95; C1 0.74 - 1.21, P = 0.65) in patients with first
progression of GBM [133]. Whereas PFS was longer in the combination arm by comparison
with lomustine alone arm (4.2 vs. 1.5 months, HR 0.49; C1 0.39 - 0.61). The combinations
of bevacizumab and standard treatment for newly diagnosed GBM were also examined with
encouraging results in initial phase Il studies [134-136]. Based on the results from the
previous studies, there were designed two large phase Il clinical trials AVAglio
(NCT00943826) and RTOG-0825 (NCT00884741) evaluating bevacizumab-containing
regimes for patients with newly diagnosed GBM. Unfortunately, neither trial demonstrated
a benefit in OS for the combination of bevacizumab with standard RT plus temozolomide
treatment compared to standard regimen alone [137,138]. Both studies demonstrated PFS
survival benefit of combination but it reached prespecified statistical significance only in
AVAglio trial (10.6 vs. 6.2 months, P < 0.001). Also the baseline health-related quality of
life and performance status were maintained longer and the glucocorticoid use was lower in
the bevacizumab arm in AVAglio trial but with more grade 3 and 4 adverse events (66.8%
vs. 51.3%). The retrospective analysis of molecular biomarkers in AVAglio trial showed
that patients with both IDH1 wild-type tumors and proneural pattern of gene expression may
have derived 4.3 months OS benefit with the addition of bevacizumab to standard regimen

[139]. Because of the post-hoc nature of this analysis the predictive effect in relation to
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bevacizumab treatment must be interpreted with caution. Recent meta-analysis examined
clinical trials that compared bevacizumab plus combined RT and temozolomide with RT
and temozolomide alone in patients with newly diagnosed GBM [126]. The meta-analysis
included 1,738 patients from three well-designed clinical trials. The result failed to
demonstrate OS benefit (HR 1.04; C10.84 - 1.29, P = 0.71) but identified increased PFS (HR
0.74; C10.62 - 0.88; P =0.0009) for combined treatment with bevacizumab. Moreover, there
was no increase in the 6-month survival (P = 0.13) and the rate of serious adverse events was
higher in the bevacizumab compared with the placebo group. Based on the results from
AVAglio and RTOG-0825 trials, bevacizumab was not approved for the treatment of
patients with newly diagnosed GBM and remains the treatment alternative only in the

recurrent setting in the USA and in Canada.

There is a substantial number of studies evaluating other angiogenesis inhibitors in the
treatment of recurrent as well as newly-diagnosed GBM. The VEGFR tyrosine kinase
inhibitor cediranib showed activity in the phase Il clinical trial as a monotherapy in patients
with recurrent GBM [140]. Despite the promising results, cediranib demonstrated no PFS
benefit as a monotherapy (HR = 1.05; CI 0.74 - 1.50, P = 0.9) or in combination with
lomustine (HR = 0.76; CI 0.53 - 1.08, P = 0.16) versus lomustine alone in patients with
recurrent GBM in phase Il clinical trial [141]. Cilengitide is an inhibitor of avp3 and avp5
integrin receptors that also blocks pathological tumor angiogenesis. Cilengitide was
evaluated with promising results in phase Il study as a monotherapy in patients with
recurrent GBM [142]. However, the phase Il clinical trial evaluating cilengitide combined
with standard treatment compared to standard regime alone failed to show significant OS
benefit of the combination (26.3 vs. 26.3 months, HR 1.02; CI 0.81 - 1.29, P = 0.86) in
patients with newly-diagnosed MGMT methylated GBM [143]. Another angiogenesis
inhibitor aflibercept, a recombinant produced fusion protein that scavenges both VEGF and
PDGF, was studied in recurrent setting but demonstrated minimal evidence of single-agent
activity in GBM patients with PFS at 6 months of only 7.7% [144]. Unfortunately, apart
from bevacizumab no other inhibitor of angiogenesis has been approved for the treatment of

patients with newly-diagnosed nor recurrent GBM so far.
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1.2.10 Immunotherapy of glioblastoma

Immunotherapy represents a very promising area of multimodal anticancer treatment for
many types of cancers at the moment [145-148]. There was also a great progress in
immunotherapy research in GBM over the past few years. There are many various
approaches currently being evaluated in GBM clinical trials, including passive
immunotherapy with antibodies, utilization of autologous stimulated lymphocytes and
cytokines, oncolytic virotherapy, or active immunotherapy with vaccine strategies based on
tumors, peptides, or dendritic cells (DC) [74,149,150].

More than 40% of GBM carry the unique deletion mutant variant of EGFR called EGFRvIII
that is characterized by a deletion of 267 amino acids in the receptor extracellular domain
[151,152]. This mutation causes constitutive ligand independent receptor activation and
signal propagation that leads to the cancer cell proliferation. The enhanced proliferation of
EGFRVIII positive cancer cells together with the lack of EGFRvIII expression in normal
non-cancerous cells makes it an ideal candidate for targeted therapy and the use of
personalized medicine in the GBM treatment. Rindopepimut is a peptide-based vaccine
(containing 13 EGFRvIII-specific amino acid sequences) targeted against EGFRVIII surface
antigens. The phase I/Il multicenter study evaluating rindopepimut in patients with newly
diagnosed GBM showed promising results with a median PFS of 15.2 months and an OS of
23.6 months [153]. Subsequent phase Il clinical trial (ACT 111) examined rindopepimut in
combination with standard RT and temozolomide in 65 patients with newly diagnosed GBM
overexpressing EGFRvIII [154]. The median OS was 21.8 months. Patients with
unmethylated MGMT promoter had an OS of 20.9 months, whereas those with methylated
MGMT had longer OS of 40 months. Based on the promising results from early clinical
trials, the double-blinded randomized multicenter phase 111 ACT IV study of rindopepimut
in patients with newly diagnosed GBM (study number NCT01480479) was designed and
started the enrollment of patients [155]. However, rindopepimut combined with
temozolomide failed to improve OS during the interim analysis by comparison with the
standard treatment (20.4 vs. 21.1 months; HR 0.99) and the study was discontinued in March
2016, which was a real disappointment. At the same time this example showed the
importance of verification of promising preliminary results from early drug development in
the well-designed randomized placebo controlled phase 111 clinical trials. Rindopepimut is

still evaluating in the phase Il ReACT clinical trial in combination with bevacizumab in
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patients with recurrent EGFRvIII-positive GBM (NCT01498328). There are other peptide
vaccines targeting tumor antigens, such as the HLA-restricted Wilms tumor 1 (WT1) 9-mer
peptide vaccine, which was examined in patients with recurrent GBM in phase Il clinical
trial [156]. The median PFS was 20 weeks and the PFS at 6 months was 33.3%. More recent
phase Il clinical trial with an autologous heat-shock protein-peptide vaccine HSPPC-96
(vitespen) showed promising results in recurrent GBM patients with the median OS of 42.6
weeks [157].

Dendritic cell (DC) vaccines use autologous tumor lysates or common tumor antigens to
induce immune response against the cancer. These strategies were evaluated in early-phase
clinical trials in newly diagnosed GBM [158-161]. The DC vaccine loaded with autologous
tumor lysate was examined in phase | clinical trial with 56 relapsed GBM patients. The
results showed the median PFS of 3 months and the median OS of 9.6 months with a 2-year
OS 14.8% [162]. The same group investigated the integration of the DC vaccine into the
standard treatment of patients with newly diagnosed GBM and achieved the median OS of
24 months [163]. Another large double-blinded randomized phase 1l DC vaccine (DCVax-
L) trial in patients with newly diagnosed GBM showed encouraging results with a median
OS of 3 years, with 4-year survival reaching 33%, and 27% of patients exceeding 6-years
survival from initial surgery [164,165]. However, the clarification of these promising results
with DC vaccine strategies are essential in the well-designed randomized phase 11 clinical
trials, such as the DCVax-L phase 111 study (NCT00045968) which is now ongoing and the

final results are eagerly awaited.

There is a dramatic success in the treatment of various advanced solid tumors such as
melanoma, renal cancer, lung cancer, head and neck cancer and other tumor types with the
novel class of immunomodulatory anticancer agents called immune checkpoint inhibitors
[145-148,166-168]. These therapeutics are able to block inhibitory molecules and their
receptors on effector immune cells which leads to a robust T cell response against the tumor.
At the moment, there are approved monoclonal antibodies directed against distinct inhibitory
molecules such as ipilimumab targeting cytotoxic T lymphocyte antigen 4 (CTLA-4) and
nivolumab or pembrolizumab targeting programmed cell death 1 (PD-1) and many others
are in development. The great success of immune checkpoint inhibitors in a number of
advanced solid tumors also led to the examination of these compounds in CNS gliomas
[169,170]. There is a comprehensive pre-clinical research supporting a role for immune
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checkpoint inhibitors in the treatment of GBM. In the study with murine glioma model, the
treatment with CTLA-4 blockade effectively reversed glioma-induced changes to the CD4+
T cells compartment and enhanced antitumor immunity [171]. Another study with mouse
GBM model showed the synergic effect of combined treatment with systemic CTLA-4
blockade together with intratumoral 1L-12 application leading to the tumor eradication even
at advanced disease stages [172]. The effectivity of combined CTLA-4 with PD-1 ligand
(PD-L1) and indoleamine 2, 3 dioxygenase 1 blockade was studied in the study of mouse
GBM model. It was shown that 100% of mice survived the triple combination therapy for a
long time [173]. More recent study with murine GBM model showed that anti-CTLA-4 plus
anti-PD-1 therapy was able to cure 75% of the animals, even with advanced and later-stage
tumors [174].

The rationality for the use of immune checkpoints inhibitors in the treatment strategies for
GBM patients comes also from some substantial clinical findings. First, these drugs are
effectively overcoming the blood-brain barrier and are active in CNS. CTLA-4 inhibitor
ipilimumab showed activity in patients with melanoma brain metastases without significant
CNS toxicity [175,176]. Also the PD1 inhibitor pembrolizumab was active in the treatment
of brain metastases in patients with melanoma or non-small-cell lung cancer with an
acceptable safety profile [177,178]. Next, PD-L1 expression level in the tumor tissue was
associated with the likelihood of clinical benefit with the PD-1 inhibitors in non-small-cell
lung cancer as well as other tumor types [179,180]. The recent study showed that there is a
robust and diffuse expression of PD-L1 assessed by immunohistochemistry in newly
diagnosed as well as recurrent GBM specimens (88% vs. 72.2%, respectively) which is a
relatively high percentage compared to other cancers including melanoma [181]. Higher
expression of PD-L1 in tumor tissue correlated with worse outcome in another study with
94 GBM patients [182]. Because of the promising pre-clinical experiments, proven activity
in the CNS and the presence of targets in tumor tissue, clinical trials with specific immune
checkpoint inhibitors are warranted in GBM patients in newly diagnosed as well as recurrent

settings.

The clinical trials evaluated immune checkpoint inhibitors including ipilimumab,
nivolumab, and pembrolizumab in GBM patients are currently being conducted. The phase
Il CheckMate 143 study (NCT02017717) is evaluating nivolumab alone and nivolumab plus

ipilimumab versus bevacizumab as an active comparator in patients with recurrent GBM.
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The updated results observed the high activity of nivolumab arm with the 12-month OS of
40% [183]. Nivolumab alone was also the best tolerated arm with no new safety signals.
Another currently running phase 1l study (NCT02337491) validates the combination of
pembrolizumab and bevacizumab in recurrent GBM patients. Very preliminary results from
6 patients treated with combination showed median OS 6.8 months with two patients remain
alive long-term (327 and 328 days) [184]. Pembrolizumab is also examined in combination
with bevacizumab and hypofractionated stereotactic irradiation in phase I/l study
(NCT02313272) in patients with recurrent GBM. Preliminary results from 6 patients who
were treated with the combination showed durable disease control in all 3 patients evaluable
for response [185]. The phase Il CheckMate 548 (NCT02667587) study is examining the
combination of standard RT plus temozolomide treatment with nivolumab or placebo in
patients with newly-diagnosed GBM. Moreover, the phase Il CheckMate 498
(NCT02617589) clinical trial is evaluating the head to head comparison of nivolumab to
temozolomide both in combination with standard RT in newly-diagnosed GBM patients with
unmethylated MGMT promoter in tumor tissue. The preliminary results from both of these
studies are eagerly awaited. Pembrolizumab is also being examined in newly-diagnosed
setting in combination with standard RT plus temozolomide regime in phase I/l
(NCT02530502) clinical trial. The results have not been published yet. The newer
checkpoint inhibitors are evaluating for the treatment of GBM patients as well, such as the
phase Il study of PD-L1 inhibitor durvalumab in newly-diagnosed as well as recurrent
settings (NCT02336165).

Immune checkpoint inhibitors represent a significant breakthrough in the treatment of
various advanced tumors (such as melanoma, renal cancer, lung cancer, head and neck
cancer, urinary bladder cancer and others) in recent years that changed dramatically the
prognosis of cancer patients [145-148,166-168]. In some of them the therapy with immune
checkpoint inhibitors means long-term disease control or hopefully the cure. Even if the
preliminary results of these drugs are promising and generally encouraging also in GBM
patients, it is necessary to wait for the results from multiple phase Il clinical trials that are

expected to be final in 2019 and beyond.
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1.3 Oligodendroglioma

Oligodendrogliomas (ODG) represent approximately 5% of primary brain tumors. They
have more favorable response to radiotherapy and chemotherapy than other types of CNS
gliomas [186]. According to the updated 2016 WHO classification of CNS tumors, they are
characterized by a histopathological finding with an oligodendroglial component together

with the presence of distinct molecular genetic profile [17].

The huge progress in the research of ODG molecular genetics offers new knowledge in the
diagnosis and treatment of these tumors that has, together with recent results from clinical
trials, the direct impact on the management of ODG patients. The analysis of molecular
genetics in ODG and the use of specific biomarkers are now well-established and
recommended as an important part of treatment-decision algorithms in clinical practice, as

will be discussed in this section.

1.3.1 Histopathology of oligodendroglioma

Oligodendroglial tumors can be differentiated by degree of malignancy into grade Il and
grade IlIl tumors - anaplastic oligodendrogliomas (AODG). Only about 30% of
oligodendroglial tumors have anaplastic characteristics in the histopathological image, such
as nuclear atypia, increased cellularity, increased proliferation activity and increased cell
mitosis. AODG comprise about 0.5-1.2% of primary brain tumors [23,187]. The highest
incidence of AODG is between 45 and 50 years of age. In contrast, grade Il ODG afflicts
patients from seven to eight years younger. It is presumed that this difference corresponds
to the progression from grade |1 to grade 111 tumor. Typical ODG histopathological findings
are round nuclei with a light or empty cytoplasm in the vicinity (perinuclear “halo” effect)

and the presence of microcalcifications [12,17].

1.3.2 Standard treatment of oligodendroglioma

The majority of ODG present with the epileptic seizures. The most frequent other symptoms
affect the frontal and, in some cases, the temporal brain regions. Infiltrative growth and

poorly defined perifocal edema cause later symptoms of intracranial hypertension.
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Neurosurgery is the fundamental treatment modality for patients with ODG. The best results
are obtained with the total resection of the tumor. Sophisticated diagnostic preoperative and
perioperative methods (magnetic resonance imaging - MRI, use of 5-aminolevulinic acid,
MRI tractography, perioperative ultrasound and MRI, awake surgical method, hybrid
positron emission tomography and computed tomography - PET/CT) and navigated
microsurgical techniques are important parts of surgical treatment [188-190]. Targeted

biopsy of the tumor is reserved for cases where the resection is not feasible.

A postoperative MRI is required to confirm the extent of tumor resection which was found
to be an independent positive prognostic factor [191,192]. Favorable prognostic factors
include young age, good overall medical condition (KPS), extent of tumor resection and
combined oncological treatment [193]. The role of chemotherapy and RT in the ODG
treatment in relation to the use of molecular biomarkers is discussed in detail in the following

sections.

1.3.3 Co-deletion of 1p/19q as a oligodendroglioma biomarker

Oligodendroglial tumors are characterized by frequent co-deletions of chromosome 1p and
19q (1p/19q co-deletion). This chromosomal aberration was discovered in 1994 and became
the first biomarker in neuro-oncology [194]. 1p/19q co-deletion means the loss of genetic
material from both the short arm of chromosome 1 (1p) and the long arm of chromosome 19
(199). The unbalanced translocation t(1;19)(g10;p10) and formation of derived chromosome
1p/19qg was identified later as the mechanism of this aberration [195]. 1p/19q co-deletion is
present almost exclusively in oligodendroglial tumors (80% to 90% of grade 1l ODG; 50%
to 70% of AODG) [196,197].

Mutations in two important tumor suppressor genes, CIC (a homolog of the Drosophila gene
capicua) located on 19913.2, and far upstream element binding protein (FUBP1) on the 1p
chromosome, were recently discovered in the majority of ODG with 1p/19q co-deletion (50-
70% and 15% for CIC and FUBP1 mutations, respectively) [198,199]. Mutations in these
genes are involved in the ODG formation and progression. CIC protein binds to regulatory
regions and blocks gene transcription. FUBP1 mutations are closely related to a
myelocytomatosis viral oncogene homolog (MY C) activation. Currently, 1p/19q co-deletion
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serves as an important diagnostic, prognostic and predictive biomarker in oligodendroglial
tumors, as is discussed in detail further in this section.

1.3.4 Other oligodendroglioma biomarkers

Recurrent IDH1/2 mutations were first demonstrated in GBM. However, the frequent
occurrence of mutations in IDH1 and IDH2 genes were also reported in ODG (up to 69%-
94% tumors) [14,43,200]. The presence of the IDH1/2 mutations is a significant positive
prognostic biomarker for patients with glioma including ODG [49,186]. Patients with ODG
positive for both the 1p/19q co-deletion and IDH1/2 mutations experienced the best
prognosis that shows the necessity of incorporating a combination of multiple biomarkers in
the management of glioma patients [14,201].

The MGMT promoter methylation was discovered as a significant prognostic as well as
predictive biomarker in patients with glioblastoma. This aberration was also found in 80%
of AODG and in 73% of anaplastic oligoastrocytomas [202,203]. MGMT promoter
methylation serves mainly as a positive prognostic biomarker for ODG patients treated with
chemotherapy as was proven in the EORTC 26951 as well as NOA-4 clinical trials
[204,205].

Hypermethylator phenotype of cytosine-guanine islets in the glioma genome is another
important molecular characteristic of ODG. Positivity for G-CIMP is not an entirely
independent biomarker as it is closely related to the presence of the IDH1/2 mutations also
in ODG [71,72]. G-CIMP is approximately two-times more frequently presents in
oligodendrogliomas (93%) than astrocytomas (45%) and is an important positive prognostic

factor for all types of glioma including ODG [71].

The aberrations of certain other oncogenes as well as tumor-suppressor genes were identified
in ODG such as mutations in PI3K, amplification of EGFR, or loss of PTEN tumor-
suppressor, even if in rare cases. These alterations generally correlated with a worse
prognosis in ODG patients [36,206].
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1.3.5 The relevance of biomarker 1p/19q co-deletion in the clinical

management of oligodendroglioma

The 1p/19qg co-deletion status can be used in clinical practice as an important diagnostic,
prognostic, as well as predictive biomarker in patients with oligodendroglial tumors.
According to the WHO 2016 classification of CNS tumors, the diagnosis of
oligodendroglioma is supported by the presence of 1p/19g co-deletion in tumor tissue,
especially in cases where the histological findings are atypical or non-conclusive [17,207].
There are other tumor types that can mimic oligodendrogliomas by histopathological
diagnosis such as dysembryoplastic neuroepithelial tumors (DNET), neurocytomas, clear
cell ependymomas, and small cell anaplastic astrocytomas. Unlike ODG, these tumors do
not have 1p/19q co-deletion, so as this biomarker is a useful diagnostic aid in these cases
[207].

The 1p/19q co-deletion also has a role as an important positive prognostic ODG biomarker.
Retrospective and prospective studies showed that ODG patients with 1p/19q co-deletion
treated with standard therapy had significantly better survival outcomes than patients without
1p/19q co-deletion [207,208].

The 1p/19qg co-deletion also acts as an important predictive biomarker for patients with
ODG, especially AODG, in relation to combined treatment with RT plus chemotherapy. As
early as 1998 it was found that patients with AODG positive for 1p/19q co-deletion are more
sensitive to chemotherapeutic regimen containing the combination of procarbazine,
lomustine and vincristine (PCV regime) [209]. The evidence-based proof of the significantly
longer survival in patients with oligodendrogliomas and 1p/19q co-deletion treated with
combined chemotherapy and radiotherapy did not exist for a long time. However, the long-
term follow-up of two important phase 111 randomized clinical trials that incorporated 1p/19q
co-deletion analyses (RTOG 9402 and EORTC 26951) evaluating RT and PCV regime in
patients suffering from AO brought substantial results and led to a paradigm shift of the
AODG treatment [210,211].

The RTOG study 9402 randomized 291 anaplastic oligodendroglial tumors (anaplastic
oligodendrogliomas and oligoastrocytomas) into two treatment arms: PCV with follow up
RT, and RT-alone. In the EORTC 26951 study, 368 patients with anaplastic oligodendroglial
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tumors (anaplastic oligodendrogliomas and oligoastrocytomas) were randomized into two
arms: RT-alone and RT followed by PCV chemotherapy. The 1p/19q status was determined
through fluorescent in situ hybridization in both studies. In RTOG 9402 study, 1p/19q co-
deletion was found in 46% of the patients. Over the course of the study, 80% of the patients
randomized for radiotherapy subsequently received PCV therapy due to the progression of
the disease. After a minimum three-year follow-up in 2006, the median PFS was different
for the RT plus PCV arm compared with the RT alone arm (2.6 vs. 1.7 years, P = 0.004).
However, the median OS was similar in both study arms (4.9 vs. 4.7 years, P = 0.26). The
OS in both treatment arms was not significantly different based on the presence of 1p/19q
co-deletion, therefore the positive predictive effect of this biomarker in relation to PCV
chemotherapy was not proven [191]. The absence of superiority of combined therapy on the
OS and the occurrence of serious adverse effects of PCV in more than 65% of the patients

led to skepticism in regard to PCV treatment for AODG.

Similar results were observed from EORTC 26951 study in 2006 after an average five-year
follow up. 25% of patients had tumors positive for 1p/19q co-deletion. The median PFS was
different for the RT plus PCV arm compared with the RT alone arm (23 vs. 13.2 months, P
= 0.0018). However the medial OS was similar in both study arms (40.3 vs. 30.6 months, P
= 0.23) [192]. Patients with 1p/19qg co-deletion had longer OS than patients without co-
deletion, irrespective of the therapy arm. The results of both studies were considered rather
negative in 2006. They did not prove the significance of 1p/19q co-deletion as a predictive
biomarker in relation to chemotherapy, but rather showed the significance of 1p/19qg co-

deletion as a prognostic biomarker.

However, the decisive results came in 2013 following the long-term patient monitoring when
the positive effect of combined oncological treatment (RT plus PCV) for anaplastic
oligodendroglial tumors was proven. In the RTOG 9402 study, the median OS in patients
without 1p/19q co-deletion remained similar to the results in 2006 in both groups receiving
RT plus PCV and RT alone (2.6 vs. 2.7 years, P = 0.39) [210]. On the contrary, patients with
1p/19q co-deletion had significantly longer median OS in the RT plus PCV arm than in the
RT alone arm (14.7 vs. 7.3 years respectively, P = 0.03). In multivariate analysis including
co-deletion status, the OS for all patients was prolonged by RT plus PCV treatment (HR =
0.67; C10.50t0 0.91; P =.01). Likewise in the EORTC 26951 trial after more than 10 years’
follow up, the OS of patients without 1p/19q co-deletion in tumor tissue was similar in the
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groups receiving RT plus PCV and RT alone (25 vs. 21 months, P = 0.19) [211]. However,
the median OS was not reached for patients with co-deletion in the RT plus PCV arm,

whereas it was just 9.3 years in patients primarily receiving only RT.

The benefit in OS resulting from combined oncological treatment (RT plus PCV) in patients
with 1p/19q co-deletion positive tumors was present in both clinical studies, irrespective of
which type of therapy was started first. Even in patients who, due to the occurrence of
adverse effects to therapy, received lower doses of PCV than planned. These results led to
an important paradigm shift in the treatment algorithm of patients with AODG tumors
positive for 1p/19q co-deletion. Nevertheless, the positive effects of combined treatment is
negatively impacted by the adverse effects such as late radiotherapy toxicity (post-radiation
necrosis, dementia) or toxic effects of PCV chemotherapy [212,213]. It is necessary to

carefully monitor patients and detect the toxic effects of the treatment as early as possible.

Another important clinical question is the administration of combined oncological treatment
in patients with anaplastic oligodendroglial tumors that do not have 1p/19q co-deletion. The
results from the RTOG 9402 and EORTC 26951 studies showed that RT plus PCV treatment
had a positive effect on PFS even among patients without 1p/19q co-deletion. To answer this
question the phase 11l CATNON study randomized patients with anaplastic gliomas without
1p/19qg co-deletion to the RT alone treatment or RT plus temozolomide in three different
regimens (RT with concurrent daily 75 mg/m2 temozolomide, RT followed with 12 cycles
of 150-200 mg/m2 adjuvant temozolomide, and RT with both concurrent temozolomide and
12 cycles of adjuvant temozolomide). The primary endpoint was OS. Recent interim analysis
showed the OS benefit for patients in the temozolomide arms by comparison with RT alone
arm (HR 0.645; Cl 0.450 - 0.926, P = 0.0014) [214]. The 5-year OS rate was 56% when
temozolomide was added to RT compared with 44% survival rate in patients treated with
RT alone. The analysis of another glioma biomarker MGMT promoter methylation showed
that patients with tumors positive for this biomarker had the OS advantage (HR 0.54; C10.38
- 0.77, P = 0.001). However, MGMT promoter methylation did not predict improved

outcome with adjuvant temozolomide as was previously determined in GBM.

To evaluate the effect of temozolomide on treatment of AODG patients with 1p/19q co-
deletion, the CODEL study (NCT00887146) was opened with three parallel arms: RT plus
temozolomide, RT alone, and temozolomide alone. Based on the results of RTOG 9402 and

EORTC 26951 trials, the RT-alone arm was abolished and the study is continuing in a two-
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arm design comparing the RT plus temozolomide with RT plus PCV regimes. The final
results are planned up to 2018 that should give definitive answer for the best therapeutic

strategies in patients with 1p/19q co-deletion positive anaplastic oligodendroglial tumors.

The 1p/19q co-deletion status is currently recommended to be determined in all patients with
AODG [186,215]. The PCV chemotherapeutic regimen in combination with RT should be
implemented for all patients with AODG positive for 1p/19q co-deletion. The analysis of
molecular genetics in ODG is now recommended as an important part of the management of
these tumors and together with the novel chemotherapeutic regimes means a paradigm shift
in current clinical practice in neurooncology, which demonstrates another example of the
integration of the personalized medicine principles and molecular biomarkers into the

management of glioma patients.
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1.4 Low grade gliomas

Low grade gliomas (LGG) form a heterogeneous group of neuroepithelial tumors of the
CNS. LGG primarily consist of astrocytomas, oligodendrogliomas, oligoastrocytomas and a
rare group of mixed glioneural tumors. LGG are histologically characterized by
hypercellularity, nuclear atypia, pleomorphism and the lack of significant mitotic activity
[17,216]. These tumors also have lower proliferative index and don’t comprise necrosis and

vascular proliferation as gliomas of higher degrees of malignancy.

LGG occur mainly at a younger age with a maximum between the third and fourth decade
[217]. The clinical manifestations are mostly epileptic seizures (80%), less frequently
changes in cognition, behavior, focal neurological symptoms or headaches. Neurological
symptoms significantly impair patient’s quality of life. LGG may also be asymptomatic
with an incidental diagnosis with imaging methods indicated for another reason. They grow
infiltrative and often affect eloquent areas of the brain parenchyma. Although LGG are
considered relatively benign tumors they progress gradually to the higher grade and the
median OS of patients after diagnosis is only 7.5 years [217,218]. Therefore an intensive
LGG research is needed in order to optimize the clinical management and improve the

quality of life and prolong survival of patients.

1.4.1 Molecular genetics of low grade gliomas

Also in patients with LGG both the IDH1/2 mutations as well as 1p/19q co-deletion are the
most important molecular aberrations in relation to clinical practice. IDH1 is mutated in high
portion of diffuse astrocytomas (70-80%) and grade Il oligodendrogliomas (up to 80%).
IDH2 mutations are rare, occurring in 1-2% of diffuse astrocytomas and in 4.5% of grade 11
oligodendrogliomas [48,219,220]. Mutations in IDH1/2 detected in tumor tissue
significantly correlate with better prognosis of patients with gliomas across all grades of
malignancy including LGG [38,43,49,50,221].

The 1p/19q co-deletion was detected in 80-90% of low grade ODG and up to 10% of low-
grade astrocytomas [197,222]. The recent meta-analysis showed prognostic and predictive
significance of this biomarker in patients with gliomas [223]. The data from 28 studies were

analyzed including 3408 patients with glial tumors of which 898 (26.3%) patients had
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confirmed diagnosis of LGG. Compared with patients with wild-type tumors, co-deletion of
1p and 199 was associated with a better PFS (HR = 0.63; C1 0.52-0.76) and OS (HR = 0.43,;
Cl 0.35-0.53) irrespective of the grades and subtypes of gliomas. Isolated 1p deletion had
positive prognostic significance particularly in patients with LGG. Independent 19q deletion
was not related to the patients” survival. 1p/19q co-deletion was also demonstrated to be a
positive predictive biomarker of responses to combined RT and chemotherapy (PCV regime)
in patients with anaplastic oligodendroglioma and anaplastic oligoastrocytoma (grade 111
tumors) as was discussed in detail in the previous section. However, similar relation of this
biomarker to treatment response in patients with LGG has not been confirmed yet. Thus
1p/19q co-deletion is the strong positive prognostic biomarker in patients with glial tumors
including LGG.

The interrelations of individual LGG molecular genetic biomarkers seems to be more
important for the clinical practice. Recently it has been shown that there exist at least three
genetically as well prognostically heterogeneous groups of gliomas (having significant
homogeneity within the groups) that can be distinguished by the presence of IDH1/2
mutations, 1p/19qg co-deletion and mutual combination of these biomarkers in the tumor
tissue [14]. The international consortium TCGA conducted an extensive multi-platform
analyses of 293 patients with grade 11 and I11 gliomas. Data processing by Cluster of Clusters
analysis and OncoSign integrated methods revealed three genetically distinct categories of
gliomas. These categories strongly correlated with tumor subtypes determined based on the
presence of IDH1/2 mutations, 1p/19¢ co-deletion and their combinations, but only weakly

correlated with the histological type of tumors (R = 0.79 vs. R=0.19, respectively).

Gliomas in the first group were characterized by the presence of both IDH1/2 mutations and
1p/19q co-deletion. Activating mutations in the telomerase reverse transcriptase (TERT)
gene promoter region, also identified in primary GBM, occurred in 96% of tumors classified
into this group [14,224]. Other frequent aberrations identified in this glioma group were
activating mutations in PI3K (20%), or inactivating mutations in tumor suppressor genes
CIC (62%) and FUBP1 (29%) that were identified previously in 1p/19q co-deleted ODG
[199]. This group mostly comprised of gliomas with oligodendroglial component (82% of
oligodendrogliomas and 16% of oligoastrocytomas). The patients exhibited the best
prognosis with the longest median OS of 8 years. It is necessary to emphasize that in this
group of patients with the most favorable prognosis, there were 43% of patients with grade
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Il gliomas who should have a significantly worse prognosis if classified by the
histopathological criteria alone without the use of molecular genetic biomarkers (especially
IDH 1/2 mutations and 1p/19q co-deletion).

The second group included patients with gliomas positive for IDH1/2 mutations, but without
the presence of 1p/19q co-deletion [14]. Moreover, 94% of the tumors had inactivating
mutations in the tumor suppressor gene p53 and 86% in alpha -
thalassemia/mental retardation syndrome (ATRX) gene. Tumors in this group comprised
various gliomas without a clear predominance in the histological type and patients in this

category had worse prognosis with shorter median OS of 6.3 years.

The last group comprised gliomas without the presence of IDH1/2 mutations, so-called IDH
1/2 wild-type tumors [14]. None of these tumors had 1p/19q co-deletion. Molecular genetic
profile and biological behavior of these tumors were considerably closer to the primary
GBM. Likewise the survival of patients with a median OS of just 1.7 years was similar to
GBM. More than a half of these tumors were astrocytoma (56%). It is necessary to
emphasize that almost one quarter of patients (24%) had histopathologic diagnosis of grade
Il gliomas that should expect a much better prognosis. Therefore the molecular genetic
biomarkers incorporated into the classification of CNS gliomas provide an additional
information to simple histopathological diagnosis that could improve the clinical care of

patients with these tumors.

However, TCGA study was not the only one that tried to subdivide gliomas including LGG
into prognostically different subcategories using several molecular genetic biomarkers and
their combinations. The research group from Mayo Clinic/University of California San
Francisco analyzed 1,087 patients with gliomas (grades II-1V) and defined five distinct
subgroups of tumors according to the combination of three molecular genetic biomarkers
(IDH1/2 mutations, 1p/19g co-deletion and mutations in TERT promoter region) [225].
Patients with grade Il and Ill tumors had significant differences in median OS among the
groups, which was not the case for GBM. The worst prognosis among patients with grade Il
and 111 gliomas had TERT positive and IDH and 1p/19g-negative tumors, where the OS was
similar with GBM patients. On the contrary, the best prognosis was observed in the group

of patients with IDH and TERT positive tumors.
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There are also other studies trying to classify gliomas into different subgroups according to
combinations of various biomarkers. For example Japanese research group subdivided 332
grade Il and 11l gliomas using the IDH1/2 mutations and 1p/19q co-deletion [226], or
German study of 405 adult patients with gliomas which analyzed IDH1 mutations 1p/19q
co-deletion and ATRX expression [227] and others [228].

1.4.2 The treatment of low grade gliomas

Therapeutic strategies for patients with LGG involves the combination of neurosurgical
intervention, radiotherapy and chemotherapy. However, there has not been set explicit
criteria for determining the extent of treatment and the combination of different modalities
in individual patient so far. The definitive consensus on therapeutic approach to patients with

LGG in the light of new findings from recent prospective clinical trials is still missing.

1.4.3 Surgical treatment of low grade gliomas

Neurosurgical intervention remains a crucial part of LGG treatment [229]. Besides the
cytoreduction, neurosurgery enables the acquisition of tumor tissue for histopathological
diagnosis and determination of molecular genetic characteristics. For the ethical reasons, it
was impossible to realize a prospective study that would compare the outcomes of
neurosurgical treatment in relation to the extent of tumor resection. However, the maximum
possible tumor resection was associated with the better prognosis of LGG patients in a
number of retrospective studies [230]. The retrospective study of 216 LGG patients showed
positive prognostic effects of radiologically confirmed greater extent of resection of tumor
tissue (>90% vs. <90%) on five-year OS (97 vs. 76%) as well as eight-year OS (91 vs. 60%).
The Norwegian retrospective study compared an early resection versus a biopsy and careful
monitoring (watchful waiting) in the surgical treatment of LGG patients [231]. The median
OS was prolonged in the group with an early tumor resection when compared with the group
with a biopsy and watchful waiting (9.7 vs. 5.6 years, P = 0.047). In another study
comprising a retrospective analysis of 1509 patients with LGG, the extent of resection
together with the volume of postoperative tumor residues represented independent
prognostic factors for PFS and OS [232].
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The maximization of the extent of tumor resection is currently enabled owing to the advances
in imaging methods, neurosurgical techniques as well as perioperative monitoring [217,229].
The tumor localization in eloquent or surgically inaccessible areas allows only a partial

tumor resection or navigated tumor biopsy.

1.4.4 Radiotherapy in low grade gliomas treatment

The favorable effect of radiotherapy for patients with LGG has been repeatedly
demonstrated. The various doses of photon radiation were compared fractionated in the
range of 45-64.8 Gy [233,234]. However, high doses of radiation did not improve neither
PFS nor OS of patients by comparison with lower and middle doses.

Patients with LGG in phase Il EORTC 22844 clinical trial did not benefit from a higher
dose of radiation compared with the lower dose (59.4 vs. 45 Gy) [235]. The five-year
survival difference was not statistically significant between the two arms of the study, while
in the higher radiation dose arm patients had worse quality of life in long-term monitoring.
Likewise NCCTG/RTOG/ECOG phase Il study failed to demonstrate neither longer PFS
nor OS in patients with LGG treated with high-dose RT (64.8 Gy) by comparison with
medium-dose RT (50.4 Gy) [236]. Moreover, there was a greater incidence of radiation

necrosis grades 3 - 5 in the high-dose RT arm (5 vs. 2.5%).

Therefore a lower radiation dose brings a comparable benefit in PFS and OS of patients as
the higher dose, but with a substantial decrease in treatment toxicity. Currently, the preferred
total radiation dose for the LGG treatment is 54 Gy.

1.4.5 Chemotherapy in low grade gliomas treatment

A number of chemotherapeutic agents has been evaluated so far in the treatment of LGG
such as carboplatin, vincristine, etoposide, a combination of PCV, or temozolomide.
However, the studies had substantial limitations that were especially given by the small
number of patients, the lack of a control group, the inhomogeneity of observed groups of
patients and tumors. Therefore the results were not conclusive. There was also concern
about the toxicity of chemotherapy, particularly in the younger patients with potentially
long-term survival (chemotherapy-induced cognitive impairment, leukoencephalopathy,

myelodysplastic syndrome or leukemia) [229,237,238].
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In 1998 the phase 111 clinical trial RTOG 9802 was started evaluating the combined RT plus
PCV regime in high risk LGG patients. The study randomized 254 patients with high risk
LGG defined as the age under 40 years with postoperative radiographic residuum or age over
40 years after any surgical intervention. Patients were randomized to adjuvant treatment with
either RT alone (the total dose of 54 Gy over 6 weeks) or RT followed by 6 cycles of
combined PCV chemotherapy. Initial results published in 2012 didn't demonstrate

statistically significant difference in survival between patients in both treatment arms [239].

On the other hand, the recently published results after the median follow up of 11.9 years
clearly demonstrated a significant benefit of combined therapy RT plus PCV compared with
RT alone, both with respect to PFS and OS [240]. Patients in the combined treatment arm
achieved significantly longer median PFS compared with RT alone arm (10.4 vs. 4 years, P
< 0.001). Also five year survival without disease progression reached more patients treated
with RT plus PCV than RT alone (61 vs. 44%). Even more important was the difference in
PFS after ten years of follow-up (51 vs. 21%). The difference in PFS remained significant
in the subanalysis for individual histological types of LGG. Patients with the tumors positive
for IDH1 R132H mutation had significantly longer PFS than patients without the mutation
irrespective of the selected therapy. Nevertheless, also in IDH1 mutated tumors there was
seen a PFS benefit of the combined therapy RT plus PCV over RT alone (P <0.001).

The significant benefit of combined therapy was demonstrated in OS of patients as well.
Results from the long term follow up of RTOG 9802 study showed a substantial difference
in OS of 5.5 years for patients treated with RT plus PCV compared with RT alone (13.3 vs.
7.8 years, P = 0.003) [240]. 20 % more patients survived after 10 years of follow-up in the
combined treatment arm (60 vs. 40%). These results were achieved despite the fact that more
patients in the RT alone arm received the salvage chemotherapy in case of tumor
progression. Although the incidence of adverse events was higher in the RT plus PCV arm,
no significant difference in cognition was observed in patients in both arms, nor was the

difference in the incidence of leukemia or myelodysplasia [240,241].

The difference in OS remained significant also in the subanalysis for individual histological
types of LGG. Once again, patients with the tumors positive for IDH1 R132H mutation had
significantly longer OS than patients without the mutation irrespective of the selected
therapy (13.1 vs. 5.1 years, P = 0.02). Nevertheless, also in IDH1 mutated tumors there was
seen OS benefit of the combined therapy RT plus PCV over RT alone (P = 0.02). The
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analysis of 1p/19q co-deletion was performed in RTOG 9802 study too. However, the
sufficient sample of tumor tissue to determine this biomarker was available in only 63
patients which didn’t allow the verification of predictive value of 1p/19q co-deletion in

relation to PCV treatment for patients with LGG.

The different situation occurs for patients with low risk LGG. The careful clinical monitoring
and regular examinations by imaging methods (MRI) until disease progression can still be
the appropriate procedure of postoperative care for patients with these tumors [233,242].
The significance of combined treatment with chemotherapy and radiotherapy in patients with

low risk LGG has not been prospectively examined so far.

Currently, the high risk group of LGG considered patients who have at least three of the
following six factors: age > 40 years; KPS < 70%; astrocytic component in the tumor
histology; size of the tumor > 6 cm in diameter; tumor beyond the median line and the
presence of neurological deficit before the surgery. The adjuvant therapy, preferably the
combination of RT plus PCV, should be initiated immediately after the surgery in these
patients. The use of 1p/19q co-deletion for the prediction of better effect of combined therapy
in LGG still remains the open question. Another perspective can be brought by CODEL
phase Il clinical trial comparing RT followed by PCV to RT with concomitant and
subsequent administration of temozolomide in patients with glioma grade Il and Il positive
for the 1p/19qg co/deletion. The final results of this study planned until 2018 should
definitively answer the question of appropriate adjuvant chemotherapy in 1p/19q co-deleted
gliomas [65].
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1.5 The 2016 WHO classification of the CNS tumors

Until recently the valid WHO classification of tumors of the CNS from 2007 has been based
mainly on concepts of histogenesis. The CNS tumors has been classified according to their
microscopic similarities with distinct putative cells of origin and their assumed levels of
differentiation [12]. The histopathological diagnosis of the CNS tumors has been primarily
dependent on light microscopy techniques based on the hematoxylin and eosin-stained
sections in combination with immunohistochemical assessment of an expression of lineage-

associated proteins.

The past two decades of an intensive research elucidated the molecular genetic basis of the
multistage cancirogenesis process of various CNS tumors, bringing the possibility that such
findings may contribute to classification of these tumors [243]. Some of the molecular
genetic characteristics were already known during the preparation of WHO classification in
2007, but the findings were mostly preliminary and didn’t enable to incorporate molecular

biomarkers into the routine clinical practice.

In 2014 the meeting of experts was held under the patronage of the International Society of
Neuropathology in the Dutch city of Haarlem that set out recommendations for future
incorporation of molecular genetic biomarkers into the CNS tumors” diagnostic process
[244]. The Haarlem consensus was followed by the intensive work of 117 addressed experts
from 20 countries and a three-day conference of 35 world-leading neuropathologists,
neurooncologists and clinical scientists from 10 countries in Heidelberg. As the result of this
effort, the updated WHO classification of CNS tumors was formulated and published in May
2016 [17].

For the first time the WHO classification of CNS tumors includes molecular genetic
biomarkers in addition to histopathological diagnosis to define various tumor entities. For
the gliomas, the updated classification now includes the most important biomarkers that were
discussed in detail in the previous sections of this work. All the diffuse gliomas are now
subdivided into the IDH1/2 mutated or wild-type entities. This subdivision reflects the
distinct biological behavior of these tumors and substantial differences in patients’ prognosis
and survival. The diagnoses of oligodendrogliomas and anaplastic oligodendrogliomas now

include the assessment of 1p/19q co-deletion representing the oligodendroglial component
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of the tumor. This biomarker is also important for the prediction of better effect of combined

RT plus PCV treatment in anaplastic oligodendrogliomas as was discussed in ODG section.

On the other hand, the routine assessment of CNS tumors” molecular genetics is still not the
case for all hospitals and pathological departments. Moreover, there can be the insufficient
amount of tumor tissue for the analyses or the results are inconclusive. Therefore the 2016
WHO classification comprises also the non-otherwise specified (NOS) group of tumors
(such as NOS-diffuse astrocytomas or NOS-oligodendrogliomas) that are diagnosed by the
histopathological findings only, as was the standard in the old 2007 classification scheme.

The subsequent progress in the fundamental findings in molecular genetics of CNS tumors
together with the improvements in diagnostic assays are likely to further improve the
diagnostic accuracy of CNS tumors and to better asses the patients prognosis together with
the selection of the best therapeutic approach for the individual tumor type in context of

personalized medicine.
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2 Thesis objectives and hypotheses

The fundamental aim of this thesis was to obtain and discuss new knowledge on the
molecular genetics and biological behavior of the most common CNS tumors - gliomas in
relation to their clinical management. These findings should be applied for the optimization
of the treatment strategies for an individual patient with this diagnosis. Molecular genetic
biomarkers should be used to more accurately determine patients” prognosis or to predict
better the treatment efficacy and outcome.

The practical part of this thesis contains two studies dealing with the important molecular
genetic biomarkers in patients with two types of CNS gliomas. The experimentally obtained
data were statistically analyzed and discussed in relation to clinical characteristics and

outcome of patients.

In the first study the occurrence of the biomarker IDH1 R132H mutation was examined in
the tumor tissue from patients with glioblastoma multiforme who were treated with the
standard protocol and subsequently monitored in the Faculty Hospital in Pilsen. The
mutation was assessed by the quantitative real time polymerase chain reaction (PCR) method

and the results were correlated with the clinical characteristics of GBM patients.

In the second study the chromosomal aberration 1p/19q co-deletion was observed in patients
with anaplastic oligodendroglioma who were treated with the combined radiotherapy and
chemotherapy (procarbazine, lomustine and vincristine - PCV regime) and subsequently
monitored in the Faculty Hospital in Pilsen. The 1p/19q co-deletion was assessed by the
fluorescence in situ hybridization (FISH) method and the results were correlated with the

patients” clinical characteristics.
Hypotheses:

1. The IDH1 R132H mutation will be observed in a subset of patients with glioblastoma
multiforme, predominantly with secondary glioblastomas.

2. Patients with the IDH1 R132H mutation detected in tumor tissue will have a better
prognosis and longer survival than patients with wild-type tumors. Therefore this
mutation will serve as a positive prognostic biomarker for patients with glioblastoma

multiforme.
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3. Patients with anaplastic oligodendroglioma positive for the chromosomal aberration
1p/19q co-deletion will have a better prognosis with longer survival than patients
with wild-type tumors. Therefore this mutation will serve as a positive prognostic
biomarker for patients with anaplastic oligodendroglioma.

4. Patients with anaplastic oligodendroglioma positive for the chromosomal aberration
1p/19q co-deletion will have a better response to the combined RT plus PCV
treatment with longer survival than to the RT alone. Therefore this mutation will
serve as a positive predictive biomarker for the treatment with combined RT plus

PCV regimen in this subset of patients.
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3 Materials and methods

3.1 The assessment of IDH1 R132H mutation in tumor tissue from

patients with glioblastoma multiforme

3.1.1 Study participants

The study enrolled 44 patients diagnosed with WHO grade IV astrocytoma - glioblastoma
multiforme (GBM) in the Faculty Hospital in Pilsen, who had available complete clinical
data as well as tissue samples of the tumors. There were 22 males and 22 females among the
patients. The median age of the entire study group was 64.3 years. Patients were treated (total
or subtotal tumor resection or tumor biopsy, radiotherapy, chemotherapy with
temozolomide) in the Faculty Hospital in Pilsen between the years 2009 and 2011. The
formalin-fixed, paraffin-embedded (FFPE) tissue samples were obtained from the archives
of the Sikl’s institute of pathology, Faculty of Medicine in Pilsen and Faculty Hospital in
Pilsen. The complete clinical data were obtained from the medical information system of the
Faculty Hospital in Pilsen. The study protocol was approved by the ethics committee.
Written informed consent was obtained from all participants in this study. The description

of the entire study group with important patients” clinical characteristics is given in Table 1.
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Table 1 - The study group demographics and clinical characteristics

Patients characteristics

Sex
Male-to-female ratio 1
Male 22
Female 22
Age, years
Median 64.3
Range 35-87
KPS
Median 77.5
Range 30 - 100
Postoperative treatment
RT (CHT) 29
CHT alone 1
None 15

Abbreviations KPS, Karnofsky

performance score; RT, radiotherapy;

CHT, chemotherapy

3.1.2 DNA isolation

DNA was extracted from 10 pm FFPE sections following macrodissection of tumor tissue

and normal brain tissue using the QIAamp® DNA FFPE Tissue kit (Qiagen, Hilden,

Germany). The 10 pm sections corresponded to the representative hematoxylin eosin slide

with tumor tissue verified by pathologist.
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3.1.3 Mutation detection

For detection of mutant allele IDH1 ¢.395G>A (p.R132H, COSMIC ID 28746) the
TagMan® Mutation Detection Assays (Assay Name: IDH1 28746 mu and IDHI1 rf) was
used with the TagMan® Mutation Detection IPC Reagent Kit (Life Technologies, Carlsbad,
California, USA). Mutant allele detection was performed in the laboratory of the department
of biology at the Faculty of Medicine in Pilsen according to the recommended procedure
and reaction conditions found in the manual. For the amplification the Stratagene Mx3000P
real-time PCR system instrument was used (Agilent Technologies, Inc., Santa Clara,
California, USA). Detection of mutant alleles was performed in duplicates in a reaction
volume of 20 pl. Likewise detection of reference gene. Detection of samples with high
values of cycle threshold (Ct) of the reference gene were repeated. The analyses of the
normal brain tissue samples were done for detection of cut-off amplification curve before
analyzes of tumor samples. No amplifications of mutant allele were present in normal brain
tissue samples. On the base of these results and the shape of amplification curve of positive

tumor samples the 25 deltaCt cut-off value was determined.

3.1.4 Statistical analysis

Overall survival (OS) was defined as the time between the diagnosis and death or last follow
up. Progression-free survival (PFS) was defined as the time between the diagnosis and
recurrence or last follow up. Kaplan-Meier survival curves were plotted and the survival
distributions were compared with the use of the Wilcoxon test. Reported P values are two-
sided. P values of less than 0.05 were considered to indicate statistical significance. All
statistical analyzes were performed in software SPSS Statistics (IBM, Armonk, New York
USA).
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3.2 The examination of chromosomal aberration 1p/19q co-deletion in

tumor tissue from patients with anaplastic oligodendroglioma

3.2.1 Study participants

The study enrolled 23 patients diagnosed with WHO grade 11l oligodendroglioma -
anaplastic oligodendroglioma (AODG) in the Faculty Hospital in Pilsen, who had available
complete clinical data as well as tissue samples of the tumors. There were 13 males and 10
females among the patients. The median age of the entire study group was 55.4 years. Ten
patients were treated with the neurosurgery followed by radiotherapy (RT) plus
chemotherapy (procarbazine, lomustine and vincristine - PCV regime), thirteen patients
were treated with the neurosurgery followed by RT alone. The formalin-fixed, paraffin-
embedded (FFPE) tissue samples were obtained from the archives of the Sikl’s institute of
pathology, Faculty of Medicine in Pilsen and Faculty Hospital in Pilsen. The complete
clinical data were obtained from the medical information system of the Faculty Hospital in
Pilsen. The study protocol was approved by the ethics committee. Written informed consent
was obtained from all participants in this study. The description of the entire study group

with important patients” clinical characteristics is given in Table 2.

51



Table 2 - The study group demographics and clinical characteristics

Patients Characteristics

Sex
Male-to-female ratio 1.3
Male 13
Female 10
Age, years
Median 55.4
Range 25-72
MRS
Median 3.35
Range 0-6

Postoperative treatment

RT alone 10

RT + CHT (PCV) 13

Abbreviations mRS, modified Rankin
Scale; RT, Radiotherapy; CHT,
Chemotherapy

3.2.2 Mutation detection

Deletion of 1p and 19q in FFPE tumor tissue samples were primarily determined by the
fluorescence in situ hybridization (FISH) with locus-specific probes (10ul mixture) LSI
1p36/1925 or LSI 19913/19p13 (Vysis/Abbott, Downers Grove, IL, USA) in the laboratory
of the Sikl’s institute of pathology, Faculty of Medicine in Pilsen and Faculty Hospital in
Pilsen. The positive result for the 1p/19q co-deletion was assessed as the loss of 1p36 or

19q13 signal in more than 50% of nuclei (£3 SD in negative control).
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3.2.3 Statistical analysis

Overall survival (OS) was defined as the time between the diagnosis and death or last follow
up. Progression-free survival (PFS) was defined as the time between the diagnosis and
recurrence or last follow up. Kaplan-Meier survival curves were plotted and the survival
distributions were compared with the use of the Wilcoxon test. Reported P values are two-
sided. P values of less than 0.05 were considered to indicate statistical significance. All

statistical analyzes were performed in software SPSS Statistics (IBM, Armonk, New York

USA).
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4 Results and discussion

4.1 The assessment of IDH1 R132H mutation in tumor tissue from

patients with glioblastoma multiforme

4.1.1 Results

The mutation IDH1 R132H was observed in 20 from 44 GBM patients’ tumor samples.
Therefore the IDH1 mutation was identified in more than 45.4% of glioblastomas. The
separation of primary and secondary glioblastomas (GBM that progressed from the low-
grade glioma) was done on the basis of clinical information, where possible. The IDH1
R132H mutation occurred in 4 from 26 primary GBM (15.3%). Whereas the majority 16
from 18 (89.9%) of secondary GBM was mutated (Table 3).

Table 3 - The representation of IDH1 R132H mutation in primary versus secondary

glioblastomas.

Glioblastoma type Primary GBM (n=26) Secondary GBM (n=18)
Mutation status [n] [n]

IDH1 R132H 4 (15.3 %) 16 (89.9 %)

IDH1 wild-type 22 (84.7 %) 2 (11.1 %)

The significant relations between the IDH1 mutation status and clinical characteristics such
as PFS and OS were also observed (Table 4). Patients with IDH1 R132H mutation had longer
PFS than patients with wild-type IDH1 (136 vs. 51 days, P < 0.021, Wilcoxon test) (Figure
1). Significantly longer OS was observed as well for patients with IDH1 R132H mutation
than for patients without the mutation (270 vs. 130 days, P < 0.024, Wilcoxon test) (Figure
2).
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Table 4 - Results for progression-free survival and overall survival differences in patients
with GBM in the relation to IDH1 mutation status.

Glioblastoma patients results n Median [days] (95% Cl) P (Wilcoxon)

Overall Survival (OS)

IDH1 R132H 20 270 (139-400)
0.024
IDH1 wild-type 24 130 (87-172)
Progression-free Survival (PFS)
IDH1 R132H 20 136 (22-249)
i 0.021
IDH1 wild-type 24 51 (19-82)

Figure 1 - Progression-free survival of patients with glioblastoma with (red line) or without
(blue line) IDH1 R132H mutation (P = 0.021, Wilcoxon test).
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Figure 2 - Overall survival of patients with glioblastoma with (red line) or without (blue
line) IDH1 R132H mutation (P = 0.024, Wilcoxon test).
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4.1.2 Discussion

Recurrent IDH1/2 mutations and their role in oncogenesis and tumor progression were
systematically described first in GBM [16]. This observation led to new insights into the
biology of cancer including GBM. Alterations in cancer cell metabolism are now well
accepted as one of the principal hallmarks of the process of cancerogenesis and tumor
progression [30].

Mutations in IDH1 were also identified in other tumor types. The data from the Sanger
Institute Cancer Genome Project - Catalogue of Somatic Mutations in Cancer (COSMIC)
revealed the presence of IDH1 mutations in more than 32% of central nervous system
tumors, 23% of bone tumors, 8% of biliary tract tumors, 6% of thyroid cancer and many
other tumor types [220] (Figure 3). In the primary brain tumors, IDH1 mutations are
presented mostly in diffuse astrocytomas, anaplastic astrocytomas, glioblastomas or
oligodendrogliomas as was discussed in detail in the theoretical part of this thesis [220]. The
R132H amino acid substitution is the most common form of IDH1 mutations with the
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prevalence of 90% among IDH1-mutant tumors. Less common mutants such as R132C,
R132G, R132S, and R132L are also known [42,43].

Figure 3 - The representation of IDH1 mutations in various types of cancer [220].
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The fundamental shift in the understanding of mutated IDH and its role in cancer progression
came with the observation of the neomorphic function of the mutated enzyme. Instead of the
production of alpha-ketoglutarate, mutated IDH produced novel onco-metabolite 2-
hydroxyglutarate (2-HG) that were highly accumulated in the cancer cells [44]. It was
subsequently discovered that 2-HG inhibits the functions of the alpha-ketoglutarate
dependent superfamily of dioxygenases. These enzymes have diverse cellular functions
including, but not limited to histone demethylation and demethylation of hypermethylated
DNA [45,46]. Moreover, IDH mutations and 2-HG production were identified to be
sufficient steps in the process leading to glioma hypermethylator phenotype. That
observation was important for understanding of glioma oncogenesis and highlighted the
interplay between genetic and epigenetic changes in human cancers [72,245].

Mutations in IDH are important also for their clinical consequences as was discussed in more
detail in the theoretical part of this thesis. Recent studies revealed the important role of
mutated IDH in the assessment of astrocytoma patient prognosis. Across several studies, the
better prognosis for patients with IDH 1/2 mutated GBMs were observed with the longer OS
of 3.8 vs. 1.1 years, 2.6 vs. 1.3 years, 2.3 vs. 1.2 years and 3 vs. 1 year [16,43,49,50]. Even
more significant differences in OS were found in patients with anaplastic astrocytomas; 5.4

vs. 1.7 years, 6.8 vs. 1.6 years and 7 vs. 2 years [43,49,50] as well as diffuse astrocytoma
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12.6 vs. 5.5 years [49]. These data highlighted the major impact of IDH1/2 mutation status
on glioma patient survival and support the incorporation of this biomarker into the clinical
management. Mutations in IDH1/2 and production of onco-metabolite 2-HG could be used

as well for therapeutic intervention in the near future [246].

The results from this study also support the IDH1 R132H mutation to be the strong
prognostic biomarker for patients with GBM. However, the differences in median PFS and
OS between patients with IDH1 mutated and IDH1 wild-type tumors were not as big as in
other studies. The reason for the relatively small differences in median survival between both
groups could be the heterogeneity of the treatment protocols. The standard treatment with
neurosurgery and concomitant chemo-radiotherapy with temozolomide was implemented in
only 29 patients. 1 patient had radiotherapy alone and 15 patients were treated neither with
radiotherapy nor with chemotherapy. The proportion of IDH1 mutated tumors was also
higher than in other similar studies. The IDH1 mutations in glioblastomas were originally
identified predominantly in secondary GBM that progressed from the low grade tumors
[247]. The distinction between the primary and secondary GBM in this study was done on
the basis of clinically relevant information from the patient history, although it was not
possible absolutely exactly. Only 5 patients had previously assessed low-grade glioma
(surgery in 2 cases, tumor biopsy in 3 cases). Other patients with tumor’s corresponding
neurological symptomatology (epileptic seizures, focal neurological deficit) present at least
6 month before the final diagnosis were considered as likely secondary GBM. Moreover, the
primary-like glioblastomas could be in fact secondary without the symptoms of low-grade

tumors.

The recent study of mutations in the promoter of TERT gene has revealed the high incidence
of these aberrations in a large portion of primary GBM (about 80%) [248]. In the further
research the TERT promoter mutations will be used in addition to clinically relevant
information for the separation of primary and secondary glioblastomas. The assessments of
other IDH1 mutations as well as the analysis of IDH2 mutations are also planned together

with their quantification using digital PCR methods (digital droplet PCR).

Despite the drawbacks of this study, IDH1 R132H mutation still served as a strong
prognostic biomarker for the patients with GBM treated in the Faculty Hospital in Pilsen.
The results from this work became a part of an important and recently published meta-

analysis of 55 observational studies that confirmed improved both overall survival and
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progression-free survival in patients with gliomas positive for IDH1/2 mutations and helped
with the incorporation of IDH1/2 mutations status into the updated 2016 WHO classification
of CNS tumors [17,38].

4.2 The examination of chromosomal aberration 1p/19q co-deletion in

tumor tissue from patients with anaplastic oligodendroglioma

4.2.1 Results

The biomarker 1p/19q co-deletion was identified in 12 out of 23 patients” tumor samples
(52.2%) (Table 5). Patients with tumors positive for co-deletion had a significantly longer
median OS than patients without 1p/19q co-deletion (587 vs. 132 weeks, P = 0.012,
Wilcoxon test) (Figure 4). There was also the trend for longer median PFS in patients with
1p/19q co-deleted tumors than in those without this biomarker (321 vs. 43 weeks, P = 0.075,
Wilcoxon test) (Figure 5).

Table 5 - Progression-free survival and overall survival differences in patients with

anaplastic oligodendroglioma in relation to 1p/19qg co-deletion.

Anaplastic oligodendroglioma Median [weeks] P
patients” results " (95% CI) (Wilcoxon)
Overall survival
1p/19q co-deleted 12 587 (466 - 707) 0012
1p/19q negative 11 132 (0 - 271)
Progression-free survival
1p/19q co-deleted 12 321 (21 - 620) 0.075
1p/19q co-deletion-negative 11 43 (0 - 150)
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Figure 4 - Overall survival of patients with anaplastic oligodendroglioma in relation to
1p/19q co-deletion status (P = 0.012, Wilcoxon test).
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Figure 5 - Progression-free survival of patients with anaplastic oligodendroglioma in

relation to 1p/19q co-deletion status (P = 0.075, Wilcoxon test).
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In the subgroup of patients with 1p/19q co-deleted tumors (n=12), the median OS was

significantly longer in those treated with neurosurgery plus RT and PCV (n=7) by

comparison with patients that were treated with neurosurgery followed by RT alone (n=5)
(706 vs. 423 weeks, P = 0.008, Wilcoxon test) (Table 6 and Figure 6). On the other hand,
there was no significant difference in median PFS in the subgroup of patients treated with

neurosurgery plus RT and PCV vs. those treated with neurosurgery plus RT alone (374 vs.

321 weeks, P = 0.626, Wilcoxon test) (Table 6 and Figure 7).

Table 6 - Progression-free and overall survival differences in patients with anaplastic

oligodendroglioma treated with neurosurgery plus radiotherapy (NRT) or with neurosurgery

plus radiotherapy and procarbazine, lomustine and vincristine (NRT-PCV) in relation to

1p/19q co-deletion.

_ Median OS Median PFS
1p/19q co-deletion
[weeks] ) [weeks] _
status (Wilcoxon) (Wilcoxon)
(95% ClI) (95% ClI)
Co-deletion (n=12)
NRT-PCV (n=7) 706 (675 - 736) 374 (129 - 618)
0.008 .626
NRT  (n=b) 423 (0 - 996) 321 (67 - 574)
Without co-deletion (n=11)
NRT-PCV (n=6) 182 (12 - 351) 43 (0 - 224)
0.223 0.523
NRT (n=5) 53 (0 - 117) 26 (10 - 41)
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Figure 6 - Overall survival of patients with anaplastic oligodendroglioma positive for 1p/19q

co-deletion in relation to the treatment protocol [neurosurgery plus radiotherapy (RT) vs.

neurosurgery plus RT and procarbazine, lomustine and vincristine (PCV)] (P = 0.008,

Wilcoxon test).
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Figure 7 - Progression-free survival of patients with anaplastic oligodendroglioma positive
for 1p/19q co-deletion in relation to the treatment protocol [neurosurgery plus radiotherapy
(RT) vs. neurosurgery plus RT and procarbazine, lomustine and vincristine (PCV)] (P =
0.626, Wilcoxon test).
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In contrast, in the subgroup of patients without 1p/19q co-deletion (n=11) the median OS
was not significantly different in those treated with neurosurgery plus RT and PCV (n=6) by
comparison with those treated with neurosurgery followed by RT alone (n=5) (182 vs. 53
weeks, P = 0.223, Wilcoxon test) (Table 6 and Figure 8). There was also no significant
difference in the median PFS in this subgroup of patients (43 vs. 26 weeks, P =0.523) (Table
6 and Figure 9).
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Figure 8 - Overall survival of patients with anaplastic oligodendrogliomas without 1p/19q
co-deletion in relation to the treatment protocol [neurosurgery plus radiotherapy (RT) vs.
neurosurgery plus RT and procarbazine, lomustine and vincristine (PCV)] (P = 0.223,

Wilcoxon test).
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Figure 9 - Progression-free survival of patients with anaplastic oligodendrogliomas without
1p/19q co-deletion in relation to the treatment protocol [neurosurgery plus radiotherapy (RT)
vs. neurosurgery plus RT and procarbazine, lomustine and vincristine (PCV)] (P = 0.523,

Wilcoxon test).
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4.2.2 Discussion

The molecular genetic characteristic of oligodendroglial tumors is the frequent co-deletion
of chromosome 1p and 19q. This chromosomal aberration was identified in 1994 and became
the first biomarker in neuro-oncology [194]. The mechanism of 1p/19q co-deletion is the
unbalanced translocation t(1;19)(g10;p10) [195]. Recently, the mutations in two important
tumor-suppressor genes, capicua homolog drosophila (CIC) located on 19q13.2, and far
upstream element-binding protein (FUBP1) on the 1p chromosome, was discovered in the
majority of oligodendrogliomas with 1p/19q co-deletion [198,199]. Mutations in these genes
are probably involved in the formation and progression of oligodendrogliomas. However,

their true significance in neoplastic diseases remains to be verified.

Co-deletion of 1p/19q appears almost exclusively in oligodendroglial tumors (80% to 90%
of grade Il oligodendrogliomas and 50% to 70% of AO) [196,197]. This chromosomal
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aberration can be used in clinical practice as an important diagnostic, prognostic, as well as
predictive biomarker. From the diagnostic point of view, the presence of 1p/19q co-deletion
supports the diagnosis of oligodendroglioma, especially in cases where the histological

findings are not clear.

The 1p/199g co-deletion is also an important positive prognostic biomarker of the disease.
Several studies found significantly better survival outcome for patients with
oligodendroglioma  with  1p/19g  co-deletion  than  for  those  without
[186,191,192,207,208,210,211].

Co-deletion of 1p/19q was found to have substantial clinical significance also as a strong
predictive biomarker for patients with anaplastic oligodendroglial tumors. Its detection
predicts longer survival of patients with the combined RT plus PCV treatment by comparison
with RT alone that was recently shown by the long-term follow-up of two important phase
Il clinical trials RTOG 9402 and EORTC 26951 [210,211]. These trials produced
substantial results and led to a paradigm shift in anaplastic oligodendroglioma treatment as

was discussed in detail in the theoretical part of this thesis.

In this study, the 1p/19q co-deletion served as the strong prognostic biomarker for OS for all
patients with anaplastic oligodendroglioma irrespective of the treatment regime. Moreover,
the positive predictive value of 1p/19q co-deletion was demonstrated for the subgroup of
patients treated with the combination of neurosurgery and RT plus PCV. These results are
in concordance with the results from the recently published long-term follow up of two phase
I11 clinical trials RTOG 9402 and EORTC 26951. The major weakness of this work remains
the relatively small number of patients and the retrospective study design. The limited
number of patients in this study is caused mainly by the rare incidence of anaplastic gliomas
among cancer patients. The future research will expand the assessment of other molecular
biomarkers in the patient cohort such as mutations in IDH1/2 or the PI3K signaling pathway
and the correlation of these mutations with 1p/19q co-deletion and patients” clinical

characteristics and outcome.
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5 Conclusions

The IDH1 R132H mutation was observed in the interestingly higher number of patients with
glioblastoma multiforme that was previously published. On the other hand the majority of
mutated tumors in the cohort were probably secondary glioblastomas. The prognostic value
of the IDH1 R132H mutation was also observed. Patients with this mutation in the tumor

tissue had significantly longer PFS as well as OS than patients with IDH1 wild-type tumors.

The presented results were included into the large recently published meta-analysis that
confirmed positive prognostic effect of the IDH mutations on both overall survival and
progression-free survival in patients with CNS gliomas. These findings helped with the
incorporation of IDH mutations assessment into the updated 2016 WHO classification of
CNS tumors.

The prognostic value of 1p/19g co-deletion in the cohort of patients with anaplastic
oligodendroglioma was proved. The strong positive predictive value of this biomarker for
OS was also shown for patients with co-deletion who were treated with neurosurgery and
RT plus PCV by comparison with neurosurgery and RT alone. Patients with anaplastic
oligodendrogliomas who have tumor positive for 1p/19g co-deletion should be treated

intensively with combined RT and chemotherapy (PCV) regime.

The results of this thesis were also practically applied during the formation of the
multidisciplinary neurooncology center, which was set up in the Faculty of Medicine in
Pilsen and Faculty Hospital in Pilsen under the patronage of the neurooncology section of
the Czech oncological society. The main objective of this center is to help to patients as well
as treating physicians with the decision-making process during the whole treatment

procedure.

The enormous advances in the molecular genetics of CNS tumors and especially gliomas
that were made over the past decade bring completely new opportunities for the optimization
of the treatment strategies for and individual patient with these diagnoses. The important
molecular biomarkers were discovered and validated in the clinical studies. These
biomarkers can be used in the clinic for more precise diagnosis, for the more accurate
assessment of a patients” prognosis, or for the better selection of therapy and prediction of

therapeutic response.
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Together with the implementation of the molecular genetics in the recently updated 2016
WHO classification of CNS tumors it will likely be necessary to integrate molecular
biomarkers and personalized medicine principles into standard clinical care of patients

suffering from neurological cancers.
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Abstract. Background: Anaplastic oligodendrogliomas (AO)
are rare tumors. Two phase Il clinical trials (RTOG 9402
and EORTC 26951) proved favorable effects of radiotherapy
(RT) with chemotherapy (procarbazine, lomustine and
vincristine; PCV) in patients with AO carrying chromosomal
mutation of co-deletionlp/19q even if it was not the primary
endpoint of these studies. We assessed 1p/19q co-deletion as
a prognostic and predictive biomarker for our patients with
AO. Materials and Methods: 1p/19q co-deletion was assessed
by fluorescence in situ hybridization in tumor samples from
23 patients and correlated with progression-free (PFS) and
overall (OS) survival for the entire cohort and for the
subgroups of patients with different treatment (neurosurgery
plus RT alone vs. RT plus PCV). Results: 1p/19q co-deletion
was identified in 12 out of 23 tumors (52.2%). Patients with
co-deletion had longer OS (587 vs. 132 weeks, p=0.012) and
a trend for longer PFS (321 vs. 43 weeks, p=0.075). Patients
with co-deletion treated with neurosurgery and RT plus PCV
vs. neurosurgery and RT alone also had longer OS (706 vs.
423 weeks, p=0.008). There was no survival difference for
patients without 1p/19q co-deletion in relation to treatment.
Conclusion: The prognostic value of Ip/19g co-deletion in
our patients with AO was verified. The strong positive
predictive value of this biomarker for OS was also shown for
patients with co-deletion treated with neurosurgery and RT
plus PCV vs. neurosurgery and RT alone.
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Anaplastic oligodendroglial tumors (oligodendrogliomas and
oligoastrocytomas grade TIT; AO) are rare types of cancer that
represent only 0.5-1.2% of all primary brain tumors (1, 2).
The highest incidence of AO is between 45 and 50 years of
age. The major symptoms are epileptic seizures, focal
symptoms that affect the frontal and the temporal regions of
the brain, or later the symptoms of intracranial hypertension.
The standard therapy for AO comprises neurosurgery
followed by radiotherapy (RT) and chemotherapy. RT is
administered to a total dose of 54 to 60 Gy. Chemotherapy
consists of a triple combination of procarbazine, lomustine
and vincristine (PCV) or temozolomide (3, 4).

Oligodendrogliomas are known to respond better to RT
and chemotherapy than other types of malignant primary
brain tumors. Their sensitivity to RT was discovered as early
as the 1980s (5), and the positive effect of chemotherapy,
PCV and temozolomide, was found later (6-8). Research into
molecular genetics of oligodendrogliomas offers new
knowledge in the diagnosis and treatment of these tumors
and has an impact on their management. The very frequent
genetic aberration of oligodendroglial tumors is the co-
deletion of chromosome 1p and 19q. This 1p/19q co-deletion
means the loss of genetic material from the short arm of
chromosome 1 (Ip) and the long arm of chromosome 19
(19q) in the tumor and became the first biomarker in neuro-
oncology discovered in 1994 (9). 1p/19q Co-deletion was
found to be an important positive prognostic biomarker of
this disease (4, 10-14).

Recently, the long-term results of two large independent
phase III clinical trials, the Radiation Therapy Oncology
Group (RTOG) 9402 and European Organization for
Research and Treatment of Cancer (EORTC) 26961 trials,
also demonstrated the strong predictive role of 1p/19q co-
deletion for patients with AO treated with chemotherapy.
Patients with tumors withlp/19q co-deletion that were
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treated with RT and PCV had a significantly longer median
overall survival (OS) than patients treated only with RT.
There was no significant difference in median OS for
patients without 1p/19q co-deletion that were treated either
by RT alone or RT plus PCV (12, 13).

The aim of this study was to analyze the 1p/19q status in
tumors of patients with AO treated in West Bohemia. We
assessed the prognostic role of this biomarker for the entire
patient cohort, as well as the ability to predict the better OS
and PES for patients treated with RT plus chemotherapy.

Patients and Methods

Patients. We performed a study of 23 patients with a diagnosis of
WHO grade III oligodendroglioma, anaplastic oligodendroglioma
(n=23; 13 males and 10 females: mean age=55.4 years) who were
treated with the standard protocol at the Faculty Hospital Plzen,
Czech Republic (neurosurgery plus RT alone, n=10; neurosurgery
plus RT and PCV, n=13) (Table I).

Mutation detection. Deletion of 1p and 19q in tumor tissue samples
were primarily assessed with fluorescence in situ hybridization
(FISH) with locus-specific probes (10 pl mixture) LSI 1p36/1g25
or LSI 19q13/19p13 (Vysis/Abbott, Downers Grove, IL, USA). A
positive result for 1p/19q co-deletion was assessed as the loss of
1p36 or 19q13 signal in more than 50% of nuclei.

Statistical analysis. OS was defined as the time between the
diagnosis and death or last follow-up: PES was defined as the time
between the diagnosis and recurrence or last follow-up.
Kaplan—Meier survival curves were plotted and the survival
distributions were compared with the use of the Wilcoxon test.
Reported p-values are two-sided: p-values of less than 0.05 were
considered to indicate statistical significance.

Results

1p/19q Co-deletion was detected in 12 out of 23 patient
tumor samples (52.2%). Patients with tumors with co-
deletion had a significantly longer median OS than patients
without 1p/19q co-deletion (587+61.3 vs. 132471 weeks,
respectively, p=0.012) (Table 1T and Figure 1A). There was
also the trend for better median PFS in patients with tumors
with co-deletion than in those without (321+152.8 vs. 43+55
weeks, respectively, p=0.075) (Table II and Figure 1B).

In the subgroup of patients with tumors with co-deletion
of 1p/19q (n=12), the median OS was significantly longer in
those treated with neurosurgery plus RT and PCV (n=7) in
comparison to patients that were treated with neurosurgery
followed by RT alone (n=5) (706+15.7 vs. 423+292.5 weeks,
respectively, p=0.008) (Table IIT and Figure 2A). On the
other hand, there was no significant difference in median
PFS in the subgroup of patients treated with neurosurgery
plus RT and PCV vs. those treated with neurosurgery plus
RT alone (374+124.5 vs. 321+129.5 weeks, respectively,
p=0.626) (Table III and Figure 2B).
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Table 1. Patients’ demographics and clinical characteristics.

Characteristic

Gender
Male 13
Female 10
Age, years
Median 554
Range 25-72
mRS
Median 335/
Range 0-6
Postoperative treatment
RT alone 10
RT + PCV 13

mRS, Modificd Rankin Scale; RT, radiotherapy: PCV, procarbazine,
lomustine and vincristine.

Table 1. Results for progression-free survival and overall survival
differences in patients with ipl lend, I
1p/19q co-deletion.

ic oli

glioma in to

Variable N Median (+SD), weeks  p-Value*

Overall survival

1p/19q co-deleted 12 587 (£61.3) 0.012

1p/19q negative 11 132 (£71)
Progression-free survival

1p/19q Co-deleted 12 321 (x152.8) 0.075

1p/19q Co-deletion-negative 11 43 (£55)

*Wilcoxon test.

In contrast to the previous results, in the subgroup of
patients without 1p/19q co-deletion (n=11), the median OS
was not significantly different in those treated with
neurosurgery plus RT and PCV (n=6) in comparison to those
treated with neurosurgery followed by RT alone (n=5)
(182+86.3 vs. 53+32.8 weeks, respectively, p=0.223) (Table
I1I and Figure 3A); there was also no significant difference in
the median PFS (43+£92.5 vs. 26+7.7 weeks respectively,
p=0.523) (Table TIT and Figure 3B).

Discussion

The molecular genetic characteristic of oligodendroglial
tumors is frequent co-deletion of chromosome 1p and 19q.
This genetic aberration was identified in 1994 and became
the first biomarker in neuro-oncology (9). The mechanism of
1p/19q co-deletion is the unbalanced translocation
t(1519)(q10;p10) (15). Recently, the presence of mutations in
two important tumor-suppressor genes, capicua (Drosophila)
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Figure 1. Overall (A) and progression-free (B) survival of patients with anaplastic oligodendroglioma in relation to 1p/19q co-deletion status.
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Figure 2. Overall (A) and progression-free (B) survival of patients with iplastic oligodendrogli and 1p/19q co-deletion in relation to the

treatment protocol [neurosurgery plus radiotherapy (RT) vs. neurosurgery plus RT and procarbazine, lomustine and vincristine (PCV)].

homolog (CIC) located on 19ql13.2, and far upstream
element-binding protein (FUBPI) on the 1p chromosome,
was discovered in the majority of oligodendrogliomas with
1p/19q co-deletion (16, 17). Mutations in these genes are
probably involved in the formation and progression of
oligodendrogliomas. However, their true significance in
neoplastic diseases remains to be verified.

Co-deletion of 1p/19q appears almost exclusively in
oligodendroglial tumors (80% to 90% of grade TT
oligodendrogliomas and 50% to 70% of AO) (18, 19). This
chromosomal mutation in oligodendrogliomas can be used
in clinical practice as an important diagnostic, prognostic, as

well as predictive biomarker. From the diagnostic point of
view, the presence of Ip/19q co-deletion supports the
diagnosis of oligodendroglioma, especially in cases where
the histological findings are not clear. Some other tumor
types may also mimic oligodendrogliomas, such as
dysembryoplastic neuroepithelial tumors, neurocytomas,
clear cell ependymomas and small cell anaplastic
astrocytomas. These tumors usually do not have 1p/19q co-
deletion and this biomarker is a useful diagnostic aid in these
clinical cases (10).

The presence of 1p/19q co-deletion has a role as an
important positive prognostic biomarker of the disease.
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Table II1. Results for progression-free (PFS) and overall (OS) survival differences in patients with anaplastic oligodendroglioma treated with
neurosurgery plus radiotherapy (NRT) or with neurosurgery plus radiotherapy and procarbazine, lomustine and vincristine (NRT-PCV) in relation

to 1p/19q co-deletion.

1p/19q Co-deletion status Median OS (£SD), weeks p-Value* Median PFS (£SD), weeks p-Value*
Co-deletion (n=12)
NRT-PCV (n=7) 706£15.7 0.008 374x124.5 0.626
NRT (n=5) 4232925 3211295
Without co-deletion (n=11)
NRT-PCV (n=6) 182+86.3 0.223 434925 0.523
NRT (n=5) 53+32.8 26+7.7

*Wilcoxon test.

Retrospective and prospective studies found significantly
better survival outcome for patients with oligodendroglioma
with 1p/19q co-deletion than for those without (4, 10-14, 20).

Co-deletion of 1p/19q was found to have substantial
clinical significance as a strong predictive biomarker for
patients with anaplastic oligodendroglial tumors. Its
detection predicts longer survival with PCV and RT in
comparison to RT alone, as recently shown by the long-
term follow-up of two important phase IIT randomized
clinical trials, RTOG 9402 and EORTC 26951 (12, 13).
These trials are producing substantial results and leading
to a paradigm shift in disease treatment (11-14). In the
RTOG 9402 study, the median OS for patients with
anaplastic oligodendroglial tumors without 1p/19q co-
deletion was similar in both groups receiving PCV plus RT
or RT alone (2.6 and 2.7 years, respectively) (12). On the
other hand in patients with 1p/19q co-deletion, the OS was
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significantly longer in the PCV plus RT arm than in the
RT-alone arm (14.7 vs. 7.3 years, respectively, p=0.03)
(12). Similar results were found in the EORTC 26951 trial
(13). After more than 10 years’ follow-up, the median OS
in patients with anaplastic oligodendroglial tumors and
without 1p/19q co-deletion was similar in the group
receiving PCV plus RT and that receiving RT alone (25
and 21 months, respectively, p=0.19). However, the
median OS was not reached for patients with co-deletion
in the PCV plus RT arm, whereas it was just 9.3 years in
patients primarily receiving RT alone (13). The positive
effect of combined oncological treatment (PCV plus RT)
in patients with 1p/19q co-deletion was present in both
clinical studies, irrespective of which type of therapy was
started first. Both studies demonstrated that neither
radiotherapy nor chemotherapy alone is sufficient in AO
treatment.
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There are also other molecular biomarkers that could be
used to better determine the prognosis for patients with
oligodendrogliomas such as mutations in the genes for
isocitrate dehydrogenase 1 and 2 (IDHI/2). A high
frequency of mutations in the /DHI and IDH2 (up to 69%-
94%) was found in patients with oligodendroglioma (21,
22). The presence of the IDH/2 mutations is a significant
positive prognostic biomarker for patients with various types
of glioma (22-25). The alteration of certain other well-
known pro-oncogenes and tumor-suppressor genes in
patients with AO was identified, such as mutations in
phosphatidylinositiol 3-kinase (PI3K), amplification of
epidermal growth factor receptor (EGFR) or loss of the
phosphatase and tensin homolog (PTEN) tumor suppressor.
These alterations are associated with the poorer prognosis
of AO (26, 27).

In our study, we found 1p/19q co-deletion to be a
strong prognostic biomarker for OS for all patients with
AO, irrespectively of their treatment regimen. Moreover,
the predictive value of 1p/19q co-deletion was
demonstrated for the subgroup of patients treated with the
combination of neurosurgery and RT plus PCV vs. those
treated with neurosurgery and RT alone. Our results are
in concordance with the results from the recently
published long-term follow-up of two phase III clinical
trials RTOG 9402 and EORTC 26951. Although the
follow-up of our patients is sufficient to prove the positive
prognostic value of 1p/19q co-deletion in relation to
combined therapy with PCV, the major weakness of this
work remains the relatively small number of patients and
the retrospective study design. The small number of
patients in our study is mainly because of the rare
incidence of anaplastic gliomas.

In our future work, we will expand the assessment of other
molecular biomarkers in our patient cohort such as mutations
in IDHI1/2 or the PI3K signaling pathway and we will
correlate these alteration with 1p/19q co-deletion and patient
clinical characteristics and outcome.

Conclusion

The importance of 1p/19q co-deletion in anaplastic
oligodendrogliomas as a diagnostic., prognostic and
predictive biomarker was shown and its presence should be
also tested in all low-grade gliomas. Patients with anaplastic
oligodendrogliomas who have tumors with 1p/19q co-
deletion should be treated intensively with combined RT and
chemotherapy (PCV).

Conflicts of Interests

The Authors declare that they have no conflict of interests regarding
the publication of this article.

Acknowledgements

This work was supported by MH CZ-DRO (Faculty Hospital in
Plzen—ENPI, 00669806) and by the National Sustainability
Program I (NPU I) Nr. LO1503 provided by the Ministry of
Education Youth and Sports of the Czech Republic.

References

I Dolecek TA, Propp JM, Stroup NE and Kruchko C: CBTRUS
statistical report: primary brain and central nervous system
tumors diagnosed in the United States in 2005-2009. Neuro-
Oncol 14(Suppl 5): v1-49,2012.

2 Ohgaki H and Kleihues P: Population-based studies on
incidence, survival rates, and genetic alterations in astrocytic and
oligodendroglial gliomas. J Neuropathol Exp Neurol 64: 479-
489, 2005.

3 Roth P, Wick W and Weller M: Anaplastic oligodendroglioma:
a new treatment paradigm and current controversies. Curr Treat
Options Oncol 74: 505-513, 2013.

4 Weller M. Stupp R. Hegi ME, van den Bent M, Tonn JC, Sanson
M, Wick W and Reifenberger G: Personalized care in neuro-
oncology coming of age: why we need MGMT and 1p/19q
testing for malignant glioma patients in clinical practice. Neuro-
Oncol 74(Suppl 4): iv100-108, 2012.

5 Phillips C, Guiney M, Smith J, Hughes P, Narayan K and Quong
G: A randomized trial comparing 35 Gy in 10 fractions with 60
Gy in 30 fractions of cerebral irradiation for glioblastoma
multiforme and older patients with anaplastic astrocytoma.
Radiother Oncol J Eur Soc Ther Radiol Oncol 68: 23-26, 2003.

6 Cairncross JG, Macdonald DR and Ramsay DA: Aggressive
oligodendroglioma: a chemosensitive tumor. Neurosurgery 3/:
78-82, 1992.

7 Croteau D and Mikkelsen T: Adults with newly diagnosed high-
grade gliomas. Curr Treat Options Oncol 2: 507-515, 2001.

8 Cairncross JG and Macdonald DR: Successful chemotherapy for
recurrent malignant oligodendroglioma. Ann Neurol 23: 360-
364, 1988.

9 Reifenberger J, Reifenberger G, Liu L, James CD, Wechsler W
and Collins VP: Molecular genetic analysis of oligodendroglial
tumors shows preferential allelic deletions on 19q and Ip. Am J
Pathol 745: 1175-1190, 1994.

10 Aldape K, Burger PC and Perry A: Clinicopathologic aspects of
1p/19q loss and the diagnosis of oligodendroglioma. Arch Pathol
Lab Med 731: 242-251, 2007.

11 Intergroup Radiation Therapy Oncology Group Trial 9402,
Cairncross G, Berkey B, Shaw E, Jenkins R, Scheithauer B,
Brachman D, Buckner J, Fink K, Souhami L, Laperierre N,
Mehta M and Curran W: Phase III trial of chemotherapy plus
radiotherapy compared with radiotherapy alone for pure and
mixed anaplastic oligodendroglioma: Intergroup Radiation
Therapy Oncology Group Trial 9402. J Clin Oncol Off J Am Soc
Clin Oncol 24: 2707-2714, 2006.

12 Cairncross G, Wang M, Shaw E, Jenkins R, Brachman D,
Buckner J, Fink K, Souhami L, Laperriere N, Curran W and
Mehta M: Phase III trial of chemoradiotherapy for anaplastic
oligodendroglioma: long-term results of RTOG 9402. J Clin
Oncol Off J Am Soc Clin Oncol 37: 337-343, 2013.

13 Van den Bent MJ, Brandes AA, Taphoorn MIB, Kros JM,
Kouwenhoven MCM, Delattre J-Y, Bernsen HIJA, Frenay M,

475



ANTICANCER RESEARCH 36: 471-476 (2016)

Tijssen CC, Grisold W, Sipos L, Enting RH, French PJ,
Dinjens WNM, Vecht CJ, Allgeier A, Lacombe D, Gorlia T and
Hoang-Xuan K: Adjuvant procarbazine, lomustine, and
vincristine chemotherapy in newly diagnosed anaplastic
oligodendroglioma: long-term follow-up of EORTC brain
tumor group study 26951. J Clin Oncol Off J Am Soc Clin
Oncol 37: 344-350, 2013.

14 Van den Bent MJ. Carpentier AF, Brandes AA, Sanson M.
Taphoorn MJB, Bernsen HIJA, Frenay M, Tijssen CC, Grisold
W, Sipos L, Haaxma-Reiche H, Kros JM, van Kouwenhoven
MCM, Vecht CJ, Allgeier A, Lacombe D and Gorlia T: Adjuvant
procarbazine, lomustine, and vincristine improves progression-
free survival but not overall survival in newly diagnosed
anaplastic oligodendrogliomas and oligoastrocytomas: a
randomized European Organisation for Research and Treatment
of Cancer phase III trial. J Clin Oncol Off J Am Soc Clin Oncol
24: 2715-2722, 2006.

15 Griffin CA, Burger P, Morsberger L, Yonescu R, Swierczynski S.
Weingart JD and Murphy KM: Identification of der(1:19)(q10;p10)
in five oligodendrogliomas suggests mechanism of concurrent Ip
and 19q loss. J Neuropathol Exp Neurol 65: 988-994, 2006.

16 Sahm F, Koelsche C, Meyer J, Pusch S, Lindenberg K, Mueller
W, Herold-Mende C, von Deimling A and Hartmann C: CIC and
FUBPI mutations in oligodendrogliomas. oligoastrocytomas and
astrocytomas. Acta Neuropathol (Berl) /23: 853-860, 2012.

17 Bettegowda C, Agrawal N, Jiao Y, Sausen M, Wood LD, Hruban
RH. Rodriguez FJ, Cahill DP, McLendon R, Riggins G,
Velculescu VE, Oba-Shinjo SM. Marie SKN, Vogelstein B.
Bigner D, Yan H, Papadopoulos N and Kinzler KW: Mutations
in CIC and FUBP] contribute to human oligodendroglioma.
Science 333: 1453-1455, 2011.

18 Minniti G, Arcella A, Scaringi C, Lanzetta G, Di Stefano D,
Scarpino S, Pace A, Giangaspero F, Osti MF and Enrici RM:
Chemoradiation for anaplastic oligodendrogliomas: clinical
outcomes and prognostic value of molecular markers. J
Neurooncol, 2013.

476

19 Cairncross G and Jenkins R: Gliomas with 1p/19q codeletion:
ak.a. oligodendroglioma. Cancer J Sudbury Mass /4: 352-357.
2008.

20 Polivka J, Polivka J, Rohan V and Topolcan O: New treatment
paradigm for patients with anaplastic oligodendroglial tumors.
Anticancer Res 34: 1587-1594, 2014.

21 Balss J, Meyer J, Mueller W, Korshunov A, Hartmann C and von
Deimling A: Analysis of the /DH/ codon 132 mutation in brain
tumors. Acta Neuropathol /76: 597-602, 2008.

22 Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W,
Kos I. Batinic-Haberle I, Jones S, Riggins GJ, Friedman H,
Friedman A. Reardon D, Herndon J. Kinzler KW, Velculescu
VE, Vogelstein B and Bigner DD: /DHI and /DH2 mutations in
gliomas. N Engl J Med 360: 765-773, 2009.

23 Sanson M, Marie Y, Paris S, Idbaih A, Laffaire J, Ducray F, El
Hallani S, Boisselier B, Mokhtari K, Hoang-Xuan K and
Delattre J-Y: Isocitrate dehydrogenase 1 codon 132 mutation is
an important prognostic biomarker in gliomas. J Clin Oncol Off
J Am Soc Clin Oncol 27: 4150-4154, 2009.

24 Polivka J Jr., Polivka J, Rohan V, Topolcan O and Ferda J: New
molecularly targeted therapies for glioblastoma multiforme.
Anticancer Res 32: 2935-2946, 2012.

25 Polivka J, Polivka J Jr, Rohan V, Pesta M, Repik T, Pitule P and
Topolcan O: Isocitrate dehydrogenase-1 mutations as prognostic
biomarker in glioblastoma multiforme patients in west bohemia.
BioMed Res Int 2014: 735659, 2014.

26 Jeuken JWM, von Deimling A and Wesseling P: Molecular
pathogenesis of oligodendroglial tumors. ] Neurooncol 70: 161-
181,2004.

27 Polivka J and Janku F: Molecular targets for cancer therapy in the
PI3K/AKT/mTOR pathway. Pharmacol Ther /42: 164-175,2014.

Received November 6, 2015
Revised December 3, 2015
Accepted December 4, 2015



Attachment 11

Polivka J, Polivka J Jr, Rohan V, Pesta M, Repik T, Pitule P, Topolcan O. Isocitrate
dehydrogenase-1 mutations as prognostic biomarker in glioblastoma multiforme patients in
West Bohemia. Biomed Res Int. 2014; 2014:735659. (IF = 2.134)

-1



Hindawi Publishing Corporation
BioMed Research International

Volume 2014, Article ID 735659, 5 pages
http://dx.doi.org/10.1155/2014/735659

Research Article

Hindawi

Isocitrate Dehydrogenase-1 Mutations as Prognostic Biomarker
in Glioblastoma Multiforme Patients in West Bohemia

J. Polivka,"? J. Polivka Jr.,> V. Rohan,"* M. Pesta,* T. Repik,"2 P. Pitule,® and O. Topolcan5

! Department of Neurology, Faculty of Medicine in Pilsen, Charles University in Prague, Husova 3, 301 66 Pilsen, Czech Republic

? Faculty Hospital in Pilsen, Alej Svobody 80, 304 60 Pilsen, Czech Republic

* Department of Histology and Embryology and Biomedical Centre, Faculty of Medicine in Pilsen, Charles University in Prague,
Husova 3, 301 66 Pilsen, Czech Republic

4 Department of Biology, Faculty of Medicine in Pilsen, Charles University in Prague, Husova 3, 301 66 Pilsen, Czech Republic

? Central Immunoanalytical Laboratory, Faculty Hospital in Pilsen, Dr. E. Benese 13, 305 99 Pilsen, Czech Republic

Correspondence should be addressed to J. Polivka; polivka@fnplzen.cz
Received 30 September 2013; Accepted 18 December 2013; Published 9 January 2014
Academic Editor: Franco M. Buonaguro

Copyright © 2014 J. Polivka et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction. Glioblastoma multiforme (GBM) is the most malignant primary brain tumor in adults. Recent whole-genome studies
revealed novel GBM prognostic biomarkers such as mutations in metabolic enzyme IDH—isocitrate dehydrogenases (TDHI
and IDH2). The distinctive mutation IDHI R132H was uncovered to be a strong prognostic biomarker for glioma patients. We
investigated the prognostic role of IDH1 R132H mutation in GBM patients in West Bohemia. Methods. The IDHI R132H mutation
was assessed by the RT-PCR in the tumor samples from 45 GBM patients treated in the Faculty Hospital in Pilsen and was correlated
with the progression free and overall survival. Results. The IDH1 R132H mutation was identified in 20 from 44 GBM tumor samples
(45.4%). The majority of mutated tumors were secondary GBMs (16 in 18, 89.9%). Low frequency of IDHI mutations was observed
in primary GBMs (4 in 26, 15.3%). Patients with IDH RI32H mutation had longer PFS, 136 versus 51 days (P < 0.021, Wilcoxon),
and OS, 270 versus 130 days (P < 0.024, Wilcoxon test). Summary. The prognostic value of IDH1 R132H mutation in GBM patients
was verified. Patients with mutation had significantly longer PFS and OS than patients with wild-type IDH1 and suffered more likely

from secondary GBMs.

1. Introduction

Glioblastoma multiforme (GBM) is the most common and
most malignant primary brain tumor in adults with an inci-
dence of 3-4/100,000/year. The median survival of patients
with GBM is 12.1-14.6 months [1] and only 3-5% of patients
survive longer than 3 years [2, 3]. The progress in genomics
of GBM has revealed several abnormalities in signaling path-
ways and a diversity of mutated genes. One of great impor-
tance among them is isocitrate dehydrogenase (IDH) [4, 5].
Isocitrate dehydrogenases (three isoforms IDH1, IDH2, and
IDH3) catalyze the oxidative carboxylation of isocitrate to
alpha-ketoglutarate and reduce nicotinamide adenine dinu-
cleotide phosphate (NADP) to NADPH, which is necessary
for the regeneration of reduced glutathione that serves as the
main antioxidant [6]. The genes for IDH1 and IDH2 carry

specific mutations in 70%-80% of low-grade gliomas, in
approximately 50% of anaplastic gliomas, and in more than
5% of glioblastomas [7, 8]. The mutations are involved in
90% single amino acid substitution—RI132H in the IDHI
active site that leads to the loss of regular enzyme function—
and are predominantly heterozygous. Mutations in IDH2
occurred rarely in brain tumors [7, 9]. The aberrant function
of mutated IDHI is the conversion of alpha-ketoglutarate to
the novel oncometabolite 2-hydroxyglutarate (2-HG), which
leads to genome-wide epigenetic changes in human gliomas
[10]. Tumors with mutated IDHI and corresponding epige-
netic changes demonstrated better prognosis than gliomas
with wild-type IDHI. This association was observed also for
GBM [4, 6, 7, 11, 12]. The aim of this study was to assess
the prognostic role of IDHI1 R132H mutation in the relation
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TaBLE 1: Glioblastoma patient demographics and clinical character-
istics.
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TaBLE 2: The representation of IDHI RI132H mutation in primary
versus secondary glioblastomas.

Patient characteristics

Sex
Male to female 1
Male 22
Female 22
Age, years
Median 64.3
Range 35-87
KPS
Median 775
Range 30-100
Postoperative treatment
RT (+CT) 29
CT alone 1
None 15

KPS: Karnofsky performance score; RT: radiotherapy; CT: chemotherapy.

to progression-free survival (PFS) as well as overall survival
(OS) of our GBM patients in West Bohemia.

2. Patients and Methods

2.1. Patients. We performed a retrospective study of 44
patients with a diagnosis of WHO grade IV astrocytoma—
GBM (n = 44; 22 males and 22 females; mean age 64.3 years)
who were treated (total or subtotal tumor resection or tumor
biopsy, radiotherapy, and chemotherapy with temozolomide)
in the Faculty Hospital in Pilsen between the years 2009
and 2011. The study protocol was approved by the ethics
committee (Table 1).

2.2. DNA Isolation. DNA was extracted from 10 um FFPE
sections following macrodissection of tumor tissue and
normal brain tissue using the QIAamp DNA FFPE Tissue
kit (Qiagen, Hilden, Germany). The 10 #m sections corre-
sponded to HES-representative with tumor tissue verified by
pathologist.

2.3. Mutation Detection. For detection of mutant allele IDHI
¢.395G>A (p.R132H, COSMIC ID 28746), we use TagMan
Mutation Detection Assays (assay name: IDH1 28746 mu and
IDHI rf) with the TagMan Mutation Detection IPC Reagent
Kit (Life Technologies, Carlsbad, California, USA). Mutant
allele detection we performed according to recommended
procedure and reaction conditions is found in the manual.
For the amplification, we used the Stratagene Mx3000P real-
time PCR system instrument (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Detection of mutant alleles was per-
formed in duplicate in a reaction volume of 20 uL. Detection
of reference gene was also performed in duplicate. The analy-
sis of the positive samples was repeated. Before analysis of our
collection of tumor samples, we analyzed samples of normal
brain tissue for detection of cut-off amplification curve. No

Glioblastoma type P ”g;ai Y2(6;)BM G;?vcln(l:xd:r },8)
Mutation status [n]
IDHI RI32H 4(15.3%) 16 (89.9%)
IDHI1 wild-type 22 (84.7%) 2 (11.1%)

Glioblastoma progression-free survival
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FIGURE 1: Progression-free survival of patients with glioblastoma
with (red line) or without (blue line) IDHI RI132H gene mutation.

amplification of mutant allele was present in normal brain
tissue. On the basis of these results and the shape of ampli-
fication curve of positive tumor samples, we determined the
ACt cut-off 25 value.

2.4. Statistical Analysis. Overall survival (OS) was defined
as the time between the diagnosis and death or last follow-
up. Progression-free survival (PFS) was defined as the time
between the diagnosis and recurrence or last follow-up.
Kaplan-Meier survival curves were plotted and the survival
distributions were compared with the use of the Wilcoxon
test. Reported P values are two-sided. P values of less than
0.05 were considered to indicate statistical significance.

3. Results

The examined mutation IDHI R132H was observed in 20 of
44 GBM-patient tumor samples. Therefore we identified the
IDHI mutation in more than 45.4% of glioblastomas. The
separation of primary and secondary glioblastomas (GBM
that progressed from the low-grade glioma) was done on the
basis of clinically relevant information, where possible. The
IDHI RI32H mutation occurred in 4 of 26 primary GBMs
(15.3%), whereas the majority, 16 of 18 (89.9%) were of sec-
ondary glioblastomas mutated (Table 2). The significant rela-
tion between IDHI mutation status and clinical parameters
such as PFS and OS was also observed (Table 3). Patients with
IDH1 R132H mutation had longer PFS than patients with
wild-type IDHI-136 versus 51 days (P < 0.021, Wilcoxon test)
(Figure 1). Significantly longer OS was observed as well for
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TABLE 3: Results for progression-free survival and overall survival differences in patients with GBM in relation to IDHI mutation status.

Glioblastoma results N Median [days] (95% CI) P (Wilcoxon)
Overall survival (OS)
IDHI RI132H 20 270 (139-400) 0.024
IDHI wild-type 24 130 (87-172)
Progression-free survival (PFS)
IDH1 R132H 20 136 (22-249) 0.021
IDHI wild-type 24 51 (19-82)

Glioblastoma overall survival

1.0 4
£ 08
|
2
=
£ 0.6+
2
o
s
> 0.4
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3 IDH1 R132H (1 = 20)
£ 0.2
S 0.
& IDH]1 wild-type
(n=24) P <0.024
0.0 4 < 0.02:
T T T T T
0 500 1000 1500 2000

Days

F1GURE 2: Overall survival of patients with glioblastoma with (red
line) or without (blue line) IDH1 R132H gene mutation.

patients with IDH1 R132H mutation than for patients without
the mutation-270 versus 130 days (P < 0.024, Wilcoxon test)
(Figure 2).

4. Discussion

Recurrent IDH mutations and their role in oncogenesis and
tumor progression were described for the first time in GBM
[4]. This observation has led to new insights into GBM and
cancer biology. Alterations in cancer cell metabolism are now
well accepted as one of the principal hallmarks of the can-
cerogenesis and tumor progression [13]. Mutations in IDH1
were also identified in substantial portion of other tumor
types. The data from the Sanger Institute Cancer Genome
Project-Catalogue of Somatic Mutations in Cancer revealed
the presence of IDH1 mutations in more than 32% of central
nervous system tumors, 23% of bone tumors, 8% of biliary
tract tumors, 6% of thyroid cancer, and many other tumor
types [14] (Figure 3). In the primary brain tumors group,
IDHI mutations are presented mostly in diffuse astrocytomas
(64%), anaplastic astrocytomas (49%), glioblastomas (9%),
or oligodendrogliomas (2%) [14] (Figure4). The RI32H
amino acid substitution is the most common form of IDH1
mutations with the prevalence of 90% among IDHI-mutant
tumors. Less common mutants such as R132C, R132G, R132S,
and R132L are also known (7, 9].

IDH1 mutations in cancer

Central nervous system
Bone
Biliary tract |
Thyroid
Haematopoietic tissue |
Salivary gland
Endometrium
Large intestine

Skin |
Prostate
Soft tissue
0 10 20 30 40
(%)

F1GURE 3: The representation of IDHI mutations in various cancers
[14].

IDH1 mutations in CNS tumors
Diffuse astrocytoma
Anaplastic astrocytoma

Glioblastoma

Anaplastic
oligodendroglioma

Oligodendroglioma

Pilocytic astrocytoma

0 20 40 60 80
(%)
FIGURE 4: The representation of IDHI mutations in various types of
central nervous system tumors [14].

The fundamental shift in the understanding of mutated
IDH and its role in cancer progression came with the obser-
vation of the neomorphic function of the mutated enzyme.
Instead of the production of alpha-ketoglutarate, mutated
IDHI produced novel oncometabolite 2-hydroxyglutarate (2-
HG) that was highly accumulated in the cancer cells [15].
It was subsequently discovered that 2-HG inhibits the func-
tions of the alpha-ketoglutarate dependent superfamily of
dioxygenases. These enzymes have diverse cellular functions
including, but not limited to, histone demethylation and
demethylation of hypermethylated DNA [16, 17]. Moreover,
IDHI1 mutations and 2-HG production were identified to
be sufficient steps in the process leading to glioma hyper-
methylator phenotype. That observation was important
for understanding of glioma oncogenesis and highlighted
the interplay between genomic and epigenomic changes in
human cancers [10, 18].
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Mutations in IDHI are important also for their clinical
consequences. Recent studies revealed the important role of
mutated IDH1 in the assessment of astrocytoma patient
prognosis. Therefore IDH1 mutations could serve in the near
future as the standard prognostic biomarkers for patients
with grade II, 111, and IV astrocytomas. The differences in
OS between IDHI-mutant and IDHI wildtype GBM were 3.8
versus 1.1 years [4], 2.6 versus 1.3 years [7], 2.3 versus 1.2 years
[6], and 3 years versus 1 year in several studies [11]. Similar
OS differences in IDHI-mutant versus IDHI-WT tumors were
observed for anaplastic astrocytomas, such as 5.4 versus 1.7
years [7], 6.8 versus 1.6 years [6], and 7 versus 2 years [11]
as well as for low-grade gliomas [19]. Recent meta-analysis
also confirmed the prognostic role of IDH1/2 mutations in
gliomas [20]. These data highlight the major impact of IDH1
mutation status on glioma patient survival and support the
incorporation of this biomarker into the clinical assessments.
Mutations in IDH1/IDH2 and production of oncometabolite
2-HG could be used as well for therapeutic intervention in
the near future [21].

The results from our study also support the IDHI muta-
tion R132H to be the strong prognostic factor for patients
with GBM. Although the differences in median PFS and OS
between patients with IDHI mutated and IDH1 wild-type
tumors are not as big as in other studies, they are statistically
significant. One reason for the relatively small differences in
median PFS and OS between both groups could be the het-
erogeneity of the treatment protocols. The standard treatment
with neurosurgery and concomitant chemo-radiotherapy
with temozolomide was implemented in 29 patients and 1
patient had only radiotherapy and 15 patients were treated
neither with radiotherapy nor with chemotherapy (Table 1).
The proportion of IDH1 mutated tumors is also higher in our
study than in other similar studies. The IDHI mutations in
glioblastomas were formerly identified predominantly in sec-
ondary GBM that progressed from the low grade tumors [22].
In our study, we tried to distinguish between the primary and
secondary glioblastomas on the basis of clinically relevant
information from the patient history. However, the distinc-
tion between primary and secondary GBM was not possible
exactly. Only 5 patients had previously assessed low grade
glioma (surgery in 2 cases, tumor biopsy in 3 cases). Patients
with tumor corresponding neurological symptomatology
(epileptic seizures, focal neurological deficit) present at least
6 months before the tumor diagnosis was considered as likely
secondary GBM. Moreover the primary-like glioblastomas
could bein fact secondary without the symptoms of low grade
tumors.

The recent study of mutations in telomerase reverse tran-
scriptase (TERT) gene promoter has revealed the high inci-
dence of these aberrations in a large portion of primary
GBMs (about 80%) [23]. In the perspectives of our further
research, we will use TERT promoter mutations in addition to
clinically relevant information for the separation of primary
and secondary glioblastomas. The assessment of other IDH1
mutations than R132H as well as the analysis of mutations in
IDH2 is also planned.

Despite the drawbacks of our study mentioned above,
IDHI1 RI32H mutation still serves as a strong prognostic
biomarker for our patients with GBM.

BioMed Research International

5. Summary

The IDH1 RI32H mutation was observed in the interestingly
higher number of patients with GBM that was previously
published by other groups. On the other hand, the majority
of mutated GBMs in our cohort are probably secondary glio-
blastomas. The prognostic value of the IDH1 R132H mutation
was also observed. Patients with this mutation had signifi-
cantly longer PFS as well as OS than patients with wild-type
IDHI. The IDH1 mutation status could be used as a strong
prognostic factor for patients with GBM, but further valida-
tion of this biomarker in large prospective clinical trials is
urgently needed.
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Abstract

The main goal of personalized medicine is the individualized approach to the patient’s treatment. It could be
achieved only by the integration of the complexity of novel findings in diverse “omics” disciplines, new methods
of medical imaging, as well as implementation of reliable biomarkers into the medical care. The implementation

of personalized medicine into clinical practice is dependent on the adaptation of pre-graduate and post-graduate
medical education to these principles. The situation in the education of personalized medicine in the Czech Republic is
analyzed together with novel educational tools that are currently established in our country. The EPMA representatives

in the Czech Republic in cooperation with the working group of professionals at the Faculty of Medicine in Pilsen,
Charles University in Prague have implemented the survey of personalized medicine awareness among students of
Faculty of Medicine in Pilsen—the “Personalized Medicine Questionnaire”. The results showed lacking knowledge of
personalized medicine principles and students’ will of education in this domain. Therefore, several educational activities
addressed particularly to medical students and young physicians were realized at our facility with very positive
evaluation. These educational activities (conferences, workshops, seminars, e-learning and special courses in
personalized medicine (PM)) will be a part of pre-graduate and post-graduate medical education, will be extended to
other medical faculties in our country. The “Summer School of Personalized Medicine in Plzen 2015" will be organized
at the Faculty of Medicine and Faculty Hospital in Pilsen as the first event on this topic in the Czech Republic.

Keywords: Predictive, Preventive and personalized medicine, Statistics, Training, Educational tools, EPMA, Recommendations

J

Review

Personalized medicine (PM) is the novel model of indi-
vidual patient’s medical care [1,2]. The main goal of PM
is the shift from the concept of “one medicine fits to all
patients with the same disease” to individual treatment
of each patient—"“the right treatment to the right patient
in the right time” [3-6].

Personalized medicine is based on the evolving know-
ledge about the human genome, gene functions and the
genetic basis of the individual differences in responses to a
treatment. However, without a “societal stimulus”, the
evolution of the personalized medicine would not be most
probably occur. The basis of this “societal stimulus” was

* Correspondence: polivkajii@gmail.com
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the alarming finding, in the 90th years of the last century,
that the disease incidence and mortality induced by the
treatment intolerance and complications (adverse drug re-
action) are superior to the disease incidence and mortality
caused by civilization diseases [6]. Consequently, a boom
occurred in the use of genomics, metabolomics, proteo-
mics and other omics methods for the prediction of the
adverse drug reactions.

The strategy of PM is to provide an individualized ap-
proach to each patient, based on his/her personal genetic
profile and combining information from omics disciplines
with innovative preventive and therapeutic strategies that
are more efficient, safe and cost-effective [7-9]. The phil-
osophy of PM has become a reality with the sequencing of
human genome and the development of novel technolo-
gies including laboratory diagnostics, advances in genetics
and genomics, new methods of medical imaging and im-
plementation of various biomarkers into the medical care
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n=84
Figure 1 The PM questionnaire results 1. The PM questionnaire results—the question "Have you ever heard the term personalized medicine?”
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[10-13]. The process of personalization of the health care
includes an efficient prevention and screening, more com-
plex and targeted diagnostics, prediction of possible ad-
verse health effects of prescribed drugs, individualization of
therapy and treatment monitoring. This can be achieved by
means of prediction, prevention or diagnostics biomarkers,
genetic testing of individuals, advances in pharmacogen-
omics and so on.

The personalized medicine has already proved its
usefulness in clinical practice and will be the most
important trend in the future medicine. The potential of
genetics and genomics to provide new horizons for pre-
vention, diagnosis and treatment of disease is immense,
but in order to use this appropriately, and to prevent
misuse, before the vision of a personalized medicine can
be fully realized, health professionals as well as medical
trainees must be given the proper educational founda-
tion [14,15].

The role of education in personalized medicine
Traditional medical education needs to be modified in
order to prepare medical fellows and health professionals

to the challenges of personalized medicine implementa-
tion. Several issues to be considered are listed:

1. As personal genetic information will become a
current component of a patient’s record, it is crucial
that medical students be trained to use and interpret
this information appropriately and responsibly [16].
Fundamental training in genetics and genomics,
along with the attendant legal, ethical and
psychosocial issues, should fall within the purview of
medical school education.

2. Pharmacogenetics and pharmacogenomics should be
incorporated in medical curricula. There is a growing
need to prepare clinicians and health providers to the
anticipated arrival of pharmacogenomics diagnostics
tools (companion diagnostics) [17,18].

3. Diseases are complex; they originate from a
combination of genetic and environmental factors.
Also, patients are complex entities resulting from
the integration of environmental elements, genetic
characteristics, and individual mutations. Recent
omics technologies produce a large amount of data.

n=84
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Figure 2 The PM questionnaire results 2. The PM questionnaire results
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n=84

Figure 3 The PM questionnaire results 3. The PM questionnaire results—the question “Do you consider PM to be important?”
K
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A complex approach is needed, with the use of
databases and models (bioinformatics), and students
should be trained to work in a multidisciplinary
team [19].

Over the world, a great number of universities already
offer undergraduate and graduate education in molecu-
lar medicine, in some of which personalized medicine is
also discussed. However, the majority of medical schools
have not yet incorporated genetic or genomic courses
into their curricula. Yet, there are a few exceptions, such
as programs dedicated to personalized medicine at Duke
University (NC, USA) and at Mount Sinai School of
Medicine (NY, USA) [20]. Also, some schools have up-
dated their curricula by including genomic medicine, such
as the Harvard Medical School (MA, USA). Some of these
courses are designed for e-learning, for example, the US
National Coalition for Health Professional Education in
Genetics has developed a series of web-based medical
education programs discussing the influence of genet-
ics on various diseases [21]. Similarly, in the UK, the
National Genetics Education and Development Centre has

developed evidence-based learning objectives and compe-
tencies in genetics for health professionals [20].

There is also a debate about the most efficient educa-
tional models that could be deployed. At Stanford
School of Medicine, a novel hands-on genomics course
was developed in 2010 that provided students the op-
tion to undergo personal genome testing as part of the
course curriculum [22]. Authors had hypothesized that
the use of personal genome testing in the classroom
would enhance the learning experience of students.
After the course, authors concluded that undergoing
personal genome testing and using personal genotype
data in the classroom enhanced students’ self-reported
and assessed knowledge of genomics.

Education in PM in the Czech Republic

The medical pre-graduate and post-graduate educa-
tional system in the Czech Republic has very long his-
tory. It was oriented mainly toward the traditional
medicine. During the past decade, the system changed
due to the step by step reveal of new findings in bio-
sciences (mentioned above). However, a complex approach

n=284

~
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m the most

Figure 4 The PM questionnaire results 4. The PM questionnaire results—the question “Do you think personalized medicine should be studied
as an independent discipline or through the various disciplines separately?”
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n=84

Figure 5 The PM questionnaire results 5. The PM questionnaire results
increase with the progress of knowledge?”
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the question "Do you consider the role of personalized medicine will

to the PM education focused on its principles does not
exist yet. Therefore, the implementation of PM into the
common medical education as well as into the clinical
practice is essential. The education is thought to be
most effective among young physicians and medical
students.

In the Czech Republic, there are eight faculties of
medicine attached to four universities, faculties of health
sciences (for nurses, health care, and laboratory staff) and
one faculty of pharmacy. The faculties of medicine (and
also faculties of natural sciences) have already incorpo-
rated issues linked with personalized medicine in their
curricula. The courses dealing with personalized medicine,
molecular medicine, systems biology or pharmacogenom-
ics are facultative and offer specialized lectures; however,
their quality differs among universities/faculties, they are
scarcely interconnected with the overall curriculum, and
practical training is missing.

In the next paragraphs, the road to an implementation
of the PM education into the curriculum at the Faculty
of Medicine in Pilsen is presented.

Survey of PM awareness among students of the Faculty

of Medicine in Pilsen

The working group of professionals at the Faculty of
Medicine in Pilsen, Charles University in Prague and in
the Faculty Hospital in Pilsen has been established with
the goal to implement the principles of PM into the pre-
graduate and post-graduate education at these institutions.
The first step was to ascertain the real situation—how in-
tense was the knowledge of PM among medical students.
For this reason, the “Personalized Medicine Question-
naire” was prepared and addressed to medical students at
the Faculty of Medicine in Pilsen. Students had to answer
eight nominal questions about the PM. Each question had
the response range from 1 to 5 (from “the least” up to “the
most”). There were 84 responders, mainly students from
the fourth year of medical school. The distributions of
responses for each question are represented on the
Figures 1, 2, 3, 4, 5, 6, 7 and 8. The summary of the means
of responses for each question is represented in Figure 9
and Table 1. The results showed lacking knowledge of
PM principles and students’ will of education in PM.

n=84

Figure 6 The PM questionnaire results 6. The PM questionnaire results
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n=84

Figure 7 The PM questionnaire results 7. The PM questionnaire results—the question "Do you think personalized medicine should be
implemented into the pre-graduate education of medicine for all students?”
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As the results of the PM questionnaire show, the
awareness about PM among students is quite weak
(more than 39% have not even heard the term “per-
sonalized medicine”), although most students (more
than 75%) recognize the importance of PM and would
welcome its implementation into the pre-graduate
education.

Educational activities in PM at the Faculty of Medicine in
Pilsen

Several educational activities (workshops, conferences,
seminars, new optional courses) addressed particularly
to medical students and young physicians at our institu-
tion were realized in last 5 years.

Since 2009, the presentations concerning PM and its
applications have been included in the scientific pro-
gram of the Immunoanalytical Days—the congress
with an international participation, organized every
year by the Czech Society of Nuclear Medicine. Since
2011, PM topics have their independent section at this
congress. In 2011, a two-day conference “Personalized

medicine—from bench to bed” was held at the Faculty
of Medicine in Pilsen. The topics of presentations were
varying from strategic ones (Horizon 2020 presented
by Dr. Patrick Kollar from the European Commission,
and Innovative Medicine Initiative) through PM over-
views from the USA experts, to the examples of
research topics and case studies from cardiology, on-
cology, neurology and so on.

In 2013, a conference “Genes determine treatment” was
organized with the cooperation of the EPMA. Several
members of EPMA including the President of EPMA
Dr. V. Costigliola and EPMA Secretary-General Prof.
Dr. O. Golubnitschaja participated at this event and
students from the Faculty of Medicine have a first-hand
opportunity to learn about the activities of the associ-
ation and its members. The presentations embraced
many issues, including bioinformatics, systems biology,
company diagnostics and so on. The presentation of
special topics on the Czech personalized medicine web-
site was the next step in the support of education. This
website is widely accessible and free of charge.

n=284

Figure 8 The PM questionnaire results 8. The PM questionnaire results
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"personalized medicine"?
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pre-graduate education of

medicine as credit course?

Do you think "personalized
medicine" should be
implemented into the
pre-graduate education of
medicine for all students?
Is tuition in "personalized

medicine” sufficient in

pre-graduate education in

medical school?

Have you ever heard the term
"personalized medicine?"

n=84
Figure 9 The PM questionnaire results 9. The PM questionnaire results

Would you be able to explain,
what does the "personalized
medicine" mean?

Do you consider "personalized
medicine" to be important?

Do you think "personalized
medicine" should be studied as
an independent discipline or
through the various disciplines
separately?

Do'you consider the role of

“personalized medicine" will
increase with the progress of

knowledge?

means of responses for particular questions.

Perspectives

One of the main activities of the working group of
professionals in the personalized medicine domain at
the Faculty of Medicine in Pilsen and in Faculty
Hospital in Pilsen is the organization of the first
course of the “Summer School of Personalized Medi-
cine in Pilsen 2015”, the first event in the Czech
Republic on this topic. During two weeks of the
courses, the theoretical background and clinical appli-
cation of PM across the variety of the fields of medi-
cine will be presented and discussed. The summer
school will be open for the pre-graduate as well as
post-graduate students of medicine from the Charles
University and from other medical schools in the
Czech Republic and for medical students abroad.

Recommendations

PM has become an increasingly important topic for physi-
cians, health-care organizations, and their patients. The
knowledge and education in PM is crucial for the
efficiency of future medical care. The best and the most
effective way to achieve this goal is to educate the students
of medicine together with young health-care professionals
in this field. The PM education should be an essential part
of medical study, should be comprehensive and complex,
respect mutual interrelations, and should be based on the
most advanced knowledge of molecular genetic cause of
diseases and their sophisticated scientific management.
Various forms of educational activities are optimal, such
as conferences, workshops, e-learning and special courses
in PM.

Table 1 The summary of the means of responses for each question in the personalized medicine questionnaire

Question in personalized medicine questionnaire

Have you ever heard the term personalized medicine?
Would you be able to explain, what does the personalized medicine mean?

Do you consider personalized medicine to be important?

The mean of responses
(1-5)

226
236
4.16

Do you think personalized medicine should be studied as an independent discipline or through the various disciplines  3.16

separately?

Do you consider the role of personalized medicine will increase with the progress of knowledge? 4.2
Is tuition in personalized medicine sufficient in pre-graduate education in medical school? 185
Doc}/ou t7hink personalized medicine should be implemented into the pre-graduate education of medicine for all 3.66
students?

Do you think personalized medicine should be implemented into the pre-graduate education of medicine as credit 4.14
course?

Each question had the response range from 1 to 5 (from “the least” up to “the most”).
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Conclusions

The concept of personalized medicine is one of the
most perspective trends in medicine at present. PM
assures the individual approach to each patient with
tailored therapy and distinctive medical care. The
education in this field is the keystone for understand-
ing and application of PM principles. The educational
activities of the working group of professionals in
the PM at the Faculty of Medicine in Pilsen, Charles
University in Prague and in the Faculty Hospital in
Pilsen are unique through the country and will be ex-
tended among pre-graduate and post-graduate medical
students in the Czech Republic.
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Aktualni pohled na management

nizkostupnovych gliovych nadoru centralniho

nervového systému

Current View on Management of Central Nervous System

Low-grade Gliomas

Souhrn

Diagnéza gliomu centralniho nervového systému stupné malignity Il (nizkostupriovy gliom,
Low-Grade Glioma; LGG) znamend vzdy vyznamny zasah do Zivota nemocnych, nebot i pfes
ztetelny pokrok v terapii se nadale jedna o nevylécitelné onemocnéni. Lé¢ebné moznosti zahrnuji
neurochirurgicky zésah, radioterapii a chemoterapii. Dosud v3ak nejsou stanovena jednozna¢nd
kritéria pro ur¢eni rozsahu jednotlivych lé¢ebnych metod, jejich kombinaci nebo vhodného
nacasovani. Teprve vysledky dlouhodobého sledovani v klinické studii faze Il RTOG 9802 prokazaly
pfiznivy G¢inek kombinované onkologické écby radioterapie (54 Gy) a chemoterapie (rezim
prokarbazin, lomustin a vinkristin; PCV) u nemocnych se zvy3enym rizikem (vék > 40 let
s rezidudlnim pooperac¢nim radiografickym ndlezem nebo vék = 40 let po jakémkoli opera¢nim
zésahu). Nezodpovézena prozatim z{stava otézka vyznamu molekularné-genetickych biomarkerdi
(kodelece 1p/19q, mutace IDH1/2 a dalsich) ve vztahu k predikovéani Gcinku kombinované lécby.
Ocekava se, ze detailni molekuldrné-geneticka analyza nédoru bude soucasti rutinni klinické péce
0 nemocné s gliomy viech stupnt malignity v¢. LGG. Kombinovana radioterapie a chemoterapie
rezimem PCV nasledujici po neurochirurgickém zasahu by méla byt v soucasné dobé preferovanym
piistupem k lé¢bé nemocnych s vysoce rizikovym LGG.

Abstract

The diagnosis of grade Il central nervous system glioma (Low-Grade Glioma; LGG) always
significantly impacts on the lives of patients, as, despite clear progress in therapy, LGG continues
to be an incurable disease. Treatment options include neurosurgical intervention, radiotherapy
and chemotherapy. So far, however, no clear criteria have been set to determine the effect of
individual treatments, their combinations or their timing. The results of a long-term follow up of
the phase Il RTOG 9802 trial demonstrated better effect of combined radiotherapy (54 Gy) and
chemotherapy (procarbazine, lomustine and vincristine — PCV) treatment in patients with high
risk disease (age > 40 years with postoperative radiographic residuum or age = 40 years after
any surgical intervention). The question of the role of molecular genetic biomarkers (co-deletion
1p/19q, IDH1/2 mutations and others) in predicting the effects of combined treatment remains
unanswered. It is expected that detailed molecular genetic analysis of each tumor will become
a part of routine clinical care of patients with gliomas of all stages of malignancy, including LGG.
Combined radiotherapy and chemotherapy with PCV following neurosurgical intervention should
be the preferred approach to treatment of patients with high-risk LGG.
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AKTUALNI POHLED NA MANAGEMENT NIZKOSTUPNOVYCH GLIOVYCH NADORU CENTRALNIHO NERVOVEHO SYSTEMU

Uvod

Gliomy II. stupné malignity (synonyma niz-
kostupriové gliomy, Low-Grade Glioma;
LGG) tvofi heterogenni skupinu neuroepite-
lovych nadorl centrdlniho nervového sys-
tému. Jejich ¢lenénivychazi z dosud uZivané
WHO (World Health Organization) klasifikace
z roku 2007 [1]. Jedna se predevsim o as-
trocytomy, oligodendrogliomy, oligoastro-
cytomy a skupinu vzédcnych smisenych
glioneuronalnich nadort. Typickymi histo-
patologickymi charakteristikami LGG jsou
hypercelularita, nuklearni atypie, pleomorfi-
zmus a chybéni vyznamné mitotické aktivity.
U této skupiny nador je také nalézan nizsi
prolifera¢ni index a nejsou pfitomny nekrézy
avaskuldrni proliferace jako u gliomu vyssich
stupnt malignity [1,2].

LGG se vyskytuji prevdzné v mladsim
véku, s maximem ve 3. a 4. dekadé (3]. Pro-
jevuji se nejcastéji epileptickym zachva-
tem (80 %), méné casto zménami kognice,
chovéni, fokalnimi neurologickymi pfi-
znaky nebo bolestmi hlavy. Mohou byt také
asymptomatické, kdy k nalezeni choroby
zobrazovacimi metodami dochazi nahodné.
Rostou infiltrativné a postihuji ¢asto elok-
ventni oblasti. Piitomna neurologickd symp-
tomatologie podstatné zhorduje kvalitu Zi-
vota. Vyznamnym dlsledkem rastu LGG je
epilepsie, kterd maze byt refrakterni. Ackoli
jsou LGG povazovany za relativné benigni
nadory, progreduji postupné do vyssich
stupnl malignity a median preziti lé¢enych
LGG po stanoveni diagndzy je 7,5 roku (34].
LGG jsou z téchto dlvodl zdvazné skupina
nemoci, u které probfha intenzivni vyzkum
s cilem optimalizovat jejich management
pro zlepsenf kvality Zivota a prodlouzeni pre-
Zitf nemocnych.

Diagnostika

Pro diagnostiku LGG je kromé klinické tvahy
zasadni magneticka rezonance (MR).VT1 va-
Zenych sekvencich je obvykle homogenni
hyposignalni oblast, v T2 a FLAIR sekven-
cich je nador hyperintenzitni. Syceni kon-
trastni latkou je nevyznamné nebo malé,
stejné jako okolni edém. U oligodendro-
glidInich nddor mohou byt (mikro)kalcifi-
kace. Vyznamnym piinosem je MR spekt-
roskopie a pozitronové emisni tomografie
(PET). Nalezy vypocetni tomografie (CT) od-
haluji hypodenzni oblast obvykle bez ex-
panzivniho chovani a okolniho edému ne-
sytici se kontrastni latkou a mohou snadnéji
uniknout pozornosti. Findlni diagnostika
je histopatologicka [5-7].

Molekularni genetika

a biomarkery LGG

Kromé histopatologickych ndlezii naby-
vaji u gliomu stale vétsf vyznam moleku-
larné-genetické charakteristiky nadorové
tkdné. Uplatriujf se v upfesnéni diagnostiky
a v managementu LGG, nékteré také slouzi
jako prognostické a prediktivni biomarkery.
V poslednich letech je velkd pozornost vé-
novana zejména dvéma molekularné-ge-
netickym charakteristikdm nachazejicim
se u gliomd v¢. LGG. Jedna se o kodeleci
1p/19g a mutace gen( izocitrt dehydroge-
nazy 1 a2 (IDH1/2).

Kodelece 1p/19q

Kodelece 1p/19q je kombinovand ztréta ge-
netického materidlu z kratkého raménka
chromozomu 1 a dlouhého raménka chro-
mozomu 19. Vyskytuje se u 75-80 % niz-
kostupfiovych oligodendrogliomi a také
u malého poctu nizkostupriovych astrocy-
tom (do 10 %) [8]. Metaanalyza publikovana
v roce 2014 prokazala prognosticky i pre-
diktivni vyznam této kodelece [9]. Zpraco-
vana byla data z 28 studii, do nichz bylo za-
fazeno 3 408 nemocnych s gliovymi nadory,
z nichz 898 pacientll mélo potvrzenou dia-
gnozu LGG. lzolovana delece 1p rovnéz méla
zejména u pacientd s LGG pfiznivy prognos-
ticky vyznam. Nemocni s kodeleci méli delsi
dobu do progrese choroby (Progression-
Free Survival; PFS; HR = 0,63;95% C1 0,52-0,76)
a delsi dobu celkového preziti (Overall Sur-
vival; OS; HR = 0,43; 95% ClI 0,35-0,53).
Samostatnd delece 19q nebyla vyznamna
ve vztahu k OS. Kodelece 1p/19q byla tedy
potvrzena jako silny a nezavisly prognos-
ticky biomarker u nemocnych s gliovymi
nadory. Nemocni s anaplastickymi oligo-
dendrogliomy a oligoastrocytomy (st. IIl)
pozitivnimi na pfitomnost kodelece 1p/19¢q
profitovali v dlouhodobém sledovani z kom-
binované lé¢by radioterapii a chemotera-
pii (rezimem prokarbazin, lomustin-CCNU,
vinkristin; PCV) [10-13]. Podobny vztah k Ié-
¢ebné odpovédi u pacientl s LGG zatim jed-
noznacné potvrzen neni.

Mutace genli izocitrat
dehydrogenazy 1a2

Izocitrat dehydrogendza (/DH) patii mezi vy-
znamné enzymy Krebsova cyklu uplatiiu-
jici se v jednom z kli¢ovych krok{ sachari-
dového, lipidového i aminokyselinového
metabolizmu. Lidskd IDH mé tfi izoformy, a to
IDH1 (vyskytuje se v cytoplazmé a peroxi-
zomech), IDH2 a IDH3 (vyskyt v mitochon-

driich). Mutace genti IDH1 a IDH2 se uplatriuji
pfivzniku a progresi mozkovych nador( [14].
Mutace jsou téméf vzdy pouze v jedné alele,
IDH1 vykazuje v 90 % aminokyselinovou sub-
stituci argininu na histidin na 132. pozici pro-
teinu (R132H), zndmé jsou také substituce ar-
gininu na cystein (R132C), argininu na glycin
(R132G), argininu na serin (R132S) a argininu
na leucin (R132L). Mutace v /DH2 jsou mno-
hem vzacnéjsi. Jedna se piedeviim o ami-
nokyselinovou substituci argininu na pozici
172 proteinu (R172) [15,16]. Cetnost mutaci
IDH] je vysoka predevsim u difuznich astro-
cytomu (76 %), anaplastickych astrocytomt
(62 %) a sekunddrnich glioblastoma (76 %).
Naopak nizkd je u primarnich glioblastomt
(6 %) a velmi vzacné se vyskytuje téz u pi-
locytamich astrocytom( (0,01 %). Mutace
genu IDH2 jsou vzacnéjsi. Vyskytuji se u di-
fuznich astrocytomd (1,6 %), anaplastickych
astrocytomi (1,4 %) a u glioblastomi se
témér neobjevuji. Mutace gen(i /[DH1/2 se na-
chazeji také u oligodendrogliom( stupné Il
(78 % mutace IDHI, 4,5 % mutace /DH2)
a oligodendrogliomi stupné Il (67,5 %
mutace IDHI1, 5,7 % mutace IDH2) [17-20].
Mutace IDHI/2 zjisténé v nadorové tkéni
jsou vyznamnym pozitivnim prognostic-
kym biomarkerem gliomd v podstaté napii¢
viemi stupni malignity. Nemocni s gliomy
IL-IV. stupné s pfitomnosti mutaci IDH1/2 vy-
kazovali v mnoha studiich signifikantné delsi
PFS a OS nez nemocni bez mutaci [15,21-26].
Rozsahld metaanalyza rovnéz potvrdila vy-
znamny pozitivni prognosticky efekt pfitom-
nosti IDH1/2 mutaci v gliomech ve vztahu
k OS i PFS [27]. Mutaéni stav IDH1/2 v nddoru
miZe byt stanoven postupy molekuldrni
biologie [28,29], imunohistochemicky [30,31]
a také neinvazivnim stanovenim onkometa-
bolitu 2-hydroxy-glutaratu produkovaného
mutovanym enzymem [DH1/2 metodami
MR spektroskopie [32-34].

Vzajemna souvislost genetickych
alteraci LGG

Z klinického pohledu se zda byt mnohem
dlezitéjsi vzdjemnd souvislost jednotli-
vych molekuldrné-genetickych biomarkerd
LGG. Ukazuje se totiz, ze existuji minimalné
tfi geneticky i biologickym chovénim a kli-
nickou prognézou do zna¢né miry hete-
rogenni skupiny LGG (naopak s vyznam-
nou homogenitou uvniti jednotlivych
skupin), které je mozné vzdjemné odlisit
pii znalosti mutacniho stavu IDH1/2, kode-
lece 1p/19q a jejich kombinace v nadorové
tkani [35].
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Mezinérodni konsorcium The Cancer Ge-
nome Atlas Research Network (TCGA) pro-
vedlo rozsdhlou multiplatformovou analyzu
293 pacient( s gliomy stupné Il a Ill. Analyza
integrovanych dat metodami Cluster of Clus-
ters analysis (CoC) a OncoSign odhalila tfi na-
vzdjem molekuldrné-geneticky rozdilné ka-
tegorie gliomu, které silné korelovaly se
subtypem nadoru stanoveném na bazi mu-
taci IDH1/2, kodelece 1p/19q a jejich kombi-
nace, a naopak velmi slabé korelovaly s histo-
logickym typem gliomu (R=0,79 vs.R=10,19).

Gliomy v prvni skupiné byly charakteri-
zovany mutacemi v IDHI/2 a zaroven pii-
tomnou kodeleci 1p/19q. Aktivacni mu-
tace promotoru genu TERT identifikované
také u primdrniho glioblastomu se vyskyto-
valy v této skupiné u 96 % nadord [36). Casté
byly rovnéz aktivacni mutace PIK3CA (20 %)
nebo inaktivaéni mutace tumor supresoro-
vych gent CIC (62 %) a FUBPT (29 %) identifi-
kovanych jiz dfive u 1p/19q deletovanych oli-
godendrogliomd [37]. Tato skupina gliomd
obsahovala prevazné nadory s oligoden-
droglidlni slozkou (82 % oligodendrogliomt
a 16 % oligoastrocytom0) a vykazovala nej-
lepdi prognoézu s nejdelsim medianem OS
osm let. Nutné je zdlraznit, ze v této pro-
gnosticky nejpfiznivéjsi skupiné stanovené
na zakladé dvou molekuldrné-genetickych
biomarker( se vyskytovalo 43 % pacientl
s gliomy stupné lll, ktefi by dle pouhého
histopatologického zarazeni méli mit vy-
znamné horsi prognézu.

Do druhé skupiny byly zafazeni pacienti
s gliomy pozitivnimi na [DH1/2 mutace, ale
bez pritomnosti 1p/19q kodelece. Zéro-
vef 94 % nadorl mélo inaktivacni mutaci
v tumor supresorovém genu TP53, 86 % pak
v genu ATRX. Nadory v této skupiné obsa-
hovaly réizné histologické typy gliomG bez
jasné predominance a pacienti zafazeni do
této kategorie méli horsi progndzu s kratsim
medidnem OS 6,3 roku.

Posledni skupina zahrnovala nadory bez
pritomnosti IDHI/2 mutaci, tzv. [DH wild-
-type tumory. Zadny z nador( nemél kode-
leci 1p/199. Molekularné-genetickym profi-
lem i biologickym chovanim se vyznamné
priblizovaly primédrnimu glioblastomu. Rov-
néz preziti pacientl s medidnem OS pou-
hého 1,7 roku bylo podobné glioblastomu.
Vice nez polovina téchto tumord byly as-
trocytomy (56 %). Nutné je opét zdlraznit,
Ze téméf Ctvrtina pacientl (24 %) zafaze-
nych do této kategorie méla dle histopatolo-
gické diagnostiky nador stupné Il, a tedy byla
u nich o¢ekdvana mnohem lepsi prognoza.

Studie TCGA ale nebyla jedind, kterd se
snaZila o roz¢lenéni gliomd vé. LGG do pro-
gnosticky rozdilnych podkategorii za po-
moci nékolika molekuldrné-genetickych
biomarkert a jejich kombinaci. Napfiklad vy-
zkumna skupina z Mayo Clinic/University of
California San Francisco provedla analyzu
1 087 gliom0 (stupné ll-IV), u nichZ defino-
vala pét navzéjem rozdilnych skupin nadord
dle kombinaci tfi molekularné-genetickych
biomarkerd (IDH mutace, 1p/19q kodelece
a mutace promotoru TERT) [38]. Pacienti
s gliomy stupné Il a lll méli mezi jednotli-
vymi skupinami signifikantni rozdily v me-
didnu OS, coz viak neplatilo pro nadory
stupné IV, tedy glioblastomy. Nejhorsi pro-
gnozu mezi gliomy stupné Il a lll méla sku-
pina TERT pozitivnich a IDH a 1p/19q nega-
tivnich nddord, kde se OS bliZilo pacientim
s glioblastomem. Naopak nejlepsi progndzu
méla skupina pacientl s TERT a IDH pozitiv-
nimi nadory. Existuji viak i dalsf studie klasi-
fikujici gliomy do réiznych skupin dle kombi-
naci rlznych biomarkerd, jako napf. japonska
analyza 332 gliom0 stupné Il a Ill vyuZziva-
jici také IDH mutace a 1p/19q kodeleci [39],
némecka studie 405 dospélych pacient(
s gliomy sledujici IDHT mutace, 1p/19q kode-
leci a expresi ATRX [40] a dalsi [41].

Ackoliv molekuldrné-genetické bio-
markery prokazatelné prinaseji aditivni in-
formaci k soucasné diagnostice gliomd zalo-
zené na pouhém histopatologickém nalezu,
nebyl dosud ucinén jednoznacny konsen-
zus nad jejich optimalni kombinaci vyuZitel-
nou v klinické praxi. | ptes to byla ptvodni
WHO klasifikace nédorli CNS z roku 2007 re-
centné updatovana a vyuzivd nyni spolu
s histopatologickymi kritérii také dobfe
znamé a probadané biomarkery, jakymi jsou
napf. mutace IDH1/2 nebo kodelece 1p/19q.
To povede alespon k presnéjsimu zafazeni
gliovych nadort do uzsich klasifika¢nich sku-
pin, coz pravdépodobné piinese téz zpies-
néni pacientovy prognozy [42].

Management LGG

Lé¢tba LGG zahrnuje kombinaci neuro-
chirurgického zésahu, radioterapie a che-
moterapie. Dosud v3ak nejsou stanovena
jednoznaéna kritéria pro uréeni rozsahu jed-
notlivych lécebnych metod, jejich kombi-
naci nebo vhodného nacasovani. Definitivni
konsenzus nad terapeutickym pristupem
k pacientdim s LGG se ve svétle novych po-
znatk( z recentnich prospektivnich klinic-
kych studii stale jesté hledd, jak bude dale
podrobné probirano.

Chirurgicka lé¢ba LGG
Neurochirurgicky zasah z(stavd i nadéle na-
prosto zésadni soucasti lécby LGG [5]. Kromé
cytoredukce umoziuje ziskani tkané pro sta-
noveni histopatologické diagnézy a mole-
kuldrné-genetickych charakteristik nddoru.
Podle rozsahu odstranéni nadoru se maze
jednat o maximalni/totlni resekci, subto-
talni resekci, parcialni resekci nebo o nadoro-
vou biopsii. Z etickych divodd nebylo a neni
mozné realizovat prospektivni studii, ktera
by porovnavala vysledky chirurgické &by
LGG ve vztahu k velikosti resekce nadorové
tkané. Z retrospektivnich studii je povazo-
van za prognosticky nejpfiznivéjsi maximalni
mozny rozsah resekce [43]. Retrospektivni
studie zahrnujici 216 nemocnych s LGG pro-
kazala pfiznivy viiv radiologicky potvrzeného
vétdiho rozsahu resekce nddorové tkané (=
90 vs. < 90 %) na pétileté (97 vs. 76 %) i osmi-
leté OS (91 vs. 60 %) [44]. Norskd retrospek-
tivni studie srovnavala dva pfistupy k chirur-
gické lécbé pacientll s LGG, a sice ¢ashou
resekci ve srovnani s biopsii a peclivym sle-
dovénim (watchfull waiting) [45]. Median OS
byl delsi ve skupiné s ¢asnou resekci nadoru
(97 vs. 5,6 roku; p = 0,047). V dali studii zahr-
nujici retrospektivni analyzu 1 509 pacient(
s LGG predstavoval rozsah resekce spolu
s objemem pooperacniho rezidua nadorové
tkdné nezavisly prognosticky faktor pro PFS
i OS nemocnych [46].

Maximalizace rozsahu chirurgické lécby je
v soucasné dobé umoznéna pokroky v zob-
razovacich metoddch, neurochirurgickych
operacnich technikdch a peropera¢nim mo-
nitorovani [3,5]. Lokalizace nddoru v elok-
ventnich nebo chirurgicky nepfistupnych
oblastech umoziuje pouze ¢astecné odstra-
néni nddoru nebo navigovanou biopsii.

Radioterapie LGG

Priznivy efekt radioterapie (RT) na redukci
objemu tumoru pfi [é¢bé pacientl s LGG
byl opakované prokazan. Porovnavany byly
predeviim rlizné davky fotonového zafeni,
frakcionované v rozmezi 45-64,8 Gy [6,471.
Vysoké davky zareni ale nepfinesly zlepseni
PFS ani OS ve srovnani s davkami nizsimi
a strednimi.

Nemocni s LGG zafazeni ve studii féze Ill
EORTC 22844 neprofitovali z vy3si radiacni
davky ve srovndni s dévkou nizsi (594 vs.
45 Gy). Rozdil v pétiletém PFS i OS mezi
obéma rameny studie neby! statisticky sig-
nifikantni, naopak ve skupiné s vy3si davkou
zareni méli pacienti v dlouhodobém sledo-
vani zhorsenou kvalitu Zivota [48]. Rovnéz

Cesk Slov Neurol N 2016; 79/112(5): 1-7




AKTUALNI POHLED NA MANAGEMENT NIZKOSTUPNOVYCH GLIOVYCH NADORU CENTRALNIHO NERVOVEHO SYSTEMU

100
g
2 754
[
o
S
@ RT +PCV
[
5 504
o
o
oy
= RT
5 254
e hazard ratio 0,50 (95% Cl 0,36-0,68)
p <0,001
0 T T & T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 1N 12
doba od randomizace (roky)
V riziku
RT + PCV 125 97 89 8 78 74 70 67 62 59 52 44 3
RT 126 101 92 76 63 55 43 37 30 27 23 19 10

Graf 1. Preziti bez progrese choroby (PFS) nemocnych ve studii RTOG 9802 v zavislosti na
pouzitém lé¢ebném rezimu nasledujicim po neurochirurgickém zésahu, a to kombino-
vané terapie PCV + RT (modfe) nebo RT samotné (¢ervené).

Statisticky vyznamny rozdil v PFS byl prokazan. Upraveno dle [52].

studie faze Ill NCCTG/RTOG/ECOG nepro-
kdzala delsi PFS ani OS (p = 048) u pacientl
s LGG lécenymi vysoko davkovanou
(64,8 Gy) ve srovnéni se stiedné davkovanou
RT (504 Gy) [49]. Navic v rameni s vys$si dév-
kou RT byl ¢ast&jsi vyskyt radiacni nekrézy
stupné 3-5 (5 vs. 2,5 %).

Nizsi radiacni davka tedy pfindsi srovna-
telny benefit v PFS i OS pacientl v porovnani
s davkou vy3si, aviak pii nizsi toxicité |écby.
V soucasné dobé je v lé¢ebnych schéma-
tech LGG preferovéana celkova radiaéni davka
54 Gy.

Chemoterapie v lécbé LGG

a vyznam studie RTOG 9802

V lé¢bé LGG byla testovdna fada chemote-
rapeutik, napf. karboplatina, vinkristin, eto-
posid, kombinace PCV nebo temozolomid.
Limitaci studii u LGG v3ak byla jejich nedo-
state¢na validita dand predevsim malymi
pocty zafazenych pacientd, chybénim kon-
trolniho souboru, nehomogenitou sledova-
nych skupin nemocnych i nehomogenitou
samotnych nadord. Vysledky proto nebyly
presvédcivé, Zaroven byla obava z neza-
doucich G¢inkl a toxicity chemoterapie,
a to zejména u mladsi populace s poten-
ciélné dlouhodobym prezivanim (chemote-

rapii indukované kognitivni poruchy, leuko-
encefalopatie, myelodysplasticky syndrom,
leukemie) [6,50,51].

V roce 1998 byla zahdjena prospektivni kli-
nickd studie faze Ill RTOG 9802. Bylo do ni
zafazeno 254 nemocnych s LGG s vysokym
rizikem definovanym jako vék pod 40 let
s rezidudlnim poopera¢nim radiografickym
nélezem, nebo vék nad 40 let po jakémkoli
operacnim zasahu. Nemocnf byli randomi-
zovéni k adjuvantni 1é¢bé bud samotnou ra-
dioterapii (celkova davka 54 Gy v pribéhu
Sesti tydnl), nebo k radioterapii nasledo-
vané 3esti cykly kombinované chemotera-
pie rezimem PCV (prokarbazin, lomustin,
vinkristin). Pfedbézné vysledky sledovani
z roku 2012 neprokazaly statisticky signifi-
kantni rozdil v OS pacientl mezi obéma vét-
vemi studie [52].

Naproti tomu recentné publikované vy-
sledky dlouhodobého sledovéni pacientt
zafazenych do studie RTOG 9802 (median
sledovéni 11,9 roku) jednoznacné proka-
zuji podstatny benefit kombinované lé¢by
(RT + PCV) oproti samotné RT, a to jak ve
vztahu k PFS tak OS [53]. Pacienti ve vétvi
RT + PCV dosahovali vyznamné delsiho me-
didnu PFS ve srovnanf s vétvi samotné RT
(104 vs. 4 roky; p < 0,001) (graf 1). Pétiletého

preziti bez progrese choroby dosahlo vice
pacientd lé¢enych RT + PCV nez RT samot-
nou (61 vs. 44 %). Jesté podstatnéjsi byl roz-
dil v PFS po 10 letech sledovani (51 vs. 21 %).
To ukazuje, ze se kiivky preziti bez progrese
déle rozestupuji se vzrlstajici dobou sledo-
vani, a tedy ze benefit kombinované tera-
pie se postupem ¢asu od lécebného zdsahu
jesté zvysuje. Rozdil v PFS zlstal vyznamny
také pfi subanalyze jednotlivych histolo-
gickych typlG LGG. Pacienti s pfitomnostf
IDH1 R132H mutace v nadoru méli signifi-
kantné deldi PFS neZ pacienti bez této mu-
tace a to bez ohledu na zvolenou terapii, nic-
méné také u IDH1 mutovanych nador( byl
patrny profit kombinované terapie RT + PCV
nad RT samotnou (p < 0,001).

Vyznamného benefitu kombinované tera-
pie bylo dosazeno také u celkového preziti.
Studie prokazala podstatny rozdil 5,5 roku
v OS nemocnych lé¢enych RT + PCV oproti
samotné RT (13,3 vs. 7.8 roku; p = 0,003)
(graf 2). Deset let prezivalo o celych 20 % ne-
mocnych lécenych kombinovanou terapii
vice (60 vs. 40 %). Téchto vysledk( bylo dosa-
Zeno i pres fakt, ze zdchrannou chemoterapii
pii progresi nddoru dostalo vice nemocnych
ve vétvi samotné RT oproti vétvi s RT + PCV.
| kdyZ toxické projevy lécby byly vétsi ve
vétvi RT + PCV, byly lécitelné a nebyl pozo-
rovan signifikantni rozdil v kognici pacientd
sledovanych v obou vétvich, ani neby! za-
znamenan vyskyt myelodysplazie nebo leu-
kemie [53,54]. Rozdil v OS ztistal vyznamny
také pii subanalyze jednotlivych histologic-
kych typl LGG s vyjimkou astrocytomd, kde
je patry trend k delsimu OS bez statistické
vyznamnosti dané pravdépodobné omeze-
nym poctem pacientd a omezenou délkou
dalsiho sledovani (p = 0,31).

Pfi subanalyze dle pfitomnosti mutace IDH
RI32H v nddoru bylo zjisténo podstatné delsi
OS nemocnych s mutaci nez bez ni, a to bez
ohledu na zvolenou terapii (13,1 vs. 5,1 roku;
p = 0,02). Nemocni s IDH mutovanymi na-
dory nicméné opét profitovali z kombino-
vané lécby RT + PCV ve srovnani s RT samot-
nou (p =0,02).

Otdzkou z(stdva mozné vyuziti dalstho
biomarkeru s velmi ¢astym vyskytem u LGG
(kodelece 1p/19q) k predikci vy3si G¢innosti
kombinované terapie RT + PCY u 1p/19q po-
zitivnich nadord. Takova souvislost byla nale-
zena u dvou nezavislych studii faze Il (RTOG
9402 a EORTC 26951) u pacientl s anaplas-
tickymi oligodendrogliomy a oligoastrocy-
tomy [10,11]. Analyza kodelece 1p/19q byla
ve studii RTOG 9802 rovnéz provedena, nic-
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méné dostatek nddorové tkané ke stano-
veni byl dostupny pouze u 63 pacientll a ne-
bylo moZné statisticky ovéfit prediktivnf
vyznam tohoto biomarkeru. Prozatim tedy
nebyla prokdzana role kodelece 1p/19q jako
pozitivniho prediktivniho biomarkeru vy3si
ucinnosti kombinované terapie RT + PCV
u pacientll s LGG a na definitivni zaver si
bude tieba jesté pockat.

Pfiznivé vysledky kombinované terapie
RT + PCV ve srovnani s RT samotnou ziskané
ze studie RTOG 9802 piinaseji dalsi otazky
v managementu LGG. Jde napf. o volbu op-
timalniho ¢asovéni lécby, vybér nemocnych
dle molekuldrné-genetického profilu (pfi-
tomnost kodelece 1p/19g, mutaci IDH) nebo
moznost pouziti alternativni chemoterapie
(temozolomid).

Casovani lé¢by LGG - ,timing”
Optimdlni ¢asovani léby, kterd nasleduje po
operacnim vykonu, je duleZité otazka v ma-
nagementu LGG. Ta v3ak neni dosud jedno-
zna¢né zodpovézena. Historicky byl uplat-
fiovan pfevazné postup peclivého sledovani
(watchfull waiting) pro viechny nemocné
s LGG. V 90. letech 20. stoleti byla realizo-
vana klinicka studie EORTC 22845 sledujici
ucinnost ¢asné a odlozené RT na dobu PFS
a OS u 314 nemocnych s LGG. Ackoliv PFS
bylo delsi u casné RT, rozdil v OS u obou sku-
pin neby! signifikantni (7,2 roku u ¢asné RT
vs. 74 roku u odlozené RT; p = 0,872) [55].
Na zékladé vysledku této studie bylo za op-
timdlIni strategii povazovédno zahdjeni RT
az pri manifestaci klinickych priznakd, ra-
diografické progresi nadoru nebo vyskytu
refrakterni epilepsie, Odlozeni RT je vy-
hodné i vzhledem k jejim dlouhodobé hen-
dikepujicim nasledkiim, jako napf. SMART
(Stroke-like Migraine Attacks after Radiothe-
rapy), PIPG (Peri-Ictal Pseudoprogression)
nebo ALERT (Acute Late-onset Encephalo-
pathy after Radiotherapy [56]. Publikovana
byla také analyza 111 pacient( zafazovanych
do studie RTOG 9802, ktefi méli LGG s niz-
kym rizikem relapsu (vék < 40 let a zobrazo-
vacimi metodami ovéfenou kompletni re-
sekci nadoru) [57). Tato skupina byla pouze
sledovana bez daldi adjuvantni terapie. Péti-
leté PFS dosahovalo 48 % a delsi PFS korelo-
valo s pfedoperaéni velikostl nddoru < 4cm
v priméru, histologickym typem oligoden-
drogliomu a pfitomnosti pooperaéniho rezi-
dudlntho ndlezu < 1cm dle MR.

Klinické sledovéni a pravidelné kontroly
zobrazovacimi metodami (MR) az do pro-
grese choroby mohou byt i nadale od-

100
75
g RT +PCV
%
a8 504
EJ]
>3
£
8
254 RT
hazard ratio 0,59 (95% Cl 0,42-0,83)
p=0003
0 T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 M 12
doba od randomizace (roky)
Vriziku
RT +PCV 125 M3 105 97 90 87 8 77 72 67 62 56 35
RT 126 121 109 99 91 78 75 64 56 52 45 38 16

Graf 2. Celkové preziti (OS) nemocnych ve studii RTOG 9802 v zévislosti na pouzitém
lé¢ebném rezimu nasledujicim po neurochirurgickém zésahu, a to kombinované terapie

PCV + RT (modfe) nebo RT samotné (¢ervené).

Statisticky vyznamny rozdil v OS byl prokézan. Upraveno dle [52].

povidajicim postupem pooperaéni péce

u nemocnych s nizkorizikovym LGG [6,58].

Vyznam kombinované lécby chemo- a ra-

dioterapie nebyl dosud u nizkorizikovych

LGG prospektivné sledovén. V soucasné

dobé jsou za vysoce rizikovou skupinu pova-

Zovani pacienti, u kterych jsou pfitomny ale-

spon tfi z ndsledujicich Sesti faktord:

« vék =40 let;

- Karnofského skére (Karnofsky Perfor-
mance Status; KPS) < 70 %;

+ histologicky nélez astrocytarni slozky
nadoru;

- velikost nddoru = 6cm v primeéry;

nador presahujici stredni ¢aru;

+ piitomnost neurologického deficitu pfed
operaci [59,60].

U téchto nemocnych by méla byt adju-
vantni terapie zahéjena bezprostredné po
chirurgickém vykonu, nejlépe kombinaci RT
aPCV.

Volba vhodné chemoterapie LGG

Ne zcela dofesena zUstava otézka volby nej-
vhodnéjsiho chemoterapeutického rezimu
u pacientl s LGG, ktefi vyzaduji adjuvantni
terapii. Rezim PCV byl zaveden do lécby
mozkovych néadord v 80. letech 20. sto-

leti. Stal se populdrnim zejména pro efek-
tivitu pfi lé¢bé rekurentnich oligodendro-
gliomU [61]. Postupné byl rezim PCV v lécbé
mozkovych nadorl nahrazovdn novejsim
alkyla¢nim chemoterapeutikem temozo-
lomid, zvl&sté vzhledem k jeho pfiznivéjsimu
profilu nezédoucich Gcinkd a jednodussi do-
stupnosti [62]. Temozolomid se stal nedilnou
soucdsti terapie pacientl s gliomy vyssich
stupnd malignity, prevazné multiformniho
glioblastomu, kde prokazal vyznamny bene-
fit v medidnu OS v kombinaci s RT ve srov-
nani s RT samotnou pro jinak neselektova-
nou skupinu pacient( (14,6 vs. 21,1 mésicy;
p < 0,001) [63]. Dvouleté OS bylo vice nez
dvojnasobné v rameni kombinované terapie
(26,5 vs. 104 %).

Ponékud jina situace nastava pfi uziti te-
mozolomidu u LGG. Klinickd studie faze Il
EORTC 22033-26033 srovndvala Gcinnost
lé¢by samotnym temozolomidem oproti
RT u pacientl s vysoce rizikovym LGG bez
piitomnosti 1p/19q kodelece v nadorové
tkani [64]. Nador s vysokym rizikem byl de-
finovan pomoci kritérii: vék nad 40 let, pri-
tomnost klinickych symptom@ nebo ra-
diologicky ovéfena progrese choroby po
uvodnim chirurgickém vykonu. Po sledo-
vani v délce 45,5 mésicl bylo podobné PFS
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v obou vétvich studie (47 vs. 40 mésictl pro
RT, resp. temozolomid), medidn OS nebyl ve
vétvi samotné RT dosazen (74 mésicl pro te-
mozolomid). Vysledky tedy nebyly kone¢né
a vyzaduji dalsi sledovani.

Na tomto misté je nutné zdiraznit, ze
dosud nejsou dostupné data dlouhodobého
sledovani podobného rozsahu jako ve studii
RTOG 9802, ktera by hodnotila efektivitu te-
mozolomidu u pacientl s LGG at uz v kom-
binaci s RT nebo bez ni. Dalsi pohled mize
prinést studie faze IIl CODEL, ktera srovnava
RT nésledovanou PCV s RT s konkomitant-
nim a naslednym podanim temozolomidu
u pacientd s gliomy stupné Il a lll s pfitom-
nosti kodelece 1p/19q. Vysledky této stu-
die by mély pfinést definitivni odpovéd na
otazku vhodné adjuvantni chemoterapie
u 1p/19q deletovanych gliom( [65]. Nyni je
tedy prokdzéna cinnost kombinované tera-
pie RT + PCV u nemocnych s vysoce riziko-
vym LGG a tento chemoterapeuticky rezim
by mél byt dle zasad mediciny zalozené na
diikazech preferovén. V Ceské republice je
véak situace komplikovana omezenou do-
stupnosti rezimu PCV pouze na individualni
dovoz (procarbazin neni v Ceské republice
registrovan, CCNU je v Ceské republice ne-
dostupny a je nahrazovan BCNU) a je zde
tedy dosud preferovan temozolomid.

Zavér

Diagndza LGG znamend vzdy vyznamny
zasah do Zivota nemocnych, nebot i pres
zfetelny pokrok v terapii se nadéle jednd
o nevylécitelné onemocnéni. Recentné pu-
blikované vysledky dlouhodobého sledo-
vani pacientl zafazenych v klinické studii
RTOG 9802 v3ak pravdépodobné zplsobf
vyznamnou zménu v managementu lé¢by
LGG. Nyni je prokézano, ze nemocni s LGG
se zvysenym rizikem (vék pod 40 let s rezi-
dudlnim poopera¢nim radiografickym na-
lezem nebo vék nad 40 let po jakémkoli
opera¢nim zasahu) vyrazné profituji z kom-
binované onkologické 1écby s radioterapii
v celkové davce 54 Gy v kombinaci s chemo-
terapeutickym rezimem PCV, ve srovnani se
samotnou radioterapii (median celkového
preziti 0 5,5 roku delsi ve skupiné kombino-
vané [écby). Nemocni mladsi 40 let, nemocni
s kompenzovanou epilepsii jinak asymp-
tomati¢ti a nemocni s ndhodné zjisténym
LGG maji byt po chirurgickém zésahu sle-
dovani klinicky a zobrazovacimi metodami
k ¢asnému zachytu progrese onemocnéni.
Nezodpovézena prozatim zlstdva otdzka
kodelece 1p/19q a mutaci IDHI/2 v nado-

rové tkani jako pozitivnich prediktivnich bio-
markerl kombinované radiochemoterapie
(RT + PCV) LGG. Ocekava se, ze detailni mo-
lekuldrné-genetickd analyza nadoru bude
soucasti rutinni klinické pé¢e o nemocné
s gliomy viech stupiiti malignity véetné
LGG. Dosud nezodpovézené otézky zodpovi
az vysledky probihajicich a nové designova-
nych prospektivnich klinickych studi.
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The optimal choice of cancer therapy depends upon analysis of the tumor genome for druggable
molecular alterations. The spatial and temporal intratumor heterogeneity of cancers creates
substantial challenges, as molecular profile depends on time and site of tumor tissue collection.
To capture the entire molecular profile, multiple biopsies from primary and metastatic sites at
different time points would be required, which is not feasible for ethical or economic reasons.

Molecular analysis of circulating cell-free DNA offers a novel, minimally invasive method
that can be performed at multiple time-points and plausibly better represents the prevailing
molecular profile of the cancer. Molecular analysis of this cell-free DNA offers multiple
clinically useful applications, such as identification of molecular targets for cancer therapy,
monitoring of tumor molecular profile in real time, detection of emerging molecular aberra-
tions associated with resistance to particular therapy, determination of cancer prognosis and
diagnosis of cancer recurrence or progression.

Keyworbs: Liquid biopsy e cell-free DNA o advanced cancer » targeted therapy = personalized medicine

Despite significant progress in modern oncol-
ogy, efficacy of treatment for advanced cancer
remains poor; the majority of advanced
tumors become resistant to available therapies
and the patient ultimately succumbs to advan-
cing metastatic disease.[1] This is mainly due
to clonal evolution of the disseminated tumor
and acquired resistance to cancer therapies,
even if fitted to the known molecular pro-
file.[2,3] In the current era of personalized
medicine, the optimal choice of therapy
depends upon detailed analysis of the cancer
genome and identification of the targetable
aberrations for each individual patient.[4]
This approach is substantially limited by the
considerable spatial and temporal intratumor
heterogeneity of advanced disease. The can-
cer-related aberrations in the original tumor
can differ among tumor regions and distinct
disease sites.[5)

Molecular testing of tumor samples obtained
by surgical procedures or biopsies remains the
standard of care.[6] However, this approach
has significant limitations because of the tem-
poral and spatial tumor heterogeneity, which
would mandate multiple biopsies from primary
and metastatic sites at multiple time points.
This is not feasible because of the medical
condition of patients with advanced cancer,
the risk of complications, and various eco-
nomic and logistic considerations. To over-
come these limitations, novel minimally
invasive methods to detect pertinent molecular
changes in tumors are being developed. Mandel
and Métais in 1948 noticed the presence of
cell-free nucleic acids (¢fNA) in human blood.
[71 However, it took several decades before
reports emerged on oncogenic mutations in
blood-derived cell-free DNA (cfDNA) of
patients with cancer [8] or fetal ¢fDNA in
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pregnant women.[9] cfDNA also was investigated in prediction
of outcome after brain trauma,[10] myocardial infarction [11]
and stroke.[12,13]

Fragments of ¢fNA such as DNA, messenger RNA or
microRNA can be detected in plasma, urine, cerebrospinal
fluid (CSF) and other body fluids. In cancer patients, these
cfDNA fragments can be used for detection of underlying
cancer-related molecular abnormalities.[8,14] Such approaches,
which have become known as liquid biopsies, can be used to
monitor a cancer molecular profile in real time with minimal
invasiveness. It is assumed that fragments of cfDNA are released
to blood from diverse tumor sites and perhaps better represent
prevailing molecular abnormalities than single-site biopsies. In
addition, molecular testing of cfDNA can be used to evaluate
response to therapy, disease progression or recurrence and emer-
gence of molecular abnormalities that drive resistance to sys-
temic therapy.

SECRETION

APOPTOSIS

The biology of ¢fDNA

Fragments of fDNA can be detected in extracellular fluids,
such as blood (plasma or serum), urine, CSF or even ascites,
of patients with cancer,[15-21] and increased levels of cfDNA
can be associated with unfavorable outcome.[22,23] It has been
demonstrated that patients with advanced cancer have higher
levels of cfDNA than patients with localized cancer or indivi-
duals without cancer.[24-34]

DNA can enter the circulation by several distinct mechan-
isms, including release of nuclear and mitochondrial DNA
from dying cells during either apoptosis or
(Figure 1). Other mechanisms of DNA release include autop-
hagy and necroptosis.[35,36] ¢fDNA structural characteristics
differ substantially by type of release mechanism. Apoptosis is
a programmed and well-controlled process of cellular destruc-
ton, and fragments of DNA released from apoprotic cells

necrosis

NECROSIS

Figure 1. Passive (from apoptotic and necrotic cells) and active release of DNA fragments from tumor cells into the
circulation. This cell-free DNA can be used for testing of tumor-specific aberrations.
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average around 160-180 bp in length.[37,38] In contrast,
necrosis is a pathological process, and the fragments of DNA
are generated more randomly and usually are longer. The
average lengths of <¢fDNA fragments from apoptotic and
necrotic processes and their ratio may be assessed as an impor-
tant element of the DNA integrity index, which may have
prognostic implications.[39] Thierry et al. described experi-
mental system for studying the cfDNA characteristic based on
the nude mice xenografted with human HT29 or SW620
colorectal cancer cells.[40] The discrimination of cfDNA frac-
tions from normal (murine) cells and from BRAF (v-raf mur-
ine sarcoma viral oncogene homolog B1) V600E-mutated and
nonmutated tumor (human) cells was possible and the con-
centration of tumor (human mutated and nonmutated) but
not mouse cfDNA increased significantly with tumor burden
(P > 0.001 and P < 0.05, respectively). The higher ¢fDNA
fragmentation was also observed in mice with bigger tumors as
the integrity index decreased with tumor size. The study
confirmed the predominance of mononucleosome-derived
ofDNA fragments in plasma from xenografted animals and
of apoptosis as a source of tumor cfDNA.[40]

It has been proposed that plasma cfDNA can be also involve
in the oncogenesis via the uptake of nucleic acids originating
from tumor cells by susceptible healthy cells that consequently
underwent malignant transformation, the process referred to as
“genometastasis”.[41,42] In the in vitro study with cultures of
NIH-3T3 cells treated with plasma from colorectal cancer
patients, the transfer of human DNA were observed and the
NIH-3T3 cells were oncogenically transformed, as shown by the
development of carcinomas in nonobese diabetic—severe com-
bined immunodeficient mice after the injection of such
cells.[43]

The ¢fDNA fragments are cleared from the circulation by the
liver and kidney, with half-lives ranging from 15 min to a few
hours.[15,44]

Technologies for cfDNA analysis

Sample collection and processing can have significant impacts
on cfDNA assessment.[45] Most often the circulating DNA is
extracted from plasma; plasma is preferred to serum because of
serum has higher levels of noncancerous cfDNA due to lysis of
normal leukocytes. Timely processing is paramount for success.
[46] Cell-stabilizing streck tubes, which allow sample processing
to be delayed for several days, have become increasingly popular
for collection of blood samples intended for ¢fDNA analysis.
[47,48] Other materials, such urine or CSF, are less cellular and
should be less prone to DNA degradation.[17,19] At the
moment, specimen collection protocols vary considerably in
details such as use of ethylenediaminetetraacetic acid or even
streck tubes.

The optimal pre-analytical handling conditions for the col-
lected blood sample were described by Messaoudi ez al..[45]
Blood samples must be drawn carefully and agitation should
be avoided to prevent any hemolysis. The sample may be kepr at
room temperature or +4°C and must be processed within 4 h to

prevent changes in cfDNA concentration and fragmentation.
The two-step centrifugation (1200-1600 g for 10 min and
16,000 g for 10 min) is highly recommended to eliminate any
cells from the plasma. The second step can be done after the
storage of plasma sample at -20or -80°C. Plasma as well as
fDNA extracts are sensitive to freeze-thaw cycles. Plasma must
be stored at ~-80°C up to maximum of 9 months before the final
ofDNA analysis. The extracts of c¢fDNA must be stored at
-20°C for up to 3 months for the concentration and fragmenta-
tion analysis or up to 9 months for specific mutations analy-
sis.[45]

The techniques for the quantification of total amount of
cfDNA include fluorescence-based methods (such as Hoechst
dye and PicoGreen staining), spectrophotometric-based meth-
ods (ultraviolet spectrometry) or quantitative real-time polymer-
ase chain reaction (PCR) methods (such as SYBR Green and
TaqMan).[35,49,50] The study with plasma samples collected
from 10 non-small-cell lung cancer patients compared
PicoGreen staining to real-time PCR methods for the quantifi-
cation of ¢fDNA.[51] The results from PicoGreen method
correlated with both the SYBR Green (R = 0.87, P < 0.0001)
and TaqMan probe approach (R = 0.94, P < 0.0001). The
results from another method for the ¢fDNA quantification
using the fluorescent SYBR Gold staining without prior DNA
extraction and amplification showed the high correlation with
the conventional quantitative PCR assay of Dbeta-globin
(R = 0.9987, P < 0.001).[52] Therefore fluorescence-based
methods could be the rapid, accurate and inexpensive alterna-
tives to real-time PCR for total cfDNA quantification.

The tumor-specific fraction of the total cfDNA can be iden-
tified by the presence of cancer-specific alterations. Epigenetic
modifications such as methylation patterns also are being inves-
tigated as signature markers to differentiate tumor-specific
ofDNA fraction.[53] The tumor-specific fraction can vary in
plasma from 0.01% to more than 90%.[36,54] Lower-stage
tumors have lower levels of fDNA than advanced disease.[28]
Therefore, highly sensitive methods are required for detection of
ofDNA in early disease.

Various PCR approaches were used originally to detect tumor-
related aberrations in ¢fDNA. These included methods such as
ARMS  (amplification refractory mutation system)-Scorpion
PCR, PCR-SSCP (single-strand conformation polymorphism),
ME (mutant-enriched)-PCR, MASA (mutant allele-specific
amplification)-PCR, PAP-A amplification (pyrophosphorolysis-
activated polymerization allele-specific amplification) or RFLP
(restriction fragment length polymorphism)-PCR.[55-60] Even
higher sensitivity is required, however, for detection of ctDNA
from tumors in which specific mutations occur in very low allele
fractions. For this reason, novel methods using digital PCR were
introduced into fDNA assays. Digital PCR methods include
droplet-based systems,[61] the use of beads, emulsions, amplifica-
tion and magnetics (BEAMing),[62] or microfluidic assays.
[63,64]

Next-generation sequencing (NGS) techniques, which allow
detection of multiple alterations across wider regions of the
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Table 1. Comparison of PCR-based and next gen-

Sensitive

eration sequencing-based approaches for cfDNA
analysis and their possible applications.

Less sensitive in most

Important

features cases
Short turnaround Longer turnaround

times

Tested and validated Tested and validated
Available in the CLIA- Available in the CLIA-
certified environment certified environment
Limitations in terms of Need for bioinformatics,
multiplexing higher cost

Possible Molecular diagnosis in Molecular diagnosis in

applications  well-defined situation clinical setting

when limited mutation
panel is adequate

Monitoring of mutation
load as a surrogate for
response to therapy

Diagnosis of emergent
resistant clones in

malignancies with well-
defined mechanisms of

Discovery research

Malignancies with
undefined patterns of
resistance to targeted
therapy

resistance

cfDNA: Cell-free DNA; CLIA: Clinical laboratory improvement amendments; PCR:
Polymerase chain reaction.

cancer genome, also can be used for testing of cfDNA. The
specific regions of cfDNA are analyzed by using targeted deep-
sequencing techniques such as TAm-Seq (tagged amplicon deep
sequencing),[63] lon AmpliSeq,[65] Safe-Seq (safe-sequencing
system) [66] or CAPP-seq (cancer personalized profiling by deep
sequencing).[67] The latest and most comprehensive approaches
to cfDNA analyses that do not require knowledge of preexisting
mutations include whole-exome [68] as well as whole-genome
sequencing of plasma samples.[69,70] The NGS techniques and
unbiased whole-exome and whole-genome assays might domi-
nate the future of cfDNA research. The advantages of PCR-
based and NGS-based approaches are summarized in Table 1.

Clinical application of cfDNA in cancer management
Identification of molecular targets

The feasibility of identifying molecular targets in cfDNA as well
as the level of concordance between mutations detected in
tumor tissue and plasma samples are important attributes for
future routine clinical use of ¢fDNA liquid biopsy techniques
(Table 2). In a pilot study of 18 patients with metastatic color-
ectal cancer who were candidates for surgical resection or radio-
frequency ablation, oncogenic mutations (APC (adenomatous
polyposis coli gene), 7P53 (tumor protein p53), PIK3CA (cat-
alytic domain p110a of the class T phosphatidylinositol 3-

kinase) and KRAS (kirsten rat sarcoma viral oncogene homo-
log)) were assessed by direct sequencing in tumor tissue.[15] At
least one mutation was identified in each of the tumors. The
unique molecular signature of each tumor was used for detec-
tion and quantification of tumor-derived cfDNA by the
BEAMing PCR-based technology. This study demonstrated
that ¢fDNA can be isolated from plasma samples and used to
identify oncogenic mutations in cancer patients.

In a cohort of 49 patients with advanced breast cancer, there
was 100% concordance (34 of 34 cases) between BEAMing-
detected PIK3CA mutations in plasma ¢fDNA and in tumor
tissues obtained at the same time.[62] However, the concor-
dance decreased to 79% in an additional cohort of 60 patients
when tumor samples and plasma cfDNA were obtained at
different time points.

In a study of 157 patients with advanced cancer that pro-
gressed on systemic therapy who were referred for treatment
with cxperimemal targetcd thcmpies, a panel of 21 oncogenic
mutations in the BRAF, EGFR (epidermal growth factor recep-
tor), KRAS and PIK3CA genes was assessed in plasma cfDNA by
BEAMing technology. The results demonstrated acceptable con-
cordance (BRAF, 91%; EGFR, 99%; KRAS, 83%; PIK3CA,
91%) with results of standard-of-care mutation analysis of pri-
mary or metastatic tumor tissue obtained during clinical
care.[77]

Thierry et al. [71] assessed the mutation status of KRAS and
BRAF by using allele-specific quantitative PCR of ¢fDNA in
106 plasma samples from patients with metastatic colorectal
cancer and compared it to the mutations detected in tissue
(primary or metastatic) tested by standard-of-care methods.
The ¢fDNA analysis showed 100% specificity and sensitivity
for the BRAF V60OE mutation and 98% specificity and 92%
sensitivity for the KRAS mutations, with a concordance value
of 96%.

The BRAF V60OE mutation was recently detected in plasma
and urine cfDNA samples obtained from individuals with
Erdheim—Chester disease and Langerhans cell histiocytosis.[18]
These patients have a high prevalence of BRAF V600E muta-
tions and a good response to BRAF inhibitors. There was 100%
concordance between tissue and urinary fDNA genotypes
assessed by droplet-digital PCR assay (ddPCR) in samples
from 30 treatment-naive patients. The targetable mutation
BRAF VG60O0E was also analyzed in plasma- and serum-derived
cfDNA samples from 221 patients with advanced melanoma.
[73] Assay sensitivity for mutation detection was 44% in serum
and 52% in plasma. Test specificity was 96% in both matrices.

Panka ez al. [74] developed blood-based assay for the detec-
tion of BRAF V60OF mutation and used it in the study with
128 patients with stage II-IV melanoma. The high 96% sensi-
tivity and 95% specificity of the assay were observed for the
subset of 42 stage TV patients. The area under the receiver
operator curve (ROC) was 0.9929 demonstrating an excellent
ability to discriminate BRAF-mutant melanoma patients. Pupilli
et al. [78] investigated the role of BRAF V600E-mutated allele
in plasma cfDNA from 103 patients with papillary thyroid
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Table 2. The summarization of the studies that examined the concordance between mutations detected in

tumor tissue samples and ¢fDNA.

Colorectal KRAS, BRAF 106 100% specificity and sensitivity for the BRAFV600E mutation and 98% Thierry et.
cancer specificity and 92% sensitivity for the KRAS mutations detection al. [71]
Breast cancer PIK3CA 49 + 60 100% concordance if tumor and cfDNA samples collected at the same, 79%  Higgins
in another cohort if collected at different time points et al. [62]
PIK3CA 29 93.3% sensitivity and 100% specificity for the mutations detection in Beaver
presurgery plasma samples et al. [61]
50 selected 17 76% concordance between the analysis of primary or metastatic tumors and  Rothe et al.
genes (NGS) matched plasma samples [72]
Melanoma BRAF 221 Sensitivity for BRAFV600E mutation detection in serum was 44%, in plasma Aung et al.
52%. Specificity was 96% in both matrices [73]
BRAF 128 96% sensitivity and 95% specificity for BRAFV600E mutation detection in the  Panka et al.
subset of 42 stage IV patients [74]
Pancreatobiliary 54 selected 26 90.3% of mutations detected in tumor biopsies were also detected in cfDNA.  Zill et al.
carcinomas genes (NGS) 92.3% sensitivity and 100% specificity across the five most frequently [75]
mutated genes
ECD/LCH BRAF 30 100% concordance of BRAFV600E mutation between tissue and urinary Hyman
cfDNA et al. [18]
Advanced BRAF, EGFR, 157 Acceptable concordance (BRAF, 91%; EGFR, 99%; KRAS, 83%; PIK3CA, Janku et al.
cancers KRAS, PIK3CA 91%) with standard-of-care mutation analysis of primary or metastatic tumor  [76]

tissue

cfDNA: Cell-free DNA; ECD/LCH: Erdheim-Chester disease and Langerhans cell histiocytosis; NGS: Next generation sequencing techniques.

carcinoma (PTC) as a marker for the diagnosis and follow-up.
Patients with PTC showed a higher percentage of circulating
BRAF VG600E mutation (P = 0.035) compared to those with
benign histology (n = 16) and healthy controls (n = 49). The
assay diagnostic sensitivity and specificity were 80 and 65%,
respectively.

Zill et al. [75] assessed the mutation status of 54 genes by
NGS in the tumor tissue and corresponding cfDNA in plasma
samples from 26 patients with pancreatobiliary carcinomas (18
pancreatic ductal adenocarcinoma cases and 8 biliary cancer
cases). 90.3% of mutations detected in tumor biopsies were
also detected in cfDNA. Across the five most frequently
mutated genes in tumor tissue biopsies (KRAS, 7P53, APC,
FBXW7 and SMAD4), the assay sensitivity for the detection of
such mutations in cfDNA was 92.3%, specificity was 100% and
the diagnostic accuracy was 97.7%.

Forshew ez al. [79] reported on using the TAm-Seq method
for identification and monitoring of oncogenic mutations in
plasma cfDNA. They screened 5995 genomic bases in coding
regions of 753 and PTEN (phosphatase and tensin homolog)
and selected regions in EGFR, BRAF, KRAS and PIK3CA for
low-frequency mutations. The assay was able to detect muta-
tions in cfDNA with sensitivity and specificity of >97%. In one
patient with synchronous primary cancers of the bowel and
ovary, moreover, disease relapse was identified as being derived
from the original ovarian tumor. At relapse, analysis of the

plasma cfDNA detected the 7753 mutation (p.R273 H)

originally found in the ovarian primary tumor, whereas the
bowel-associated mutations were not detected.

Beaver et al. [61] showed the possibility of identifying
PIK3CA mutations in plasma samples from 29 patients with
early-stage breast cancer. The same mutations identified in
primary tumors were detected in presurgery plasma samples by
ddPCR with high sensitivity and specificity (93.3 and 100%,
respectively). Residual disease was successfully identified by
detection of the mutations in cfDNA from postoperative plasma
samples. In another study of 17 patients with metastatic breast
cancer, analysis of primary or metastatic tumors together with
matched plasma samples for mutations in 50 selected genes by
NGS yielded a concordance of 76%.[72]

Bettegowda et al. [66] evaluated the possibility to detect the
fDNA point mutations and genetic rearrangements that were
originally found in tumor tissue biopsies from 640 patients with
various cancer types. Tumor-derived cfDNA was detected in
>75% of patients with advanced pancreatic, ovarian, colorectal,
bladder, gastroesophageal, breast, melanoma, hepatocellular and
head and neck cancers. In patients with localized tumors,
ofDNA was detected in 73, 57, 48 and 50% of patients with
colorectal cancer, gastroesophageal cancer, pancreatic cancer and
breast adenocarcinoma, respectively.[66]

Newman et al. [67] developed CAPP-Seq, an ultrasensitive
method for quantifying tumor-derived plasma cfDNA by target-
ing recurrently mutated regions in the cancer of interest. In
patients with non-small-cell lung cancer, the CAPP-Seq method
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was able to detect cfDNA in 100% of patients with stage II-1V
disease and 50% of patients with stage I disease. The method
specificity was 96% for mutant allele fractions as low as 0.02%.

Assessment of prognosis

The quantification of total and/or mutant ¢fDNA has been
studied for prognosis assessment in various tumor types. Some
studies demonstrated that, in cancer patients, higher levels of
cfDNA are associated with higher risk of disease recurrence and
progression.[15,28,30,66,80-82] In a study by Dichl ez a/. [15]
of 18 colorectal cancer patients, the absence of cfDNA in
plasma during the first follow-up visit after surgical resection
was associated with 100% recurrence-free survival.

Early limited data suggested that persistence of 7P53 muta-
tion in plasma cfDNA of patients with stage II or III breast
cancer that was in remission was associated with higher like-
lihood of disease recurrence; however, the small sample size
precluded any definitive conclusion.[56]

The amount of mutant ¢fDNA has been found to be of
prognostic significance. Spindler e¢ al. [80] demonstrated the
prognostic value of the amount of total ¢fDNA and KRAS
mutant ¢fDNA in a study of 108 patients with metastatic
colorectal cancer treated with third-line cetuximab and irinote-
can. Patients with higher fDNA levels had shorter progression-
free survival (PFS; 2.1 vs. 4.4 months; P = 0.0015) and overall
survival (OS; 3.6 vs. 10.4 months; P < 0.0001) than patients
with lower ¢fDNA levels. Similarly, patients with higher levels
of KRAS-mutant cfDNA had shorter PES (1.8 vs. 2.3 months;
P =0.008) and OS (2.1 vs. 5 months; P = 0.0005) than patients
with lower levels of KRAS-mutant cfDNA.

The mutated fraction of plasma ¢fDNA (mutation in codon
12 or 13 of KRAS) was assessed in another study of 206 patients
with metastatic colorectal cancer.[66] Concentration of mutated
cfDNA was found to provide added value in survival prediction
(likelihood ratio test, P = 0.00253, df = 3) to the model of well-
known prognostic factors (age, Eastern Cooperative Oncology
Group performance status, and level of carcinoembryonic anti-
gen). Also, holding other predictors constant, the 2-year survival
rate steadily decreased as the plasma concentration of mutated
cfDNA increased.

The study already mentioned [77] of the panel of 21 muta-
tions in BRAF, EGFR, KRAS and PIK3CA assessed by BEAMing
technology in plasma cfDNA of 157 patients with advanced
cancer also examined the prognostic impact of the amount of
mutated plasma cfDNA. A higher percentage of mutant ¢fDNA
(>1% [n = 67 patients] vs. <1% [n = 33 patients]), irrespective
of type of mutation, was associated with a shorter OS (5.5 vs.
9.8 months; P = 0.001), which was confirmed in a multivariable
analysis. Similarly, 41 patients with >1% of KRAS mutant
(codon 12 or 13) ¢fDNA had a shorter median OS than 20
patients with <1% of KRAS mutant cfDNA (4.8 vs. 7.3 months;
P = 0.008). The significant differences in OS were not observed
for mutations in other examined genes, probably because of the
smaller sample size.

In another study of 246 patients with advanced non-small-
cell lung carcinoma treated with platinum and vinorelbine
chemotherapy, the patients with detectable plasma KRAS
mutant (codon 12 or 13) cfDNA had a shorter median OS
(4.8 vs. 9.5 months; P = 0.0002) and shorter median PFS (3.0
vs. 5.6 months; P = 0.0043) than patients whose cancer
expressed wild-type KRAS.[81] A multivariate analysis con-
firmed the independent prognostic value of KRAS mutant
cfDNA in OS but not in PFS. Wang ez al. [83] showed the
negative prognostic effect of KRAS mutation (codon 12 or 13)
in plasma cfDNA of 273 patients with advanced non—small-cell
lung cancer. The median PES of patients with a plasma KRAS
mutation was 2.5 months, while that of patients with wild-type
KRAS was 8.8 months (P < 0.001).

In a study of 44 pancreatic cancer patients, the 1-year survival
rate was 0% in those with KRAS codon-12 mutation in cfDNA
and 24% in those with KRAS wild-type in ¢fDNA (P < 0.005), and
plasma KRAS mutation was the only independent prognostic factor
(odds ratio, 1.51; 95% confidence interval [CI], 1.02 to 2.23).[60]
In 103 patients with melanoma receiving biochemotherapy,[84]
those with a BRAF mutation in serum cfDNA had significantly
shorter OS than those that did not have the BRAF mutation in
serum cfDNA (13 vs. 30.6 months, P = 0.039).

The negative prognostic impact of increased levels of mutant
cfDNA was supported by other studies in breast cancer,[85]
colorectal cancer,[86,87] ovarian cancer [88] and other tumor
types. Furthermore, the presence of other tumor-related geno-
mic ¢fDNA aberrations was associated with poor prognosis.
Detection of loss of heterozygosity and microsatellite instability
in fDNA was associated with worse prognosis for patients with
breast cancer,[89] ovarian cancer,[90] melanoma,[91] lung can-
cer [92] or other tumor types.

Epigenetic alterations detected in cfDNA can also help deter-
mine patient prognosis. The aberrant DNA methylations were
detected in ¢fDNA of patients with breast, lung as well as liver
cancer.[93-95] Hypermethylated promoter regions of BRCAI
in serum ¢fDNA from 100 primary invasive ductal breast cancer
patients  was associated with poor DES (14.2 months;
P < 0.0001) as well as poor OS (24.3 months; P = 0.0001).
[96] Similarly ¢fDNA promoter hypermethylation of GSTPI
was associated with poor DFS (24.2 months; P = 0.03). Another
study with 336 primary invasive breast cancer patients showed
worse OS rate at 100 months (78 vs. 95%; P = 0.002) for
patients with serum c¢fDNA hypermethylation in promoter
regions of GSTPI, RASSFIA and RARB2 than those with nega-
tive findings.[97] In the study with 428 primary breast cancer
patients, the detection of methylated PI7X2 and RASSFIA in
plasma cfDNA determined shorter OS in multivariate analysis
(low vs. high methylation; HR 3.4, P = 0.021 and HR 3.4,
P = 0.002 respectively).[98] For distant DES only RASSFIA
showed prognostic significance (low vs. high methylation; HR
3.4, P = 0.002). The aberrant methylation of selected genes in
cfDNA was associated with poor prognosis also in colorectal
cancer,[99] gastric cancer,[100] hepatocellular carcinoma [101]
and other tumor types.
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Review

Prediction of response to therapy

The liquid biopsy could provide an easy way to assess pre-
dictive biomarkers for targeted therapy as well as a minimally
invasive way to monitor therapy response in real time [8,14]
(Table 3).

In a prospective study of 52 patients with metastatic breast
cancer, the plasma cfDNA was monitored to qualitatively and
quantitatively assess disease progression and treatment response
and compare with levels of circulating tumor cells (CTC) and
tumor marker cancer antigen 15-3 (CA15-3) and computed
tomography (CT) imaging.[63] The cfDNA was detected by
identification of the same P/K3CA and 7P53 mutations and
structural variations as were found in the tumor tissues. The
levels of cfDNA in plasma generally correlated well with the
treatment response assessed by CT imaging (as defined by
Response Evaluation Criteria in Solid Tumors). However, two
patients in this study had discordant correlations. In 10 of the
19 patients who experienced disease progression, the cfDNA
levels increased at one or more consecutive time points, on
average 5 months before progressive disease was observed on
imaging. Moreover, the cfDNA was found to be a more accurate
biomarker for monitoring metastatic disease than CTCs, CA
15-3 (cancer antigen 15-3) or CT imaging.

Another study in 72 patients with advanced non-small-cell
lung cancer examined the dynamic changes in ¢fDNA EGFR
mutations as a predictor of response to EGFR tyrosine-kinase
inhibitor (EGFR-TKI) targeted therapy.[103] Failure to clear
plasma EGFR mutations after EGFR-TKI was an indepen-
dent predictor for shorter PES (hazard ratio [HR] 1.97,
P = 0.001) and OS (HR 1.82, P = 0.036). The EGFR
mutations were detected by ddPCR in serial plasma samples
of non-small-cell lung cancer patients treated with erlotinib.
[104] The study demonstrated the disappearance of EGFR
mutations in exon 19 and 21 and the emergence of EGFR
T790M resistance mutation several weeks before radiographic
disease progression.

Similarly, EGFR mutations were detected in primary tumors
and corresponding plasma samples in a study of 1060 patients
with advanced lung cancer treated with gefitinib.[102]
Objective response rates were 76.9% (95% CI, 65.4-85.5) for
patients with detected mutations in both tumor and plasma and
59.5% (95% ClI, 43.5-73.7) for patients with mutation in the
tumor but not in plasma. Median PES was 9.7 months (95%
CI, 8.5-11.0) for patients with mutation in the tumor sample
only and 10.2 months (95% CI, 8.5-12.5) for patients with
mutation in both tumor and plasma samples. This demon-
strated that EGFR mutation status could be assessed in ¢fDNA
and serve as a positive predictive biomarker for targeted therapy.

Another study [76] assessed BRAF mutations in plasma
ofDNA from 160 patients with advanced cancer and known
BRAF status from archival tumor samples. Patients whose for-
malin-fixed paraffin-embedded (FFPE) tumor had a BRAF
V600 mutation (n = 51) received therapy with a BRAF and/or
MEK (mitogen-activated protein kinase) inhibitor. The time to
treatment failure (TTF) of 13 patients with a BRAF V600
mutation in the tumor but not in plasma obtained before
therapy was significantly longer than that of 38 patients whose
baseline plasma ¢fDNA had a BRAF V600 mutation (13.1 vs.
3.0 months; P = 0.001). The absence of BRAF V600-mutant
ofDNA also was associated with longer TTF (HR, 0.31;
P = 0.004) in multivariate analysis.

Detection of resistance to targeted therapy

The implementation of personalized medicine principles and
targeted therapy into routine oncology practice is bringing an
important shift in the treatment of advanced cancers. In meta-
static disease, a chronic course is no longer unusual, and patients
can survive for many years.[105] However, despite the signifi-
cant initial therapeutic effect of targeted therapy, the vast major-
ity of patients eventually develop resistance and experience

tumor progression. The tumor resistance results from

Table 3. Examples of studies that assessed cfDNA for response prediction and/or therapeutic monitoring.

Mutated
genes

Cohort
no.

Cancer Results

type

Therapeutic
intervention

Reference

Lung EGFR 1060 gefitinib ORR were 76.9% (95% Cl, 65.4-85.5) for EGF-mutant tumors  Douillard
cancer and mutated cfDNA, and 59.5% (95% Cl, 43.5-73.7) for et al. [102]
EGFR-mutant tumors and wt cfDNA
EGFR 72 EGFR-TKIs Failure to clear EGFR-mutant cfDNA after EGFR-TKI was an Tseng et al.
independent predictor of shorter PFS (HR 1.97, P = 0.001) and  [103]
OS (HR 1.82, P = 0.036)
Breast PIK3CA, TP53, 52 Various The levels of cfDNA in plasma generally correlated well with the  Dawson
cancer structural systemic treatment response assessed by CT imaging et al. [63]
variations therapeutics
Melanoma BRAF 160 BRAF and/or TTF of 13 patients whose baseline cfDNA samples (but not Janku et al.
MEK inhibitors  tissue samples) did not have BRAFV600 mutation was [76]
(n=51) significantly longer than that of 38 patients with baseline

cfDNA-mutated samples (13.1 vs. 3.0 months; P = 0.001)
cfDNA: Cell-free DNA; CT: Computed tomography; HR: Hazard ratio; ORR: Overall response rate; OS: Overall survival; PFS: Progression-free survival; TKis: Tyrosine kinase

inhibitors; TTF: Time to treatment failure; wt: Wild type
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acquisition of mutations in the targeted genes or signaling path-
ways of cancer cells under therapeutic selective pressure (i.c.,
secondary resistance). The mutations causing resistance also can
be present in the infrequent subclones of pretreatment tumor
cells and can predict the further failure of targeted therapy (i.e.,
primary resistance).[5,14,106]

The mechanisms of resistance are often known; however,
since routine multiple sequential biopsies are not performed,
we have no tools to describe these mechanisms at the level of an
individual patient. Both intrinsic and adaptive resistance can
occur because of pre-existing or acquired molecular abnormal-
ities, such as gatekeeper mutations in the BCR-ABL (breakpoint
cluster region-abelson murine leukemia viral oncogene homo-
log) kinase domain, which cause resistance to imatinib and
other TKIs in chronic myelogenous leukemia.[107] Similarly,
emergence of KRAS mutations plausibly causes resistance to
EGFR monoclonal antibodies in metastatic colorectal cancer,
[108] and emergence of EGFR T790M mutation causes resis-
tance to EGFR-TKIs in non-small-cell lung cancer.[109,110]
Last but not least, ALK (anaplastic lymphoma kinase) mutation
L1196M or CI1156Y mediates adaptive resistance to crizotinib
in non-small-cell lung cancer with ALK rearrangement,[111]
and mutations in NRAS (neuroblastoma RAS viral oncogene
homolog), MEK and BRAF amplification indicate resistance to
BRAF inhibitor vemurafenib in BRAF-mutant melanoma.[112]
Because liquid biopsies can be obtained at low cost at multiple
time points, they offer a useful tool for monitoring molecular
changes associated with resistance to certain cancer therapies
(Table 4).

For instance, PCR detection with the BEAMing approach in
patients with advanced non-small-cell lung cancer demonstrated
EGFR 1790M mutation in ¢fDNA from 10 of 23 patients who
experienced disease progression while receiving an EGFR-TKI.

[113] In a different study, digital PCR detection of the EGFR
T790M resistance mutation in pretreatment cfDNA plasma
samples from 135 patients with advanced non-small-cell lung
cancer treated with an EGFR-TKI was associated with a shorter
median PES (8.9 vs. 12.1 months; P = 0.007) and OS (19.3 vs.
31.9 months; P = 0.001) than no 7790M mutation.[114]
Another example of emerging resistance mutations to targeted
therapy with high clinical relevance is the acquisition of tumor
KRAS mutations in codon 12, 13 or 61 in patients with advanced
colorectal cancer treated with anti-EGFR monoclonal antibodies
cetuximab or panitumumab.[16,20] Two landmark studies have
shown the possibility of detecting and monitoring these emerging
KRAS mutations in such patients in ¢fDNA by using BEAMing
technology.[16,20] Testing of serum cfDNA from 28 colorectal
cancer patients receiving panitumumab showed that 9 of 24
patients whose tumor and cfDNA were initially KRAS wild-type
had developed detectable cfDNA KRAS mutations.[16]
Interestingly, multiple KRAS fDNA mutations were detected in
three individuals. The appearance of mutations generally occurred
between 5 and 6 months following initiation of treatment. In the
second study, emergence of KRAS aberrations was found in tumor
tissue samples from metastatic sites obtained after initiation of
therapy.[20] Corresponding plasma samples also showed emer-
gence of KRAS mutation in ¢fDNA, which could have happened
as early as 10 months before radiographic progression.[20]
Furthermore, a group from MD Anderson Cancer Center, using
BEAMing technology, reported acquired KRAS and/or EGFR
ectodomain mutations in 44% (27/62) and 8% (5/62) of plasma
samples from patients with advanced colorectal cancer treated with
cetuximab or panitumumab, respectively.[115] KRAS codon 61
and 146 mutations were predominant (33 and 11%, respectively).
Even if the candidate-gene techniques to monitor emerging
resistance mutations to various targeted therapeutics provide

Table 4. Examples of studies that assessed ¢fDNA as the biomarker to monitor resistance to the admini-

strated therapy.

Lung cancer  EGFR T790M 23 EGFR-TKIs EGFR T790M mutation was detected in 10 of 23 patients  Taniguchi
with progression on EGFR-TKI etal. [113]
Pretreatment 135 erlotinib, Pretreatment detection of mutation in plasma cfDNA- Wang et al.
EGFR T790M gefitinib predicted lower PFS (8.9 vs. 12.1 months, P = 0.007) and  [114]

0S (19.3 vs. 31.9 months, P = 0.001) compared to patients
without mutation

Colorectal KRAS mutations 28 panitumumab  Serum cfDNA KRAS mutations were detected in 9 of 24 Diaz et al.
cancer originally KRAS wild-type patients [16]
KRAS and/or 62 cetuximab, Acquired KRAS and/or EGFR ectodomain mutations were Morelli
EGFR panitumumab  detected in 44% (27/62) and 8% (5/62) plasma samples etal. [115]
ectodomain after treatment
mutations
Breast, Plasma whole- 6 Various Activating mutations in PIK3CA after paclitaxel, RB7 after ~ Murtaza et
ovarian, and  exome therapeutics cisplatin, MED1 after tamoxifen and trastuzumab, and al. [68]
lung cancers  sequencing GAS6 after lapatinib; 7790M EGFR mutation after gefitinib

0S: Overall survival; PFS: Progression-free survival; TKIs: Tyrosine kinase inhibitors
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promising results, such approaches have substantial drawbacks,
most notably the requirement for prior knowledge of mechan-
isms of resistance and corresponding mutations. Application of
unbiased approaches for detection of emergence of resistant
cancer cell subclones using NGS technologies directly on the
plasma samples could overcome these limitations. A proof-of-
principle study by Murtaza ez a/. [68] monitored cancer clonal
evolution and the acquisition of secondary resistance muta-
tions to various anticancer treatments in serial plasma samples
from six patients with advanced breast, ovarian or lung cancer
using unbiased whole-exome sequencing. Follow-up intervals
were 1-2 years, and the exome sequencing was performed on
two to five plasma samples in each patient. The results revealed
emergence of distinct secondary mutations, such as an activat-
ing mutation in PIK3CA after paclitaxel, a truncating muta-
tion in RBI (retinoblastoma gene) after cisplatin, a truncating
mutation in MED] (mediator complex subunit 1) after tamox-
ifen and trastuzumab and a splicing mutation in GAS6 (growth
arrest-specific 6) after subsequent treatment with lapatinib in
the same patient and a 7790M EGFR mutation after treatment
with gefitinib. The results of this study established that exome-
wide analysis of cfDNA could complement standard biopsy to
detect mutations associated with acquired resistance to thera-
peutic agents in advanced cancers. However, it should be
noted that the detected mutant allele fractions for the aberra-
tions were rather high (3-45%), which can limit the applic-
ability of such an approach to a limited subset of patients.

Overall, liquid biopsy-guided detection of clonal evolution
and acquired mechanisms of resistance can be an attractive tool
in cancer therapy. However, its utility needs to be tested in
future prospective clinical trials that use liquid biopsies as a tool
for therapeutic decision making (Table 5).

Expert commentary

Liquid biopsy utilizing cfDNA is an attractive tool in oncology for
identification of molecular targets, determination of prognosis,
assessment of response to anticancer therapy and real-time mon-
itoring of cancer molecular profile. However, the clinical utility of
molecular profiling in ¢fDNA remains to be proven in prospective
studies. Retrospective observations demonstrated that changes in
the amount of mutant cfDNA can indicate response to anticancer
therapy and that emergence of certain molecular abnormalities can
predict emergent therapeutic resistance; however, it will remain
unclear whether this offers any clinical advantage or alters ther-
apeutic decisions until it is tested in prospective controlled clinical
trials. Even though most cfDNA technologies have demonstrated
high concordance with molecular testing of tumor tissue, there is
still uncertainty whether molecular profile from cfDNA can
replace tissue testing, at least in situations when the tssue is in
short supply. Furthermore, cfDNA consists of both nonmalignant
and tumor DNA, unlike tumor tissue, increasing the need for high
sensitivity and limiting the use of technologies such as whole-
genome or whole-exome NGS. Also, ¢fDNA occurs in short
fragments, which can further complicate molecular analysis.

Table 5. Overview of active clinical trials with ¢fDNA as their primary or secondary objective.

Cancer type

Assessment

of prognosis  response to therapy

Breast cancer NCT00899548, NCT01617915, NCT00899548,
NCT02306096  NCT02109913, NCTO1160211,

NCT02318901

Lung cancer NCT02245100  NCT02169349, NCT01930474,
NCT02186236, NCT01884285,
NCT02281214

Colorectal NCT01198743  NCT01983098, NCT01212510,

cancer NCT01943786

Melanoma NCT02251314, NCT02171286,
NCT02071940

Pancreatic NCT02072616, NCT02331251

cancer NCT02331251

Hepatocellular NCT02036216  NCT02036216

carcinoma

Gastrointestinal NCT01462994

stromal tumor

Lymphoma NCT02339805

Prostate cancer NCT01884285

Thyroid cancer NCT01723202

Prediction and monitoring of

Clinical trials with cfDNA as primary or secondary objective [ClinicalTrials.gov Identifier]

Detection of Detection of resistance to

disease recurrence  therapy

NCT01617915, NCT01884285

NCT02318901

NCT02169349 NCT02169349, NCT01930474,
NCT01884285, NCT02281214,
NCT00997334

NCT01983098,

NCT01943786,

NCT01198743
NCT02251314, NCT02133222,
NCT02071940

NCT02331251

NCT02036216

NCT02331914 NCT02331914

NCT02339805
NCTO01884285
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Five-year view

In the next 5 years, cfDNA-based liquid biopsies will be
implemented in clinical studies and drug development. Such
studies will provide real-time evaluation of pertinent biomar-
kers as well as the technology itself. Liquid biopsy approaches
have been selected for testing as exploratory endpoints in
national molecular matching initiatives such as the multi-
arm NCI MATCH clinical trial. Furthermore, randomized
studies exploring whether liquid biopsy approaches can be
used for biomarker detection and subsequent treatment allo-
cation in lieu of tumor tissue are being designed. Liquid
biopsies will likely become an integral part of diagnostics in
oncology; however, they are not expected to entirely replace
tumor biopsies since they cannot address many important
factors such as changes in and interactions with the tumor
microenvironment. Furthermore, novel liquid sources of
DNA will be tested and validated, including CTC and exo-
somes.[116-120]
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Key issues

analysis and limit the use of personalized therapy.

Identification of oncogenic aberrations provided key insight into cancer biology and led to discovery of new targeted therapies.
Tumor-specific aberrations are usually tested in archival tumor tissue, and limitations or absence of such tissues can preclude molecular

Small fragments of cancer cell-free DNA are released into the circulation and can be detected in blood, urine or other biologic materials.
Testing for oncogenic mutations in cell-free DNA (cfDNA), which is not all from the tumor, requires highly sensitive methods capable of
detecting one mutant allele in 1000-10,000 wild-type background alleles.

PCR-based technologies are highly sensitive but do not allow testing for a broad spectrum of aberrations in cfDNA. Next-generation
sequencing can detect multiple aberrations, but with somewhat lower sensitivity than PCR.

Detection of oncogenic aberrations in cfDNA demonstrated high though not absolute concordance with tumor tissue and can be used

plausibly for treatment selection.

imaging.

Quantity of mutant cfDNA seems to be of prognostic value in predicting survival.
Dynamic tracking of molecular aberrations in cfDNA has potential to be used for monitoring of treatment response in lieu of standard

investigated as a plausible tool for treatment guidance.
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Abstract

Neurology is one of the typical disciplines where personalized medicine has been recently becoming an important
part of clinical practice. In this article, the brief overview and a number of examples of the use of biomarkers and
personalized medicine in neurology are described. The various issues in neurology are described in relation to the
personalized medicine and diagnostic, prognostic as well as predictive blood and cerebrospinal fluid biomarkers.
Such neurological domains discussed in this work are neuro-oncology and primary brain tumors glioblastoma and
oligodendroglioma, cerebrovascular diseases focusing on stroke, neurodegenerative disorders especially Alzheimer's

EPMA Journal

) o

and Parkinson’s diseases and demyelinating diseases such as multiple sclerosis. Actual state of the art and future
perspectives in diagnostics and personalized treatment in diverse domains of neurology are given.

Keywords: Biomarker, Personalized medicine, Neuro-oncology, Stroke, Alzheimer's disease, Parkinson’s disease,
Multiple sclerosis, Predictive preventive personalized medicine

Background

The term “personalized medicine” (PM) was first
explained in detail in Kewal K. Jain’s Textbook of
Personalized Medicine, published in 1998. The first ref-
erence made to PM in the MEDLINE database dates
back to 2000. It describes the predicted effect of albute-
rol in asthma sufferers based on their DNA makeup.
This was the first example of personalized treatment
based on human genome sequencing [1]. Personalized
medicine is closely related to pharmacogenetics and
pharmacogenomics, and the field primarily grew in the
period after the complete human genome was mapped
in 2000 [2].

It is difficult to offer a precise definition of person-
alized medicine. Sometimes other terms are used,
such as therapy according to diagnosis, genomic
medicine, genotype-based therapy, individualized or
individual medicine, omics-based medicine, predictive
medicine, rational drug selection, and tailored therapy.

In this review, we provide the overview and a number
of examples where personalized medicine, or an
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individualized approach to therapy, has been recently
applied in neurology domain. Our article conforms with
the recommendations of the “EPMA White Paper” [3].

Biomarkers and personalized medicine in
neuro-oncology

In recent times, there has been a significant expansion
of knowledge in the field of neuro-oncology regarding
the onset and development of neoplastic disease at the
genomic and epigenomic levels. New prognostic and
predictive biomarkers for the disease are appearing and
the basic view of the histological typing of central
nervous system (CNS) tumors is changing. In the near
future, it will likely be necessary to integrate personal-
ized medicine into standard clinical care for patients
suffering from neurological cancer. The current World
Health Organization (WHO) typing from 2007 recog-
nizes more than 130 different histopathological units of
primary CNS tumors [4]. This represents a very exten-
sive and markedly heterogeneous group of diseases, with
individual types of tumors exhibiting various biological
behaviors. Moreover, even in the given histopathological
units, further segmentation is starting to establish itself
that is based on molecular genetics profiles resulting
from international groups’ current whole exome and
whole genome sequencing studies, which focus on the

= ® 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
Bnmed CentraI International License (httpy//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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genomics and epigenomics of neoplastic diseases. An
ambitious project that may serve as an example is a
tumor atlas of selected cancer diagnoses, The Cancer
Genome Atlas (TCGA), sponsored by the National
Institutes of Health (NIH) in the United States. In a
sample of 500 previously untreated patients, the NIH
was the first in the world to clarify changes in the
most frequent and most malignant primary brain
tumor, glioblastoma multiforme (GBM), at the DNA,
mRNA and short non-coding microRNA’s levels [5].
This led to the new division of what till then had
been a homogenous group, GBM, into four subtypes
according to dissimilar gene expression profiles with
differing responses to conventional chemotherapy. In
the future, this may contribute to the further
personalization of tumor therapy for this type of disease.
Despite the marked diversity of primary CNS tumors,
the absolute majority are tumors of neuroepithelial
tissue, specifically the astrocytoma group. It is further
divided according to growing malignancy potential into
four groups of gliomas, with GBM having the highest
representation. Despite the limited options for choosing
standard glioma therapy for now, new prognostic and
predictive biomarkers have recently appeared that will
soon allow for therapy to be “tailored” to each patient
with the aim of achieving longer survival and better
quality of life [6, 7].

The forecast of a more favorable prognosis as well
as the prediction of a better response to the therapy
administered are both important elements in the basic
principles of personalized medicine. In this regard,
several predictive CNS tumor biomarkers are import-
ant and it is expected that they will be included in
clinical practice. The predictive biomarker in GBM
patients probably closest to practice is the status of
O6-methylguanine-DNA methyltransferase (MGMT)
promoter methylation [8-10]. The MGMT enzyme is
able to effectively repair the DNA damage caused by
temozolomide, a standard chemotherapy administered
to patients. MGMT-promoter methylation reduces the
production of the active enzyme and the patient’s re-
sponse to temozolomide therapy is higher, as has also
been reflected in the longer overall survival periods of
GMB patients at 21.7 vs. 15.3 months [11]. The status
of MGMT-promoter methylation may also serve as a
predictive biomarker in relation to radiotherapy [12].

The isocitrate dehydrogenases (IDH) mutation is an
important glioma biomarker near clinical application
that is able to contribute to determining the patient’s
prognosis. IDH is an important Krebs cycle enzyme
and has three different isoforms—IDH1 (found in the
cytoplasm and peroxisomes) and IDH2 and 3 (in the
mitochondria) [13]. Recurrent mutations in IDH were
first systematically described in patients with GBM,
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though only in about 5 % of the patients [14]. In contrast,
gene mutations for IDH1 and IDH2 were found with high
frequency in diffuse astrocytomas (70-80 %) and anaplas-
tic astrocytomas (up to 50 %) [15]. Mutations in IDH1
show conservative substitution of R132H in 90 %; R132C,
R132G, R132S and R132L are also known. Mutations in
IDH2 are far more rare and primarily involve R172 substi-
tution [16]. In terms of personalized medicine in neuro-
logical cancer patients, the marked impact of these
mutations on the disease prognosis is especially import-
ant, regardless of the therapy used. It has been found that
GBM patients with IDH1/2 mutations have a significantly
longer median of overall survival than patients without
these mutations. Several different papers have shown 3.8
vs. 1.1 years, 2.6 vs. 1.3 years, 2.3 vs. 1.2 years, and 3 vs.
1 year of overall survival [14, 15, 17-20]. Even more
significant differences in overall survival were found
in patients with anaplastic astrocytomas: 5.4 vs. 1.7 years,
6.8 vs. 1.6 years and 7 vs. 2 years [15, 17, 18]. Similarly,
diffuse astrocytoma has a far better prognosis if there is
a mutation in IDH1/2: 12.6 vs. 5.5 years [17]. Recent
meta-analysis of 55 observational studies has shown
that patients with gliomas positive for IDH1/2 muta-
tions have improved both overall survival and
progression-free survival, especially patients with WHO
grade III and grade II-III tumors [21]. Moreover, the
combination of two biomarkers (IDH1 mutation and
MGMT methylation status) outperforms either IDH1
mutations or MGMT methylation alone in predicting
survival of glioblastoma patients [22].
Oligodendrogliomas are also important representatives
of neuroepithelial tumors of the CNS. WHO grade IIL
anaplastic oligodendrogliomas (AO) are among those
with a higher malignancy potential [4, 23]. The median
overall survival of AO patients is reported as between 2
and 6 years with standard treatment. Conventional
radiotherapy may be augmented with a combination
regimen of PCV (procarbazine, lomustine and vincris-
tine) chemotherapy, though the effect of combined
radiotherapy and chemotherapy on the overall survival
of newly diagnosed AO patients has not been sufficiently
proven for a non-selected population [24]. A certain
breakthrough in regards to adjuvant chemotherapy in
the treatment of AO occurs only with the application of
the principles of personalized medicine and predictive
biomarkers. Molecular changes in a certain group of
AQs, the co-deletion of the short arm of chromosome 1
(1p), and the long arm of chromosome 19 (19q) in neo-
plastic tissue, have been known for a relatively long time
[25, 26]. Following several dramatic responses to AO
therapy with a combination PVC regimen and radiother-
apy in the 1990s, two international phase III clinical
trials of combination chemo-radiotherapy for AO
patients were launched: Radiation Therapy Oncology
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Group (RTOG) trial 9402 and European Organization
for Research and Treatment of Cancer (EORTC) trial
26951. In these trials, the co-deletion of 1p/19q was
monitored as a potential predictive biomarker of re-
sponse to treatment. An ongoing analysis of the re-
sults of both studies in 2006 did not find a
statistically significant relationship between the overall
survival of patients who received radiotherapy alone
or radiotherapy in combination with PCV and the
presence of 1p/19q co-deletion [27, 28]. However,
data from the long-term monitoring of both inde-
pendent studies now clearly show a significant in-
crease in the overall survival of patients with proven
1p/19q co-deletion in the neoplastic genome that
were treated with combined radiotherapy and PCV
chemotherapy. With a median patient monitoring
period of 11.3 and 11.7 years in RTOG 9402 and
EORTC 26951, respectively, the increase in the overall
survival of AO patients was found to be 14.7 vs. 7.3 years
(HR = 0.47, P <0001) and NR (median overall survival not
reached) vs. 9.3 years (HR = 0.56, P =0.0594) for patients
with 1p/19q co-deletion who received combined therapy
[28, 29]. This clinical trial clearly demonstrates the pre-
dictive significance of the 1p/19q co-deletion biomarker in
newly diagnosed AO patients and its effect on long-term
survival for decades from the start of combined therapy.

These clinically very significant findings are successful
examples of the integration of the principles of personal-
ized medicine into modern neuro-oncology and will cer-
tainly soon become an important addition to standards
in decision algorithms regarding care for these patients
[10, 30-32] (Table 1).

Biomarkers and personalized medicine in
cerebrovascular diseases

Care for patients suffering from cerebrovascular diseases
is highly sophisticated, based on high-quality diagnostics
that allow physicians to determine the cause and extent
of stroke and select the optimal treatment. In addition
to clinical examinations and basic laboratory parameters,
imaging methods (CT, CT perfusion, CT angiography, or
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MRI) are needed. In cases of acute cerebrovascular acci-
dents, the rapid administration of the target treatment is
essential to success. What else can biomarkers and con-
cept of personalized medicine offer to this field?

The determination of blood biomarkers is an area that
offers promise but as yet little applicability [33—35]. The
ideal blood biomarker should be highly specific and sen-
sitive, able to differentiate stroke mimics, determine the
type and extent of stroke and have a predictive value for
serious stroke complications, such as the risk of malig-
nant edema or risk of hemorrhagic transformation of is-
chemic stroke.

However, such a single biomarker does not exist. In
spite of this, the field is being carefully studied and cer-
tain partial successes have been described. Ischemic and
hemorrhagic stroke lead to rapid changes in the signal-
ing pathways and metabolic processes. Brain damage, is-
chemic cascade, activation of the immune system and
blood-brain barrier dysfunction lead to an expression of
biomarkers and the possible detection of these markers
in peripheral blood.

The ischemic cascade includes the activation of glia,
oxidative stress, the release of inflammatory mediators
and neuron damage [36]. Biomarkers with relative
specificity towards these processes could be detected
in blood [37]. Biomarkers for glial activation include
S100 beta, glial fibrillary acidic protein and myelin
basic protein. S100 beta is also marker of astrocyte
activation and brain tissue injury with low specificity
for ischemic stroke. Glial fibrillary acidic protein dif-
fered in hemorrhagic stroke compared with ischemic
stroke (p <0.0001) within 4.5 h of symptom onset
[38]. Myelin basic protein is one of the main compo-
nent of CNS myelin and could be found in cerebro-
spinal fluid (CSF) and blood within first hours after
stroke onset. Determination in blood is sufficient. The
release of these biomarkers after stroke is associated
with the volume of brain lesions. PARK-7 and malon-
dialdehyde are biomarkers of oxidative stress. Their
potential clinical application is in early diagnosis of
stroke and in prediction of stroke prognosis. Biomarkers

Table 1 Examples of molecular biomarkers in gliomas and their clinical relevance

Molecular biomarker Assessment method

Biomarker relevance

Diffuse gliomas (grade I} Anaplastic gliomas (grade Il

Glioblastoma (grade 1V)

1p/19q co-deletion FISH, PCR

IDH1/2 mutations RT-PCR, IHC, sequencing

MGMT promoter methylation Methylation-specific PCR  Unclear

G-CIMP Methylation-specific PCR

Positively prognostic

Positively prognostic

Positively prognostic

Positively prognostic for RT or CHT Very rare, unclear
Predictive for PCV and RT

Positively prognostic Positively prognostic, rare

Distinguishing secondary GBM
Positively prognostic Predictive for temozolomide

Positively prognostic Positively prognostic

Abbreviations: IDH1/2 Isocitrate dehydrogenase 1 and 2, MGMT 06 methylguanine, DNA methyitransferase, G-CIMP Hypermethylator phenotype of cytosine-

phosphate-guanine islands in gliomas genome, GBM Gli a RT

CHT Chemotherapy, FISH Fluorescent in situ hybridization, RT-PCR

Real time polymerase chain reaction, IHC Immunohistochemistry
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of inflammation include C-reactive protein, matrix metal-
loproteinase (MMP) 9, interleukin 6 (IL-6) and tumor ne-
crosis factor alpha (TNF-alpha). Namely MMP 9 have
been widely investigated for its role in disruption of the
blood-brain barrier and extracellular matrix following
stroke [37, 39].

The main biomarkers of neuronal damage are neuron
specific enolase and N-methyl-D-aspartate receptor
(NMDA-R). D-dimmer, fibrinogen, fibronectin, von
Willebrand factor and thrombomodulin are biomarkers
of endothelial dysfunction. Additional biomarkers are
lipoprotein-associated phospholipase A2 and brain natri-
uretic peptide (BNP). Blood biomarkers can help in dis-
tinguishing the etiology of stroke (BNP in cardioembolic
stroke), in predicting early neurological deterioration
and clinical outcome (S100 beta, MMP, IL-6, TNEF-
alpha), and in predicting hemorrhagic transformation
(cellular fibronectin, MMP 9) [37, 40, 41]. However,
most of these biomarkers do not have a sufficient level
of sensitivity, specificity or both. Moreover the hetero-
geneity of different cell populations in the brain and
their ischemia tolerance and distributions within the
central nervous system, the complexity of the ischemic
cascade, and presence of the blood-brain barrier cause
that no single biomarker has ever been demonstrated to
be clinically useful. For this reason, batteries of bio-
markers are described that offer greater predictive value
when applied. For example, a panel of biomarkers for
the ischemic cascade can distinguish patients with acute
stroke from age and gender-matched control subjects
with a sensitivity and specificity of 90 % [42].

Another prospect is the use of biomarkers that signify
changes in the gene expressions that occur in minutes
and hours after the onset of stroke. These include cap-
turing changes in certain mRNA in the peripheral blood
and circulating leukocytes [43] or determining several
circulating microRNA [44, 45].

The clinical application of blood and gene biomarkers
in the acute phase of stroke has thus far run up against
technical limitations, speed of detection and especially
high cost. However, they may offer valuable additional
information about the type and prognosis of stroke.

Biomarkers can also be used in the field of stroke pre-
vention. Clopidogrel is transformed into an active me-
tabolite with a significant anti-platelet effect by
cytochrome P-450. Carriers of at least one of the trans-
formed allele of the enzyme CYP2C19 (about 30 % of
the population) have an increased risk of vascular acci-
dents. In the TRITON TIMI-38 study, they had a 53 %
greater risk of stroke, heart attack, and cardiovascular
death when treated with clopidogrel [46]. Dicumarol is
used for a 30 % reduction in the relative risk of cardio-
embolic stroke. Its individually transformed effect is tied
to polymorphisms in the genes VKORC1 and CYP2C9
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[47, 48]. Statins are used for the relative reduction of
around 20 % in the onset of stroke. Statin-induced
myopathy is a risk associated with their use. This ef-
fect is tied to rs4149056 polymorphism in the
SLCOI1BI1 gene located on chromosome 12. Persons
with one variant allele have a 4.5 times greater risk of
statin-induced myopathy. Homozygotes with both
variant allele (2.1 % of the investigated population)
have as much as a 17-times greater risk of statin-
induced myopathy [49].

Biomarkers and personalized medicine in
neurodegenerative diseases

Biomarker research in neurodegenerative disease is a
rapidly advancing area in personalized medicine. The
good biomarker should have specificity more than
80 % and the same level of sensitivity (more than
80 %). The role of these markers is not only diagnos-
tic; they have also prognostic potential or role in de-
velopment of new treatment [50, 51]. A large number
of molecules have been evaluated and associated with
different neurodegenerative disorders, but only several
of them are validated and well-established. Current
status of the development of new biochemical bio-
markers for Alzheimer’s disease and Parkinson’s dis-
ease, two most common neurodegenerative disorders,
is discussed.

Alzheimer’s disease
Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder with prevalence from 2 % in
seventh decade to 25 % in ninth decade of life [52].
Diagnosis is difficult especially at early stages before
all of sings meeting criteria of AD are presented. So,
there is a great field for exploration of novel specific
and sensitive biochemical markers which do not con-
stitute discomfort for the patient and which are cost-
effective. Useful candidates have been found in blood
and in CSF [53]. Potential and already used bio-
markers of AD can be divided according to assumed
mechanisms of pathogenesis into markers related to
the amyloidogenic pathway and cholesterol metabolism,
markers of oxidation, markers of immunologic mechanism
and inflammation, markers associated with microvascular
changes and proteome-based plasma biomarkers [54].
Major CSF biomarkers that are used in clinical
practice are tau proteins (T-tau, P-tau) and amyloid p
(especially AB40, AP42). Amount of T-tau correlates
with the intensity of neuroaxonal degeneration, level
of P-tau reflects tangle pathology and AB correlates
with plaque pathology [55-57]. The specificity and
sensitivity of these biomarkers is between 80 and
90 % [58]. However, the lumbar puncture is relatively
invasive practice, especially repeated and in elderly
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patients. More comfortable tests are searched espe-
cially in blood and plasma.

Several studies deal with antibodies against amyloid
as a biomarker of AD. Du at al. describe significantly
lower titres of AR antibodies in patients with AD [59],
but not in another study [60]. It was hypothesized that
more relevant target provides detection of low molecular
weight oligomeric cross linked AP protein species
(CAPS) and anti-CAPS antibodies [61]. Anti-CAPS are
significantly reduced in AD patients. These results sug-
gest possibility of using anti-CAPS as a plasma bio-
marker of AD and promising possibility of therapeutic
use in the future.

Further very interesting results provides a research of
amyloid precursor protein (APP). This protein is present
in central nervous system, but it is also expressed in per-
ipheral tissues such as in circulating cells. The isoforms
of APP can be detected in platelets membrane. The in-
tact 150 kDa weight APP is divided into two forms after
platelet activation [62]. The ratio of forms with molecu-
lar weight 120-130 kDa and of 110 kDa weight are
called “platelet APP isoform ratio,” and it is decreased in
AD and mild cognitive impairment (MCI) not in other
dementias [63, 64].

Markers related to cholesterol metabolism are total
cholesterol plasma level, CSF and plasma level of
24S-hydroxycholesterol, plasma level of apolipoprotein
E and apolipoprotein E genotype. There are three
major human apolipoprotein E isoforms—e2, €3, and
€4; they are encoded by different alleles with different
risk for development of the AD [65-67]. These all
provide different and ambiguous results and the inter-
pretation for clinical use remains to be clarified in fu-
ture studies [68]. The promising biomarker would be
24S-hydroxycholesterol that is elevated in AD pa-
tients’ CSF and plasma [69]. New studies demonstrate
a sensitive and a powerful specific biomarker for early
and easy AD diagnosis—desmosterol. Desmosterol
was found to be decreased in AD plasma versus con-
trols and more significant in females [70].

Promising but also inconsistent results provided
studies of oxidation and immunologic biomarkers. AD
and vascular dementia are associated with decrease of
plasma and serum levels of vitamins A, C, E, and
dietary intakes of the three antioxidants can lower the
risk of AD [71]. Sano et al. found that supplementa-
tion of vitamin E delayed progression of AD [72] and
elevated levels of tocopherol and tocotrienol forms
are associated with reduced risk of cognitive impair-
ment in older adults [73]. A significant association
between AD and low levels of vitamin D has been
demonstrated [74]. Plasma level of isoprostane 8,12-
iso-iPF2a-VI as a specific and sensitive marker of
lipid oxidation is increased in AD and correlates with
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level of cognitive and activities of daily living impair-
ment [75]. Other results show that plasma or urine
level of this marker do not accurately reflect situation
in the central nervous system [76]. Controversial data
have been published about ol—Antichymotrypsin
(ACT)—which is one of the components of senile
plaque. High plasma levels of ACT would be associ-
ated with an increased risk of AD [77].

The next candidate biomarker is Alzheimer-associated
neuronal thread protein (AD7c-NTP) which can be de-
tected in CSF, brain-tissue extracts, cortical neurons,
and urine. Its level also positively correlated with degree
of dementia [78].

Neuroimaging techniques can disclose signature ab-
normalities of brain morphology and function many
years before AD symptoms appear. A number of neu-
roimaging candidate markers are promising, such as
hippocampus, amygdala, and entorhinal cortex vol-
umes, basal forebrain nuclei or atrophy of the grey
matter of the medial temporal and dorsolateral frontal
lobes [58, 79, 80]. Sabuncu et al. examined a total of
317 participants with baseline cerebrospinal fluid bio-
marker measurements and 3 T1-weighted magnetic
resonance images obtained within 1 year. Their re-
sults show that AD-specific cortical thinning and hip-
pocampal volume loss are consistent with a sigmoidal
pattern, with an acceleration phase during the early
stages of the disease [81]. Fluorodeoxyglucose positron
emission tomography has shown a specific pattern of re-
gional hypometabolism. Hippocampal glucose metabolism
reduction was found in both mild cognitive impairment
and Alzheimer disease and contributes to their diagnostic
classification [82, 83]. Fleisher et al. used positron
emission tomography (PET) and florbetapir F18 to
image cortical amyloid in patients with mild cognitive
impairment or dementia due to Alzheimer disease.
Their analysis confirmed the ability of florbetapir-PET
to characterize amyloid levels in clinically probable
AD and mild cognitive impairment [84, 85].

Parkinson’s disease

Parkinson’s disease (PD) is another most common neu-
rodegenerative disease in human population with preva-
lence of about 1 % after the sixth decade. It is expected
a doubling of prevalence until 2030 [86]. Cardinal motor
symptoms of the disease (tremor at rest, rigidity, brady-
kinesia, and postural instability) are presented after more
than 50 % of dopaminergic nigral cells are damaged [87].
PD is not just motor disorder and its non-motor symp-
toms often precede the motor ones. These premotor
markers include olfactory and autonomic dysfunction,
sleep disorder, depression, and cognitive disturbances
[88, 89]. Biomarkers of PD are required for detection
persons at risk, for recognition of PD before clinical
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symptoms are presented, prediction of disease progres-
sion, for stratification of success of treatment or for dis-
tinguishing PD from parkinsonism. Unfortunately, no
validated diagnostic biomarker of PD is available.

Similar to AD, perspective biomarkers of PD can be
divided into biomarkers belonging to oxidative stress,
dopamine metabolism, « synuclein, auto antibodies
against a synuclein and inflammatory markers. Novel
approach is also demonstrated by research in the field of
metabolomic profiling.

The most promising results are provided by the re-
search of a synuclein which is one of the main compo-
nent of Lewy bodies and has been detected in serum,
plasma, saliva and CSF [86]. Studies of Mollenhauer
and Devic showed decreased level of « synuclein in
CFS in PD and in parkinsonism [90, 91]. Measurements
of « synuclein and phosphorylated a synuclein concen-
trations can distinguish PD from multiple system atro-
phy (MSA) and progressive supranuclear palsy (PSP)
[92]. MSA is a rare neurodegenerative disorder previ-
ously called Shy-Drager syndrome. It is classified into
two types: parkinsonian and cerebellar phenotypes. It is
characterized by abnormal accumulation of a-synuclein
but in contrast to PD with mainly accumulation in glial
cytoplasmic inclusions [93]. And PSP is a neurodegen-
erative syndrome that is clinically characterized by pro-
gressive postural instability, supranuclear gaze palsy,
parkinsonism, and cognitive decline [94]. El Agnaf re-
ported that oligomeric soluble forms of « synuclein are
significantly elevated in plasma of PD patients [95].
Also auto antibodies against a synuclein are elevated in
90 % of familiar PD cases and 51 % sporadic cases [96].

Several studies show abnormalities of inflammatory
markers. Chen reported that higher level of IL-6 is
associated with greater risk of PD [97] and Scalzo
found that higher levels of soluble TNF receptor-1
are connected with early onset of disease [98]. Inter-
esting role in pathogenesis of PD plays increased oxi-
dative stress. For example, significant reductions of
mitochondrial complex I was found in platelets mem-
brane in PD patients [99] but these results were not
confirmed in another study [100]. Coenzyme Q10
(CoQ10) related to PD is also studied. Platelet CoQ10
redox ratio (reduced CoQl0 to oxidized CoQ10) was
significantly decreased in de novo PD patients. Redox
ratio was not correlated to disease severity [101].
Schwarzschild reported that high level of serum urate
is connected with slower progression of PD and
therefore urate is the first molecular factor linked dir-
ectly to the progression of typical PD [102].

Recent studies in personalized medicine of neurode-
generative diseases are focused on metabolomic bio-
markers. That means identification and quantification of
intracellular metabolites, small changes in mRNA and
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exploration of small molecules in tissues, cells and body
fluid that can be significant for specific disease or
process including PD. A lot of another studies investi-
gate a role of different molecules in PD. Chen discovered
that low level of epidermal growth factor in plasma is
linked with cognitive function and can be used as a
marker of cognitive decline in patients with PD [103].

Over 25 genetic factors have also been shown to
constitute risk factor for PD [104]. For example,
homozygous and heterozygous mutations of the glu-
cocerebrosidase gene are a major risk factor for PD
[105]. The mutations in the gene for a-synuclein in
familial forms of Parkinson’s disease have led to the
belief that this protein has a central role and is asso-
ciated with more rapid disease progression; dementia
or hallucinations [106]. Newly Azuma et al. reported
mutation of the cyclic nucleotide phosphodiesterase
8B gene as one of the causal gene mutation of this
disease [107].

Magnetic resonance imaging (MRI) positron emis-
sion tomography, transcranial sonography or single-
photon emission tomography (SPECT) allow the non-
invasive tracking of molecular targets of relevance to
neurodegeneration [108]. MRI can provide informa-
tion about disease-induced changes in the structure
and nigral abnormalities and about reduction of brain re-
gional N-acetyl-aspartate that is biomarker of neuronal
loss [109, 110]. Fibrillar amyloid load can be quantitfied in
vivo with PET [111]. Next PET biomarkers include e.g., F-
18 fluorodeoxyglucose uptake for mitochondrial bioener-
getics [112, 113], F-18 DOPA uptake which is associated
with an increased risk for later motor complications and
comprises a disease-intrinsic predisposing factor for their
development [114] or a dopamine transporter marker
[(11) C] CFT and [(11) C] (R)-PK11195 to investigate
changes in microglial activity [115]. Siderowf et al. tried to
evaluate the relationship between [99mTc] TRODAT-1
SPECT imaging, odor identification skills, and motor func-
tion in patients with early PD and they found that olfac-
tory function is highly correlated with dopamine
transporter imaging abnormalities [116] and also that it
correlated with anxiety and depression symptoms [117].
Impulse control disorders including compulsive gambling,
buying, eating, and hypersexuality are relatively frequent
especially in younger male PD patients, especially in those
treated with dopamine agonists. It may cause catastrophic
consequences, including financial ruin, divorces, loss of
employment, and others. Pharmacological treatment
should be individualized based on patient’s unique neuro-
psychiatric profile, social support, medical comorbidities,
tolerability, and motor symptoms [118, 119].

Several markers have shown the potential of effective
biomarkers but they need verification in further studies.
It is likely that a single measure and one biomarker are
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not sufficient and that only combination of various bio-
markers as well as the clinical relevant patient character-
istics can provide complex and useful information on
disease.

Biomarkers and personalized medicine in
demyelinating diseases

The current interest in the field of demyelinating disease
focuses on multiple sclerosis (MS), not just for its fre-
quency of occurrence, but also because it is a disease
that disables young working-age population.

Recently, the diagnosis of this disease was very care-
fully worked up and also simplified, especially through
the use of MRI. The MRI of brain and spinal cord is cur-
rently used as the main supporting diagnostic method
[120, 121]. Among other supportive parameters in MS
diagnosing belongs the testing for cerebrospinal fluid-
restricted oligoclonal bands (OCB) by isoelectric focus-
ing, which is used to detect intrathecally produced total
IgG. Another characteristic findings in patients with MS
is the polyspecific intrathecal B cell response against
neurotropic viruses, specifically against measles virus,
rubella virus, and varicella zoster virus, also known as an
MRZ (Measles antibody index, Rubella antibody index,
Zoster antibody index) reaction and abnormalities in
visual, auditory, somatosensory, and motor-evoked po-
tentials [122-126].

In the last few, years the treatment of MS achieved a
huge progress with the arrival of disease-modifying
drugs (interferons and glatiramer acetate, natalizumab or
fingolimod and lately also alemtuzumab, dimethyl fu-
marate, teriflunomid). Moreover new oral and parenteral
drugs are already on the verge of clinical use, which can
bring more hope in the treatment of MS. Currently there
is a number of drugs that differs in their efficiency and
safety profile, due to this fact the problem is how to se-
lect patients according to their susceptibility to treat-
ment with specific drug and how to prevent or minimize
the adverse effects. The timing of the treatment is cru-
cial for the patient’s prognosis. The best is to start when
only clinically isolated syndrome (CIS) is present. But
not only early treatment is important, huge role plays
also the choice of the most suitable drug according to
the clinical and MRI findings, the presence of underlying
diseases and other related aspects. The aim is to stabilize
the process of this disease and minimize the adverse ef-
fects. That is the goal of personalized medicine in pa-
tients with MS.

Personalized medicine in the field of MS is based on
couple of aspects of the disease. These are demyelination
and progression of inflammation, neurodegeneration
(axonal loss), progression of disability, and therapeutical
response. It is very important to keep all these aspects in
mind when choosing the best therapy.
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The key question seems to be how to determine the
risk of conversion from clinically isolated syndrome
to clinically definitive diagnosis of MS. The answer to
this question brings the multicentre studies published
in 2015. The results showed the higher risk of con-
version in patients with the presence of OCB in CSF,
higher number of lesions on MRI and younger age
patients. Low level of vitamin D has also showed a
small predictive value to conversion to clinically def-
inite multiple sclerosis (CDMS), but this parameter is
still the subject of investigation. On the other hand
other observed parameters such as sex, smoking, CSF
cytology, type of clinical presentation of CIS, the
presence of IgG antibodies against EB virus or IgG
antibodies against CMV, did not show any predictive
value for conversion from CIS to CDMS. Multivari-
able regressive analysis has shown that accumulation
of single risk parameters leads to increasing risk of
conversion from CIS to CDMS and malignant course
of diseases [127]. Another recent study dealt with
similar topic, specifically focusing on predictive fac-
tors for conversion from CIS to CDMS. The results
came out of long term data collection already since
1995. Clinical status of the patients was thoroughly
examined in the interval from 3 to 6 months and
brain MRI was done after 12 months and then every
5 years. Based on this analysis the risk variables were
established for developing CDMS and expanded dis-
ability status scale (EDSS) 3.0—the count of lesions
on brain MRI, the presence of oligoclonal bands in
CSE, type of clinical presentation of CIS, sex, and age.
Thanks to all these variables it was possible to ana-
lyse the risk of developing CDMS or risk of reaching
EDSS 3.0 for every patient with CIS. It is a very dy-
namic model, which is able to valorize the risk again
after 12 months based on the presence of relapses,
new T2 lesions on MRI and type of treatment in the
last 12 months. Regarding all the results it is possible
to re-analyze the risk of progression of the disease
and therefore change the treatment if necessary [128].

Another biomarker that has been recently followed in
patients with MS is vitamin D. Its role in bone metabol-
ism and calcium homeostasis is already well-known,
but recently it has been proved also its immunomodu-
latory, anti-inflammatory and neuroprotective effect.
Therefore, many studies now focus on the influence of
vitamin D to the development and course of auto-
immune diseases such as MS. Many epidemiologic, pre-
clinical and clinic data showed that low level of vitamin
D had proven to be one of the risk factors in developing
MS and is often linked with higher activity and progres-
sion of the disease [129-131]. In 2014, Kimbourgh et
al. published the results of a study examining the risk
factors of transversal myelitis reoccurring. Low level of
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vitamin D during the first attack of transversal myelitis
was proven among the highest risk factors of develop-
ing another attack [132].

In 2013 a team Sormani published a new modified Rio
score, which helps to identify patients with positive re-
sponse to treatment with interferon beta. Those patients
are called responders. This score analyses the presence
of new T2-weighted lesions on MRI, the number of re-
lapses after a 1 year of treatment with interferon beta.
Based on those results patients are divided into three
groups; first group involves patients with the lowest risk
of progression of the disease and therefore patients with
the best response to treatment—no relapse and max. five
new T2-weighted lesions on MRI after 12 months of
treatment. Patients with moderate risk of progression
so-called partial responders belong to the second group.
Those patients had only one relapse and max. five new
lesion on MRI in the past year or they had no relapse at
all but more than five new T2-weighted lesions on MRL
The last group contains patients with the highest risk of
progression, so called non-responders to interferon beta,
they showed more than two relapses in 1 year and max.
five new lesions on MRI or 1 or 2 relapses and more
than five new T2-weighted lesions on MRI. This scoring
system comes from the original Rio et al. score pub-
lished in 2009 with the addition of new parameter the
progression of disability evaluated with EDSS [133, 134].
Stangel et al. suggested another scheme which includes
more parameters that should be followed in patients
with MS, regarding the aim of “no evidence of disease
activity”. New parameters such as depression, anxiety, fa-
tigue, quality of life and cognitive function were added
to the already existing parameters (relapses, disability
progression, and new lesions on MRI). It was proven as
a very broad and sensitive tool, which helps to follow the
disease progression even at the very beginning. These
tools are nowadays very important not only for examin-
ing the stability of the disease but also for deciding
about treatment escalation (135, 136].

The measuring of retinal nerve fibre layer thickness
(RNFL) in the peripapilar area using the optical coher-
ence tomography (OCT) is another very useful method
with great potential. It is used for tracking the disability
progression in patients with MS [137]. This method is
non-invasive and can be relatively quickly and easily per-
formed. Studies comparing the findings in the peripapi-
lar area RNFL in patients with MS, neuromyelitis optica
(NMO) and NMO spectrum disorders (NMOSD)
showed a more severe infliction in patients with NMO
and NMOSD. In patients with MS subclinical decrease
of RNFL using the OCT can be found but this method
still cannot be used as an independent method to differ-
entiate MS and NMOSD in clinical praxis [138, 139].
One possible cause of not responding to treatment with
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interferon beta is the production of neutralizing anti-
bodies (NAbs). These antibodies are bonded directly to
the epitope of interferon beta and that disables its bind-
ing to the receptor. Up to 42 % of patients has shown
the occurrence of these antibodies which usually form
after 6 months of therapy. Their appearance after 2 years
of therapy is very rare. NAbs are non-direct biomarkers
and their presence only rises the possibility of decreased
efficiency of interferon beta [140-142].

Commonly used direct biomarker in clinical practice is
the production of MxA mRNA in patients treated with
interferon. It is a protein produced by mononuclears
due to stimulation of interferon protein. The evidence of
MXxA is based on determination of mRNA using PCR
(polymerase chain reaction) method. Its transcription
correlates with the efficiency of the drug [143-145].

Biomarkers that would currently seem as possible
predictors of disease progression and that could warn
against high risk of malignant course of disease are
cerebral atrophy, atrophy of brain gray matter, diffu-
sion tensor imaging (DTI) abnormalities, corpus callo-
sum DTI abnormalities, upper cervical cord atrophy
(UCCA), and early MR spectroscopy abnormalities.
Based on the presence of these parameters the treat-
ment of MS should be led the most effectively from
the disease diagnosis [146-149].

Very crucial complication in using one of the most
efficient drug natalizumab for treating the patients
with MS is the occurrence of progressive multifocal
leukoencephalopathy (PML). This important side-
effect has appeared already during the treatment with
other immunomodulatory drugs such as fingolimod
and dimethyl fumarate, but now it is the center of at-
tention in treatment with natalizumab. There are
three main parameters to optimize the risk of PM
occurrence—the duration of treatment, former immu-
nomodulatory treatment, and seropositive tests to
PML. There was an effort to find some other parame-
ters, which could be used to select patients with low
risk of PML during the treatment with natalizumab
and also some parameters which could draw the at-
tention to new or increasing risk during the treat-
ment. One of the new parameters found is the
antibody JCV (John Cunningham virus) index. The
risk of PML increases with the increasing level of JCV
antibodies. Also, antibodies seroconversion showed higher
risk of PML occurrence. Another parameter is low count
of T-lymphocytes expressing L-selectin (CD62L) which
also leads to higher risk of PML appearance [150-153].

In last few years, the diagnosis of neuromyelitis optica
drew big attention. The interest increased especially in
2004, when a highly specific serum antibody IgG was
found. This antibody is aimed against aqua channel
aquaporin 4 (AQP4) occurring especially in astrocytes.
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This key finding together with former findings of
humoral pathogenic mechanisms led to distinguishing
this diagnosis from MS even though the clinical pic-
ture and paraclinical findings often overlap. Sensitivity
of this method is about 80 % combined with specifi-
city reaching over 99 %. Couple recent studies have
also proven the presence of antibodies against myelin
oligodendrocyte glycoprotein (MOG-Ab) in patients
with NMOSD. However, clinical meaning of these
antibodies in the field of CNS demyelinating diseases
remains uncertain. The highest profit is hoped to be
in seronegative patients with NMOSD [154-157].

Conclusions

The role of biomarkers and personalized medicine in
neurology is becoming extensively important. The ac-
tual state of knowledge in several domains of neurology
(neuro-oncology, cerebrovascular, neurodegenerative,
and demyelinating diseases) was discussed in this art-
icle. A huge amount of perspective biomarkers could be
routinely used in the neurological practice in many dis-
tinct settings. Especially in more precise diagnostics,
better determination of patient prognosis or in predic-
tion of treatment response. Future perspectives in
neuro-oncology will bring the concurrent assessment of
IDH1/2 mutations and MGMT promoter methylation
status for glioblastoma and 1p/19q co-deletion for
oligodendroglioma. In cerebrovascular diseases, the
panels of blood biomarkers would be widely accessible
and will serve especially for the outcome prediction.
The anti-CAPS antibodies and p amyloid as well as
amyloid precursor protein markers are promising in
Alzheimer’s disease and a-synuclein in Parkinson’s dis-
ease. In demyelinating diseases, the goal for the future
is to implement biomarkers that could help to distin-
guish patients with high risk of serious course from pa-
tients with potentially benign course of disease.
Nevertheless, further validation of these biomarkers is
necessary before their incorporation into standard clin-
ical decision-making algorithms. Personalized medicine
will certainly play the crucial role in the more effective,
cheaper, and better tailored treatment of various neuro-
logical diseases in the near future.
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Review

A road toward better education in
personalized medicine at universities
and beyond

Personalized medicine is likely to become a future direction of medicine. There
is increased knowledge about gene functions in human health and disease and
a rapid advance of biotechnologies. Personal genetic testing is available outside
the medical room, as direct-to-consumer testing. There is concern about genetic
literacy of general public and healthcare professionals which are to handle genetic
results and their clinical interpretation. Education and training in personalized
medicine and genetic/genomics/pharmacogenomics issues at different levels (high
school, university, continuing medical education) is needed. Examples of innovated
educational tools and curricula over the world are presented. The educational
initiatives in the field of personalized medicine in the Czech Republic are followed

from the very beginning.

Keywords: education ® genetics ® genomics ® personal genome testing ® personalized

medicine ® pharmacogenomics

Personalized medicine is likely to be a
future direction of healthcare. Rapidly
increasing knowledge about human genes
and their role in our health and diseases (an
important milestone was the completion
of the Human Genome Project in the year
2003) along with fast development of novel
molecular tools and biotechnology methods
such as oligonucleotide-based microarrays
or next-generation sequencing supports this
vision. The knowledge of our individual
DNA, together with environmental factors,
is supposed to enable more accurate predic-
tions of whether an individual is developing
an illness or will develop it in the future, or
it now, will respond positively to treatment,
or will suffer a serious adverse reaction to
a drug |1]. In the light of these facts, clini-
cians and other healthcare providers should
focus on the prevention, prediction of treat-
ment effects, targeted care and screenings in
order to earlier detect a disease, even before
its manifestation. However, such shift from
classical reactive medicine (treating symp-
toms) to the active approach to human

health often fails to be promoted in the
education of future healthcare specialists.
Recently, many
focused on issues such as genetics, genom-
ics, pharmacogenomics, discovery of new
prediction and prognosis biomarkers, etc.,
are going on, and to date a number of suc-

research  activities

cess stories of implementation of personal-
ized medicine, especially in oncology, have
been reported (f.i., the use of the Her2/neu
gene as a predictor of breast cancer patients’
responses to a drug called Herceptin) [2-4].
One important development is the rise of
personal genome testing on the basis of
genetic profiling: the testing of multiple
genetic variants simultaneously for the pre-
diction of common multifactorial diseases.
The personal genome testing is available
not only at the clinician’s prescription but
has also become commercially available
as direct-to-consumer testing and a num-
ber of companies (23 and Me, deCODE,
Athleticode,...) offer the genome sequenc-
ing to the customers. The cost of sequencing
a single human genome has dropped over
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the last decade from $100 million in 2001 to less
than $10,000 in 2014 [s] and therefore genetic tests
are getting more affordable. Such tests, however,
often lack clinical validity and have problematic
clinical urility and raise many questions concerning
interpretation and proper counseling [6.7]. Consum-
ers then consult the results with their physicians
which, as studies suggest (8], are ill-equipped for the
role of preliminary genetic consultancy. There is
growing concern about the genetic literacy of clini-
cians and how they will communicate information
about personalized genomics to their patients [9,10].

In order to prepare society and especially health-
care professionals for the era of personalized medi-
cine and genome testing, an educational require-
ment for different groups (high school students,
medical students, healthcare professionals) has been
expressed [9-11]. The aim of this paper is to point out
the need of the education with the focus on students
and healthcare professionals.

Genetics & genomics for students & in
continuing medical education

Education in genetics is important already at the
high school level since each individual should be able
to make informed decisions about his or her own
DNA on the basis of the knowledge about human
genes, genotype and phenotype and their role in
inheritance 12-14]. Studies demonstrated that general
public and high school students often misunderstand
basic genetic concepts [121315.16]. These findings
are troubling as it has been reported that such mis-
conceptions influence how patients make decisions
about genetic testing and treatment [17].

Since 2006, the American Society of Human
Genetics annually organizes the National DNA
Day Essay Contest intended to challenge students to
examine, question and reflect on important concepts
in genetics [15]. An analysis of a sample of 500 sub-
mitted essays, performed over years 2006 and 2007,
found that several significant misconceptions about
basic genetic concepts (such as ‘one gene is always
responsible for one trait or one gene with one muta-
tion always causes one disease’ or confusing ‘genetic’
with ‘hereditary’) could be identified in more than
half of sampled essays.

Several authors estimate that genetics curricula at
high schools and universities are often out-of-date
and do not prepare their students for the era of genetic
testing [14,18,19] and call for the revision of curricula.
A way to overcome this problem could be the integra-
tion of genetic education throughout the entire medi-
cal school curriculum [20.21]. Dhar ez 2/. [21] described
a novel elective Genetics Track Curriculum for all

4 years of the undergraduate medical curriculum at
Baylor College of Medicine to enhance genetic and
genomic education.

A particular example of innovation of a univer-
sity course is reported by Redfield (19]. The ‘old’
second-year course in genetics (part of biology cur-
riculum) followed classical textbooks with the his-
tory of genetics providing the organizing framework.
Unfortunately, students finishing such course did
not seem to understand much genetics. For instance,
most students mistakenly believed that alleles are
intrinsically either dominant or recessive, had no
idea what makes one allele dominant to another. The
author and collaborators have designed a new course
leaving behind traditional but not really necessary
topics (like Mendel’s laws and Punnett squares) and
underlining topics and connections that students will
need to know in the era of genetic testing (like per-
sonal genomics, natural genetic variation in popula-
tions and others). Moreover, according to the author,
similar course design could be suitable as well for
high school education in genetics. Similarly, Dough-
erty et al. [13] suggested a reorganization of genetic
curricula by inverting the sequence of topics and
emphasizing complex traits instead of the classical
methods following historical consequences.

However, the reorganization of lectures alone
will probably not enhance students’ understanding
of genetics and especially their motivation. Profes-
sor Robin Wright, the 2014 Awardee of the Genet-
ics Society of America’s Elizabeth W. Jones Award
for Excellence in Education, has transformed the
undergraduate education of biology and genetics at
the University of Minnesota into ‘doing biology’
classrooms and has a simple proposition for biology
teachers: instead of preparing exhaustive lectures,
teach as if the only thing that matters is what your
students are able to do, or do better, at the end of the
course than at the beginning [22].

Genomics is a young and quickly evolving area, so
it is hard to anticipate either the genomic knowledge
or the clinical application of that knowledge that will
be common in the working years of today’s medi-
cal students and trainees [s]. It is the field of medi-
cine that demands a lifelong learning. An impor-
tant goal in educating healthcare professionals in
genomics is to enable them to understand and utilize
genetic-based probability and risk assessment, and to
communicate effectively about them.

Along with the activities of individual institu-
tions, concerted efforts exist as well. In 2006, a set
of core competences in genetics and genomics for the
Europe was defined by the Education Committee
of the European Society of Human Genetics and
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other experts of the EuroGentest [23]. The proposed
competences differ for different groups of healthcare
professionals (general practitioners, nurses, medical
specialist in fields other than genetics, specialist den-
tists) and provide a framework for genetics educa-
tion of health professionals across national bound-
aries. The suggested learning outcomes are available
to manage development of curricula that are appli-
cable to the national context, educational system
and healthcare setting of the professional involved.
However, it depends on each nation how it will take
responsibility for development of professional and
educational standards in genetic healthcare that
apply to local needs.

Education of pharmacogenomics: need for
medical students & physicians
Pharmacogenomics, or its predecessor pharmaco-
genetics, have been a part of medical curricula in
some sort for over half of a century, ever since dif-
ference in drug response based on genetic predisposi-
tion was first reported [23,242526]. However, with the
rapid expansion of pharmacogenetic and pharma-
cogenomic information in the recent decades it has
become nearly impossible for physicians to keep up
with current knowledge and for curricula to include
all the possibly relevant information in their courses.

The translation of pharmacogenomic information
from the labs to bedside has been somewhat slow,
ranging from clear and universal successes (trastu-
zumab and HER2/neu, imatinib and the Philadel-
phia chromosome, abacavir and HLA-B*5701) to
intermediate progress (warfarin and CYP2C9 and
VKORCI) to virtually no clinical relevance in daily
practice (statins and SLCOIBI polymorphism).

A study performed in the USA by the American
Medical Association surveyed over 10,000 doc-
tors and found that a vast majority of them (98%)
believed patients’ genetic makeup affects pharmaco-
therapy, yet only 10% felt educated enough to feel
comfortable adopting this genetic information in
their patient practice [27]. Other surveys have con-
firmed these results, with oncologists reporting being
better informed about advances in personalized ther-
apy and only about 50% of recent graduates having
received any training in genomic-based therapy; this
number decreased for graduates from more than 5
years ago [28.29]. The conclusion of these and other
studies was similar: most doctors see molecular tests
as an important an asset in patient care, however,
a minority of surveyed doctors feel up to date on
genetic tests and feel very familiar and confident
with current findings in genomics — it can be called
an ‘awareness—information gap.” Moreover, a distinct

difference exists in baseline awareness, knowledge
and adoption between oncologists, cardiologists and
primary care physicians. The education should be
provided with respect to these differences, instead of
one-fits-to-all approach [29].

Many schools now include instruction on
pharmacogenomics either as part of basic and/or
clinical pharmacology courses, or as a stand-alone
elective course in their medical doctor (MD) pro-
gram [3031,32]. Pharmacy schools have had a cer-
tain head start on medical schools in implementing
pharmacogenomics information in their curricula
as compared with medical curricula which is over-
crowded by an increasing body of information in
which pharmacotherapy and prescribing is just one
part competing for time and resources. Reports on
pharmacists’ confidence in pharmacogenomic pre-
scribing are similar to those in physicians mentioned
above (3433).

With the increasing number of drugs that need
to be taught to students and therapy getting more
fragmented as treatment gets more personalized,
teaching of pharmacology and pharmacogenomics
will face a problem of selecting only the most rel-
evant (and future-proof) pharmacogenomic infor-
mation to include in instruction of all medical stu-
dents. Details on specific drugs relevant to particular
medical specializations will be a vital component of
continuing medical education for which a medical
graduate should come prepared with understanding
of pharmacogenomics concepts and most relevant
examples that illustrate them.

Personal genetic testing: learning by doing
An efficient way to increase students’ motivation and
encourage learning of genetics and genomics can
be to provide them with their own practical expe-
rience with personal genetic testing [34-3¢). Several
academic institutions in the USA, mainly with the
support of commercial direct-to-consumer providers,
have considered offering courses for medical students
including personal genetic testing and published
their experiences and recommendations.

A positive experience was reported by Sans-
giry and Kulkarni [34) from the Stanford School of
Medicine (CA, USA). In the elective course GENE
210 [36], students used personal genotype data in the
classroom; testing was voluntary and anonymous.
According to the survey among participating stu-
dents, this experience enhanced their self-reported
and assessed knowledge of genomics, and did not
appear to cause significant anxiety.

To evaluate students’ attitude toward personal
genetic testing as an educational tool, Vernez et al. [37]
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conducted individual interviews with students who
chose to undergo personal genotyping in the con-
text of an elective genetics course. Overall, students
stated that personal genotyping enhanced their
engagement with the course content, although they
expressed skepticism over the clinical utility of some
of the test results. At the same time, students did not
report utilizing genetic counseling, despite feeling
strongly that the ‘general public’ would need these
services. The authors concluded with the recommen-
dation that before incorporating personal genotyping
into coursework, institutions should lead mulridisci-
plinary discussion to anticipate issues and incorpo-
rate teaching mechanisms that engage the ethical,
legal, and social implications of personal genotyping.
Boguski ez a/. [38) added a suggestion that specialists
with expertise in clinical laboratory tests should be
included as members of multidisciplinary curricu-
lum development and delivery teams to assure the
preanalytical and analytical issues of the test results.

An analysis on the ethical concern raised by the
educational genotyping was published by Cal-
lier et al. 39]. The publication lists several educa-
tional DNA testing initiatives and considers them in
terms of who performs the testing (e.g., a commercial
laboratory, university laboratory or classroom labora-
tory instructor), the format for returning results, the
number of single-nucleotide polymorphisms tested,
and the scope and goals of different lessons. The
authors underline the benefits of educational DNA
testing together with pointing out that students
should receive information on the ethical issues and
the risks associated with genetic testing.

Ethical, legal & social issues

It is increasingly important that physicians have a
thorough understanding not only of the basic sci-
ence of human genetics and genomics but also of
the ethical, legal and social implications associated
with genetic testing and counseling. As has been
already suggested, physicians will often be the first
healthcare professionals to advise patients about
genetic testing or assist with result interpretation.
Due to the demanding curriculum requirements of
medical schools and the need for medical students
to complete many courses, adding extra courses to
the medical school curriculum can be difficult. A
possible solution is the development of supplemen-
tal course modules that can then be accessed online.
Metcalf et al. 40] developed a series of interactive
web-based courses including clinical case studies for
medical students on these topics. A pilot trial of the
courses indicated that the courses have a statistically
significant positive effect on knowledge, attitude,

intended behavior and self-efficacy related to genetic
testing. However, we do not yet know the long-term
effects of these modules on medical student knowl-
edge and behavior.

Examples of education at academic
institutions & national levels

Over the world, especially in the North America and
the Europe, a number of universities already offer
undergraduate and graduate education in genomics,
pharmacogenomics, molecular medicine or simil21-
ar topics, in some of which personalized medicine is
also discussed.

Programs dedicated to personalized medicine exist
at the Duke University (NC, USA) [41] and at Mount
Sinai School of Medicine (NY, USA). Mount Sinai
School of Medicine was the first university to offer
to the students the possibility of personal sequencing
of the whole genome [42]. Also, some medical schools
have updated their curricula by including genomic
medicine, such as Harvard Medical School (MA,
USA). The University of California, San Francisco
Medical School, launched in 2001 a graduate PhD
program in Pharmaceutical Sciences and Pharma-
cogenomics [43). At the Tel Aviv University Faculty
of Medicine (Tel Aviv, Israel), pharmacogenetics has
been incorporated to the MD teaching curriculum
since 2001 and offered as an elective class for gradu-
ate students since 2003 [31]. The education for health
professionals is provided by the Golden Helix Insti-
tute (Greece) [44]. At the Karolinska Institute (Swe-
den) there is a master program in molecular medi-
cine, and at the University of Bonn (Germany) an
International Masters Course in Molecular Biology
and Biotechnology is going on .

Some of the courses are designed for e-learning,
for example, the US National Coalition for Health
Professional Education in Genetics [45] has devel-
oped a series of web-based medical education pro-
grams discussing the influence of genetics on various
diseases. Similarly, in the UK the national genetics
education and development center [46] has developed
evidence-based learning objectives and competencies
in genetics for health professionals.

In Europe, at least two associations are
involved in the education in personalized medi-
cine: the European Association for Predictive, Pre-
ventive and Personalized Medicine (EPMA) [47.48]
which publishes a series of educational books, and
the European Personalized Medicine Association
(EPEMED) which together with EuroBioForum
offers Education and Training in Personalized
Medicine for Healthcare Professionals in the form
of webinars [49].
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First steps: experience from the Czech
Republic

A Chinese proverb says that ‘a journey of a thou-
sand miles begins with a single step.” A journey
toward the education in personalized medicine in
the Czech Republic has also begun with few steps or,
more precisely, with few activities conducted by few
enthusiastic people.

Most research and educational activities in the
area of personalized medicine are concentrated at the
Charles University of Prague — the Faculty of Medi-
cine in Pilsen and the Faculty Hospital in Pilsen [s0].

Since 2007, lectures and workshops on personalized
medicine for healthcare professionals and medical stu-
dents have been included in the program of the interna-
tional congress Immunoanalytical Days and CECH-
TUMA 511, organized every year under the auspices
of the Charles University — the Faculty of Medicine
in Pilsen and the Faculty Hospital in Pilsen. At the
beginning, these lectures were provided by invited
experts from the USA; recently Czech researchers and
academics report their growing experience with per-
sonalized medicine. Additional conferences focused
on the application of personalized medicine in differ-
ent clinical specializations take place every year. In
June 2014, professionals from the Faculty of Medi-
cine in Pilsen had an honor to co-organize the third
International Congress on Personalized Medicine Up
Close and Personalized in Prague [s2].

In 2010, a working group of professionals was estab-
lished at the Faculty of Medicine in Pilsen with the
goal to implement principles of personalized medi-
cine into the undergraduate and postgraduate educa-

tion. They assessed, with the help of a survey ques-
tionnaire, the awareness about personalized medicine
among medical students. The ‘Personalized Medicine
Questionnaire’ was prepared and addressed to fourth-
year medical students; 80 responders were involved.
Students had to answer nine nominal questions. The
summary of the average of responses for each question
is presented in Table 1.

As the results of the questionnaire imply, the aware-
ness about personalized medicine among students is
quite weak (more than 39% have not even heard the
term ‘personalized medicine’), although most students
(more than 75%) recognize the importance of person-
alized medicine and would welcome its implementation
into the medical education [s3].

In the frame of several EU-funded projects, several
elective courses were introduced in undergraduate and
graduate curricula of the Faculty in 2012. Examples of
courses are presented in Figure 1.

In the region of Olomouc, the institute of molecular
and translational medicine was opened as part of the
program biomedicine for regional development and
human resources (BioMedReg), financed by European
regional development fund (ERDF) and the national
budget through the operational programme for
research and development for innovation.

The Institute serves primarily as a research center
with ties to the University hospital providing personal-
ized medicine services and diagnostics to patients, but
is also involved in teaching at both graduate and post-
graduatelevel. Since 2011, the institute is involved in the
European social fund project managed by the depart-
ment of pharmacology which coordinates 13 different

Table 1. Summary of the responses for each question in the personalized medicine questionnaire

(scoring 1-5, 1 = not at all; 5 = definitely yes).

or through the various disciplines separately?
knowledge?

school?

education of medicine for all students?

medicine as a required course?

Question Average value
(n =80)

Have you ever heard the term ‘personalized medicine’? 2.26

Would you be able to explain, what does the ‘personalized medicine’ mean? 2.36

Do you consider ‘personalized medicine’ to be important? 4.16

Do you think ‘personalized medicine’ should be studied as an independent discipline  3.16
Do you consider the role of ‘personalized medicine’ will increase with the progress of 4.2

Is tuition in ‘personalized medicine’ sufficient in pregraduate education in medical 1.85
Do you think ‘personalized medicine’ should be implemented into the undergraduate  3.66
Do you think ‘personalized medicine’ should be implemented into the education of 414

Will you choose the course of ‘personalized medicine’?

3.84
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Year of the

Study program study

Second

Third

General medicine

Sixth

New elective courses in personalized
medicine

Methods for determining gene expression
Pathology of the individual’s tumor
microenvironment
Principles of immunoassays and their
applications
w aspects of tu pathobiology

ne

medicine

Targeted therapy in oncology

Utilization of tumor markers for prognosis and
prediction of neoplastic diseases

Complex stroke care — the approach of
personalised medicine

Figure 1. Examples of elective courses in personalized medicine at the Faculty of Medicine in Pilsen.

departments in an effort to update and improve teach-
ing of personalized and laboratory medicine in the cur-
riculum. The aims of the project are both to provide
support for updating and innovating course materials
of traditional ‘core’ subjects, from basic sciences such
as biology to clinical subjects such as internal medicine
or even surgery. The aim is to include up-to-date infor-
mation on predictive and personalized medicine so
that students are equipped for modern clinical practice
once they graduate. In another part of the project, over
20 new elective courses were introduced into the cur-
riculum of the faculty of medicine in Olomouc, aimed
to provide students interested in individual subjects
in more detail (the most important courses are listed
in Table 2). These courses received a positive student
response in the evaluation, performed by the instructor
at the end of the academic year (78% of students rated
the courses like ‘very useful” and ‘rather useful’). Most
of them (65%) appraised the focus on practical appli-
cations and correct and rational indication and inter-
pretation of individual tests, rather than on technical

details of methods. Students, especially in 4th and 5th
grades with more clinical exposure, realize their future
role as users, rather than direct executors, of these tests.

At both faculties of medicine, the students’ par-
ticipation, evaluation and motivation to complete
the courses in the field of personalized medicine are
continuously monitored and it is anticipated that sev-
eral courses will be included in the MD curricula as
required ones. The authors envisage that the course
portfolio could serve as a model for other academic
institutions at national level.

Conclusion

Academic and other institutions proceed in the changes
in their educational curricula toward genetics and
genomics, and the implementation of new models and
curricula takes place gradually. Different tools have been
described and applied, from innovated programs and lec-
tures to practical training through personal genetic test-
ing. Cooperation and exchange of experiences between
institutions is crucial for an efficient implementation of
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Table 2. Selected list of new elective courses introduced as part of an European social fund project

in the curriculum of the Faculty of Medicine in Olomouc, Czech Republic.

Interpretation of microbiology tests in clinical medicine
Molecular-biology methods in microbiology and their limitations

Interpretation of coagulation tests and management of anticoagulation

Animal models and their use in medicine

Year of study Extent (h) Title

4-6 10

4-6 15

2-6 7 Predictive methods in pathology
4-6 15 Epigenetics in oncology

4-6 8 Immunology monitoring in medicine
4-6 8 Immunology in transplant medicine
4-6 15

4-6 8 Case reports in laboratory medicine
4-6 9 ‘~omics’ in medicine

4-6 9

4-6 15 Laboratory medicine

these tools. A support from educational organizations
on the national level is important as well.

Future perspective

Itisanticipated that in the next 510 years the knowledge
in the field of genomics and pharmacogenomics, together
with rapid advances in biotechnologies and will increase,
together with the availability of personal genetic test-
ing. At the same time, general public’s awareness about

media and commercial adds, and the role of physicians
and other healthcare professionals as first hand ‘counsel-
ors’ will be more pronounced. The implementation of
genetic data into individual’s healthcare record will con-
tinue and healthcare specialists will face the necessity to
get familiar with these data. More coordinated revisions
of medical curricula and cooperation between academic
institutions and other institutions (national societies,
companies) are critical to assure competent healthcare

genetic testing will grow, most probably also through  professionals for the era of personalized medicine.

Exe e Summary

Background

* Healthcare professionals are not fully prepared to the era of personalized medicine; they often lack
appropriate education and training at universities.

Genetics & genomics for high school & medical students & in continuing medical education

* All individuals should have knowledge of basic genetic principles in order to be able to make decisions
concerning her/his own DNA.

* Many students show misconceptions in basic genetic concepts, the classes are not up-to-date.

¢ Innovation lies in the revised classes and more practical work.

Education of pharmacogenomics: need for medical students & physicians

= Physicians are aware of the importance of pharmacogenomics, however they lack sufficient knowledge.

* Universities are incorporating pharmacogenomics in their curricula and it is not always easy since the medical
curricula are overcrowded.

Personal genetic testing: learning by doing

» Several universities offer personal genetic testing as an educational tool, they reported a positive experience
like enhanced students, motivation.

» Discussions are going on about ethical, societal and legal issues as well as about the analytical performances
of such classroom tests.

Ethical, legal & social issues

* There is need to include ethical, legal and social issues of genetic testing into the curricula.

Examples of education at academic institutions

* A number of examples of innovated academic programs and courses are reported.

First steps: experience from the Czech Republic

* Faculty of Medicine in Pilsen and Faculty of Medicine in Olomouc are the most active subjects in implementing
personalized medicine in university curricula.

* A survey was held to assess students’ awareness and interest in personalized medicine.

* Seminars, conferences and innovative courses are ongoing.

www.futuremedicine.com 265
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Abstract. Oligodendrogliomas are uncommon tumors in
neurooncology that represent about 5% of primary brain
malignancies. Their high sensitivity to radiotherapy and
chemotherapy was observed a long time ago. Nonetheless, the
evidence-based proof of the significantly longer survival in
patients with oligodendrogliomas treated with combined
chemotherapy radiotherapy in comparison to
radiotherapy-alone did not exist. The long-term follow-up of
two landmark phase Il clinical trials: RTOG 9402 and
EORTC 26951, recently demonstrated favorable effects of
combined radiotherapy and chemotherapy (procarbazine,
lomustine and vincristine) in patients with anaplastic
oligodendrogliomas and anaplastic oligoastrocytomas
carrying the chromosomal mutation of co-deletion of 1p/19q.
There is also an increasing role of other molecular
biomarkers, such as mutations in the metabolic enzyme
isocitrate dehydrogenase 1/2, O6-methylguanine DNA
methyltransferase gene promoter methylation, or glioma
genome  cytosine-phosphate-guanine
phenotype. The analysis
oligodendrogliomas is now recommended as an important
part of the management of these tumors and together with the
novel chemotherapeutic regimens means a paradigm shift in
current clinical practice in neurooncology.
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Oligodendroglial tumors (oligodendrogliomas, oligoastro-
cytomas) represent approximately 5% of primary brain
tumors. What sets them apart from other types of malignant
gliomas is their more favorable response to radiotherapy and
chemotherapy. According to the 2007 WHO classification of
tumors of the central nervous system, they are characterized
by a histopathological finding with an oligodendroglial
component (1). However, the current WHO classification does
not reflect on the molecular genetic characteristics of tumors.
Research into molecular genetics of oligodendrogliomas offers
new knowledge in the diagnosis and treatment of these tumors,
and together with results from clinical studies, has an impact
on management. The treatment paradigm of oligodendroglial
tumors was recently changed, reflecting on the long-term
results of two large independent phase III clinical trials, The
Radiation Therapy Oncology Group (RTOG) 9402 and
European Organisation for Research and Treatment of Cancer
(EORTC) 26961. The analysis of molecular genetics in
oligodendrogliomas is now well-established and recommended
as an important part of treatment-decision algorithms in
clinical practice. This review presents an overview of novel
therapeutic approaches for patients with oligodendroglial
tumors, primarily in regard to anaplastic oligodendrogliomas.

Diagnosis and Standard
Treatment of Oligodendrogliomas

Oligodendroglial tumors can be differentiated by degree of
malignancy into grade Il and grade III oligodendro-
gliomas—anaplastic oligodendrogliomas (AO). Only about
30% of oligodendroglial tumors have anaplastic characteristics
in the histopathological image: nuclear atypia, increased
cellularity, increased proliferation activity and increased cell
mitosis. Typical histopathological findings are round nuclei
with a light or empty cytoplasm in the vicinity (perinuclear
‘halo’ effect) and the presence of microcalcification (1). AO
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comprise about 0.5-1.2% of primary brain tumors (2, 3). The
highest incidence of AO is between 45 and 50 years of age;
grade Il oligodendroglioma afflicts patients from seven to
eight years younger. It is presumed that this difference
corresponds to the progression from tumor grade II to grade
TII. The majority of oligodendrogliomas present with an
epileptic seizure. The most frequent other symptoms affect the
frontal and, in some cases, the temporal regions. Infiltrative
growth and poorly defined perifocal edema later cause
symptoms of intracranial hypertension.

The standard therapy of oligodendrogliomas includes
neurosurgery and oncological treatment: radiotherapy and
chemotherapy. Radiotherapy is administered to a total dose
of 54 to 60 Gy. Chemotherapy is administered in a triple
combination of procarbazine, lomustine and vincristine
(PCV) or temozolomide (4, 5). The sensitivity to
radiotherapy of oligodendrogliomas was discovered as early
as the 1980s (6), and the positive effect of chemotherapy,
PCV and temozolomide, was found later (7-9).

Neurosurgery is fundamental to remove the tumor and
obtain neoplastic tissue in order to make a precise diagnosis.
Total considered optimal.
Sophisticated diagnostic preoperative and perioperative
methods (magnetic resonance imaging - MRI, use of 5-
aminolevulinic acid, MRI tractography, perioperative
ultrasound and MRI, awake surgical method, hybrid positron
emission tomography and computed tomography - PET/CT)
and navigated microsurgical techniques are important parts of
surgical treatment (4, 10, 11). A postoperative MRT (24 to 72 h
after surgery) is required to confirm the extent of tumor
resection, found to be an independent positive prognostic factor
(12, 13). Targeted-biopsy of the tumor is reserved for cases
where tumor resection is impossible (11, 14). It is important to
note that total biological radicality of tumor resection is still
unrealistic. Favorable prognostic factors include young age.
good overall medical condition (Karnofsky score), extent of
tumor resection and combined oncological treatment (15).

resection of the tumor is

Molecular Genetics of Oligodendrogliomas

Characteristic of oligodendroglial tumors are frequent co-
deletions of chromosome Ip and 19q. This genetic aberration
was discovered in 1994 and became the first biomarker in
neuro-oncology (16). 1p/19q co-deletion means the loss of
genetic material from the short arm of chromosome 1 (1p)
and the long arm of chromosome 19 (19q). The mechanism
of 1p/19q co-deletion, the unbalanced translocation
t(1;19)(q10:p10) and formation of derived chromosome
1p/19q, was identified later (17). Tt appears almost
exclusively in oligodendroglial tumors. The frequency of
1p/19q co-deletion is estimated to be 80% to 90% for grade
IT oligodendrogliomas and 50% to 70% for AO (18, 19).
Recently, the presence of mutations in two important tumor-
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suppressor genes, CIC (a homolog of the Drosophila gene
capicua) located on 19q13.2, and far upstream element-
binding protein (FUBPI) on the lp chromosome, was
discovered in the majority of oligodendrogliomas with
1p/19q co-deletion. The prevalence of CIC and FUBPI
mutations among 1p/19q co-deleted oligodendroglial tumors
are 50-70% and 15%, respectively. Mutations in these genes
are probablyinvolved in the formation and progression of
oligodendrogliomas. CIC protein binds to regulatory regions
and blocks gene transcription. CIC is also negatively-
regulated by the mitogen activated protein kinase (MAPK)
signaling pathway. FUBPI mutations closely related to a
myelocytomatosis  viral oncogene homolog (MYC)
activation. However, their true significance in neoplastic
diseases remains to be verified (20, 21). Currently, 1p/19q
co-deletion serves as an important diagnostic, prognostic and
predictive biomarker in oligodendroglial tumors and is
discussed later from the perspective of novel therapeutic
approach to this disease.

Recurrent mutations of the isocitrate
dehydrogenase | and 2 (IDH1/2) were first demonstrated in
glioblastoma multiforme, even if the prevalence was
relatively low (about 5%) (22). A high frequency of
mutations in the /DHI and IDH2 genes was found in low-
grade glioma; in grade II and grade III oligodendrogliomas
up to 69%-94% of patients (23, 24). Mutation of IDH1/2
causes neomorphic enzyme activity with subsequent
accumulation of the cancer-associated metabolite 2-
hydroxyglutarate (2-HG) in the tumor tissue (25). Cells with
mutations in /DH//2 and 2-HG accumulation undergo
massive epigenetic changes (DNA and histone methylation,
chromatin remodeling), which leads to an extensive impact
on gene expression and likely supports the onset and
progression of neoplastic disease (26, 27). The presence of
the IDH1/2 mutations is a significant positive prognostic
biomarker for patients with glioma (28-30). It has been
found that all patients with a tumor positive for 1p/19q co-
deletion also have a mutation in IDHI or IDH2. These
patients have the best prognosis (31). On the other hand,
there is a group of gliomas with IDH//2 mutations, but
without the presence of 1p/19q co-deletion. Patients with
these tumor types have a worse prognosis than tumors with
co-deletion, but still a significantly better prognosis than
gliomas without the /DH1/2 mutations (32, 33).

The promoter methylation of the gene 06~methylguanine
DNA methyltransferase (MGMT) was discovered as a
significant prognostic, as well as predictive, biomarker in
patients with glioblastoma. Patients with a methylated
MGMT promoter responded better to temozolomide and had
significantly longer overall survival (OS) than patients with
intact MGMT (34-36). This aberration was also found in 80%
of AO and in 73% of anaplastic oligoastrocytomas (37, 38).
In oligodendroglial tumors, MGMT promoter methylation

enzymes
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Table 1. Important molecular biomarkers and their relevance in glioma.

Molecular biomarker Assessment method

Biomarker Relevance

Diffuse glioma

Anaplastic glioma Glioblastoma multiforme

1p/19q co-deletion FISH, PCR

IDH1/2 mutations RT-PCR, IHC, sequencing

MGMT promoter methylation
G-CIMP

Methylation-specific PCR
Methylation-specific PCR

Positively prognostic

Positively prognostic

Unclear
Positively prognostic

Positively prognostic
for RT or CHT
Predictive for PCV & RT
Positively prognostic

Very rare, unclear

Positively prognostic, rare
Distinguishing secondary GBM
Predictive for temozolomide
Positively prognostic

Positively prognostic
Positively prognostic

IDH 1/2: Isocitrate dehydrogenase 1 and 2; MGMT: OS-methylguanine DNA methyltransferase; G-CIMP: hypermethylator phenotype of cytosine-
phosphate-guanine islands in glioma genome; GBM: glioblastoma multiforme; RT: radiotherapy; CHT: chemotherapy; FISH: fluorescent in situ
hybridization; RT-PCR: real-time polymerase chain reaction; I[HC: immunohistochemistry.

serves mainly as a positive prognostic, not predictive,
biomarker when the patient is treated with PCV, as was
proven in the EORTC 26951 study and in current results of
the NOA-4 trial (39, 40).

Another molecular genetics characteristic, as well as
important prognostic biomarker for patients with glioma, is
the hypermethylator phenotype of cytosine-phosphate-
guanine islands (CpG) in the tumor genome (G-CIMP).
Positivity for G-CIMP probably is not an entirely independent
biomarker, as it is closely related to the presence of the
IDH1/2 mutations (27, 41). G-CIMP-positive grade 11 and 111
gliomas usually also have a methylated MGMT promoter. G-
CIMP positivity is approximately two-times more frequent in
oligodendrogliomas (93%) than astrocytomas (45%). G-
CIMP is an important positive prognostic factor for all types
of glioma, including oligodendroglioma (41). The important
molecular biomarkers in glioma, together with their clinical
relevance, are summarized in Table T.

The alteration of certain other known pro-oncogenes and
tumor-suppressor genes in patients with AO was also identified.
even if in rare cases. These alterations include mutations in
phosphatidylinositiol 3-kinase (PI3K), amplification of
epidermal growth factor receptor (EGFR) or loss of the
phosphatase and tensin homolog (PTEN) tumor-suppressor and
correlate with a worse prognosis of AO (42, 43).

Clinical Relevance of 1p/19q
Co-Deletion in Oligodendroglioma

The 1p/19q co-deletion status can be used in clinical practice
as an important diagnostic, prognostic, as well as predictive,
biomarker in patients with oligodendroglial tumors. The
presence of 1p/19q co-deletion supports the diagnosis of
oligodendroglioma, especially in cases where the histological
findings are atypical (44). However, the very presence of co-

deletion is not sufficient to diagnose oligodendroglioma. As
many as 20% of glioblastomas may have the oligodendroglial
component, 5 to 25% of which have 1p/19q co-deletion (45).
Some other tumor types may also mimic oligodendrogliomas:
dysembryoplastic ~ neuroepithelial  tumors  (DNET),
neurocytomas, clear cell ependymomas and small cell
anaplastic astrocytomas. As these tumors do not have 1p/19q
co-deletion, this biomarker is a useful diagnostic aid (44).

The presence of 1p/19q co-deletion also has a role as an
important and independent positive prognostic biomarker of
the disease. Retrospective and prospective studies showed
that when patients with 1p/19q co-deletion are given
standard treatment, they have significantly better survival
outcome than patients without 1p/19q co-deletion (5, 12, 13,
44, 46, 47). 1p/19q co-deletion also has substantial clinical
significance as a strong predictive biomarker for patients
with anaplastic oligodendroglial tumors. Its detection
predicts longer survival with PCV and radiotherapy in
comparison with radiotherapy alone (13, 47), as will be
discussed in detail below.

Novel Treatment Paradigm
for Anaplastic Oligodendroglioma

As early as 1998, it was found that patients with 1p/19q co-
deletion are more sensitive to PCV (48). Nonetheless the
evidence-based proof of the significantly longer survival in
patients with oligodendrogliomas and 1p/19q co-deletion
treated with combined chemotherapy and radiotherapy did
not exist for a long time. The long-term follow-up of two
important phase TIT randomized clinical trials with patients
suffering from AO treated with PCV, namely RTOG 9402
and EORTC 26951, is bringing substantial results and
leading to a paradigm shift of the disease treatment
(12,1346 47).
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In the RTOG study 9402, conducted between 1994 and
2002, 291 patients with AO and anaplastic oligoastrocytomas
were included and randomized into two treatment arms: PCV
with follow-up radiotherapy, and radiotherapy-alone. In the
EORTC, study 26951 conducted from 1996 until 2002, 368
patients with AO and anaplastic oligoastrocytomas were
randomized into two arms: radiotherapy-alone and RT followed
by PCV chemotherapy. The 1p/19q status was determined
through fluorescent in situ hybridization (FISH) in both studies.

In RTOG 9402, 1p/19q co-deletion was found in 46% of
the patients. Over the course of the study, 80% of the
patients randomized for radiotherapy subsequently received
PCV therapy due to the progression of the disease. After a
minimum three-year follow-up in 2006, the median
progression-free survival (PFS) was different for the PCV-
plus-radiotherapy arm and the radiotherapy-only arm (2.6
and 1.7 years, p=0.004), but the medial OS was similar in
both study arms (4.9 and 4.7 years, p=0.26). The OS in
patients with 1p/19q co-deletion was longer than in patients
without co-deletion (>7 and 2.8 years, p<0.001), but the OS
in both treatment arms was not significantly different based
on the presence of 1p/19q co-deletion (12). As a result, the
positive predictive significance of 1p/19q co-deletion in
relation to PCV-plus-radiotherapy was not proven. The
absence of a positive effect of combined therapy on the OS
and the occurrence of serious adverse effects of PCV in more
than 65% of the patients led to skepticism in regard to PCV.

The EORTC 26951 study gave similar results after an
average five-year follow-up in 2006. 1p/19q co-deletion was
found in 21% of patients. The patients in the arm that
received PCV and radiotherapy benefited more than those
receiving radiotherapy-alone in PES (median of 23 and 13.2
months), but the median OS was similar (40.3 and 30.6
months, p=0.23) (13). Patients with 1p/19q co-deletion had
longer OS than patients without co-deletion, irrespective of
the therapy arm. The results of both studies were considered
rather negative in 2006. They did not prove the significance
of 1p/19q co-deletion as a predictive biomarker in relation to
chemotherapy, but rather showed the significance of 1p/19q
co-deletion as a prognostic biomarker.

However, both studies produced decisive results in 2013
following long-term patient monitoring and proved the
positive effect of combined oncological treatment (PCV plus
radiotherapy) for AO tumors. In the RTOG 9402 study, the
median OS in patients without 1p/19q co-deletion remained
similar to the results in 2006 in both groups receiving PCV-
plus-radiotherapy and radiotherapy-alone (2.6 and 2.7 years).
On the other hand in patients with 1p/19q co-deletion, the
OS was significantly longer in the PCV-plus-radiotherapy
arm than in the radiotherapy-alone arm (14.7 vs. 7.3 years
respectively, p=0.03). The results were similar in the EORTC
26951 trial. After more than 10 years’ follow-up, the OS in
patients without 1p/19q co-deletion was similar in the group
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receiving PCV-plus-radiotherapy and radiotherapy alone (25
and 21 months, p=0.19). However, the median OS was not
reached for patients with co-deletion in the PCV plus
radiotherapy arm, whereas it was just 9.3 years in patients
primarily receiving only radiotherapy.

The positive effect of combined oncological treatment
(PCV plus radiotherapy) in patients with 1p/19q co-deletion
was present in both clinical studies, irrespective of which type
of therapy was started first. The positive effect on OS was also
confirmed in patients who, due to the occurrence of adverse
effects to therapy, received lower doses of PCV than planned
(in RTOG 9402 only 42% of patients tolerated all four
intended PCV cycles; in EORTC 26951 only 30% of patients
completed all four planned cycles. Both studies proved that
neither radiotherapy nor chemotherapy alone is sufficient in
AO treatment. These results led to an important paradigm shift
in the treatment algorithm of patients with AO tumors.

However, the positive effect of treatment is negatively
impacted by the adverse effects. Late radiotherapy toxicity
(post-radiation necrosis, dementia) is known, occurring in as
many as 10% of patients, even in cases of focused therapy
(6, 49). The toxic effects of PCV are even more frequent
(50). It is necessary to carefully monitor patients and detect
the toxic effects of the treatment early.

Another important question is the administration of
combined oncological treatment in patients with AO who do
not have 1p/19q co-deletion. The results of the RTOG 9402
and EORTC 26951 studies show this treatment has a positive
effect on PFS even among patients without 1p/19q co-
deletion. There are probably other molecular factors that
have a positive impact on patients prognosis in relation to the
combined therapy (33). To answer this important clinically
relevant question, the CATNON study (NCT00626990) is
currently randomizing patients with AO without 1p/19q co-
deletion. The study is investigating the efficacy of another
chemotherapeutic agent, temozolomide, during or after
radiotherapy compared to radiotherapy alone.

Temozolomide is an effective alkylating cytostatic agent
more frequently used for AO than PCV. Tt has the advantage
of oral administration versus the intravenous administration
of PCV, has fewer adverse events and less frequent
termination of treatment due to toxicity (18, 35, 51, 52). The
Food and Drug Administration approved temozolomide for
the treatment of AO in 1999. The negative results of RTOG
9402 and EORTC 26951 trials in 2006 contributed to its
frequent use for AO. For example, in one survey among
physicians, temozolomide represents up to 87% of
chemotherapy used for AO (4, 53, 54). Positive results of
temozolomide therapy for AO comparable to PCV have been
described (55). However the study was very small and
included only 20 patients. In contrast, a large retrospective
analysis assessing the efficacy of PCV-plus-radiotherapy and
temozolomide-plus-radiotherapy for the treatment of AO in
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1,013 patients reported a median OS of 7.6 years for the
PCV regimen compared to only 3.3 years for that with
temozolomide (38). For second-line AO treatment in cases
of relapse following the failure of PCV, temozolomide was
also tested and produced promising results (56).

The German NOA-4 study randomized 318 patients with
AO, anaplastic oligoastrocytoma, as well as anaplastic
astrocytoma, for radiotherapy, PCV or temozolomide
therapy. In cases of toxicity or progression, patients
undergoing radiotherapy were randomized into PCV or
temozolomide arms and vice versa. After the first analysis,
there was no significant difference among the individual
study arms in PFS or OS. However, in all arms, patients with
Ip/19q co-deletion had a better prognosis and reduced
relative risk of treatment failure, disease progression or death
by about 50%. On the other hand, the follow-up of the study
is still too short (maximum 54 months) and features frequent
cross-over to other treatment arms (33). To evaluate the
effect of temozolomide on oligodendroglioma with 1p/19q
co-deletion, the CODEL study (NCT00887146) was planned
with three parallel arms: radiotherapy plus temozolomide,
radiotherapy alone, and temozolomide alone. Based on the
results of RTOG 9402 and EORTC 26951 trials, the
radiotherapy monotherapy arm was abolished and it is
uncertain whether the study will be reopened. It is expected
that the radiotherapy monotherapy arm will be replaced with
the PCV plus radiotherapy (4).

Based on the results of these discussed clinical trials, it is
currently recommended the 1p/19q status in all patients AO
be determined as routine clinical practice as a part of the
standard decision-making algorithm in the treatment planning
(57). The PCV chemotherapeutic regimen in combination
with radiotherapy should now be implemented for all patients
with AO with 1p/19q co-deletion. These recommendations
mean important changes in novel treatment strategies for
patients with AO and anaplastic oligoastrocytoma.

Conclusion

Oligodendrogliomas are among the most explored tumors of
the nervous system. Despite the considerable malignant
potential of these tumors, a significant number has been
shown to respond well to treatment. The positive effect of
combined early radiotherapy and PCV chemotherapy for AO
and mixed forms, anaplastic oligoastrocytomas with 1p/19q
co-deletion, has recently been clearly demonstrated. An
equally significant or more positive effect of frequently used
temozolomide has not yet been proven. The presence of
1p/19q co-deletion in oligodendroglial tumors is important for
diagnosis, and prognosis, as well as prediction of therapy
outcome. [DHI/2 mutations, MGMT gene promoter
methylation and the hypermethylator status of G-CIMP also
have positive prognostic significance. The secondary product

of oligodendroglioma research is demonstration of the
significance of monitoring patients over the long-term in
well-designed clinical trials, in which preliminary results may
be inconclusive and only the final results are decisive with
regard to evidence-based medicine. The use of PCV-plus-
radiotherapy regimen means a novel treatment paradigm for
all patients with AO with 1p/19q co-deletion at the moment.
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genes together with the inactivation of tumor suppressor genes are found in diverse malignancies across almost
all members of the pathway. Substantial progress in uncovering PI3K/AKT/mTOR alterations and their roles in
tumorigenesis has enabled the development of novel targeted molecules with potential for developing efficacious
anticancer treatment. Two approved anticancer drugs, everolimus and temsirolimus, exemplify targeted inhibition
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examples are given. Novel approaches to PI3K/AKT/mTOR pathway inhibition together with a better understanding
of prognostic and predictive markers have the potential to significantly improve the future care of cancer patients in
the current era of personalized cancer medicine.
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1. Introduction

The mechanisms underlying cancer are marked by complex aberra-
tions that activate critical cellular signaling pathways in tumorigenesis.
The phosphatidylinositol 3-kinase/protein kinase-B/mammalian target
of rapamycin (PI3K/AKT/mTOR) signaling cascade is one of the most
important intracellular pathways, which is frequently activated in di-
verse cancers (Fig. 1) (Liu et al., 2009; Janku et al., 2012). PI3K/AKT/
mTOR signaling regulates cell proliferation, differentiation, cellular me-
tabolism, and cytoskeletal reorganization leading to apoptosis and can-
cer cell survival. Activation of the PI3K/AKT/mTOR signaling pathway
mediated through molecular aberrations is instrumental in promoting
tumor development as well as resistance to anticancer therapies
(Engelman, 2009; Burris, 2013). In addition, germline mutations in
PI3K/AKT/mTOR signaling can cause hereditary disorders associated
with a high incidence of cancers. Examples include Cowden's disease
associated with loss-of-function of the phosphatase and tensin homolog
(PTEN) gene (Aslam & Coulson, 2013), tuberous sclerosis complex
caused by a mutation in either of the tuberous sclerosis complex 1/2
(TSC1 and TSC2) genes (Kohrman, 2012), and Peutz-Jeghers syndrome,
which is linked to a mutation in the LKB1 gene (also known as STK11)
(Kuwada & Burt, 2011).

Numerous efforts have been made to develop PI3K/AKT/mTOR
targeted therapies for cancer treatment. Various drugs such as PI3K,
AKT, or mTOR kinase inhibitors are in clinical development and allosteric
inhibitors of mTOR complex 1 (mTORC1), temsirolimus and everolimus,
have been approved by the Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) for treating advanced renal cell
cancer (Hudes et al., 2007; Motzer et al., 2008), hormone receptor-
positive, HER2-negative breast cancer in combination with hormonal
therapy (Baselga et al,, 2012), and neuroendocrine tumors of pancreatic
origin (Table 1) (Yao et al., 2011). However, these drugs have limited
efficacy as single agents. Molecular factors underlying response to them

and optimal drug combinations that can act against therapeutic resis-
tance have yet to be identified.

This review delineates the PI3K/AKT/mTOR signaling cascade and
emerging molecular targets for targeted therapy in cancer.
1 2-ki

2. The biology of the phosphatidyli;

¥ 4

kinase-B/mammalian target of rapamycin pathway

The PI3K/AKT/mTOR pathway can be activated by transmem-
brane tyrosine kinase growth factor receptors, such as ErbB family
receptors, fibroblast growth factor receptors (FGFR), insulin-like
growth factor 1 receptor (IGF-1R), and others (Knuefermann et al.,
2003; Stern, 2008). In addition, G protein-coupled receptors such
as activated RAS (Stephens et al., 1997; Zhao & Vogt, 2008a) can
stimulate PI3K through its catalytic subunit (Fig. 1) (Stephens et al.,
1997; Shaw & Cantley, 2006; Zhao & Vogt, 2008a). Functional PI3K
is translocated to the plasma membrane, ultimately leading to phos-
phorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to phos-
phatidylinositol 3,4,5-triphosphate (PIP3) (Zhao & Vogt, 2008a). This
step is negatively regulated by PTEN, which dephosphorylates PIP3 to
PIP2. In addition, inositol polyphosphate 4-phosphatase type II
(INPP4B) converts PIP2 to phosphatidylinositol monophosphate (PIP)
(Agoulnik et al.,, 2011). Subsequently, PIP3 activates serine/threonine
kinase phosphoinositide-dependent kinase 1 (PDK1) and AKT (at thre-
onine 308) (Alessi et al., 1997; Cantley, 2002). Phosphorylated AKT ac-
tivates TSC1/TSC2. This complex serves as a GTPase activating protein
(GAP) for RHEB, another important member of the pathway. In its
steady state, the TSC1/TSC2 complex causes GTP hydrolysis by RHEB,
which converts this protein from its active GTP-binding form to its inac-
tive GDP-binding state. Following PI3K pathway activation, the up-
stream kinase AKT phosphorylates TSC2, which inhibits the TSC1/TSC2
complex and enables mTOR activation by RHEB, thus allowing signal
propagation (Manning & Cantley, 2003). Activation of mTORC1 leads

Q  Target for cancer therapy
@® Gain of function aberration

@® Loss of function aberration

Cell survival
Proliferation
Protein translation

Fig. 1. The PI3K/AKT/mTOR pathway, molecular targets for anticancer therapy and most common locations for gain-of-function aberrations (green) or loss-of function aberrations (red).
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Table 1
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Inhibitors of the PI3K/AKT/mTOR signaling pathway under clinical development as single agents or in combination.

Target of Compound Phase of  Condition ClinicalTrials.gov identifier
inhibition the
clinical
trials
PI3K Pan-PI3K BKM120 LIL I Metastatic breast cancer, NSCLC, endometrial cancer, GBM,  NCT01570296, NCT01550380, NCT01297452, NCT01349660,
CRPC, advanced solid tumors NCT01385293, NCT01633060
XL147 L N ic breast cancer, end ial cancer, | | NCT00486135, NCT01042925, NCT01082068, NCT01013324,
GBM, advanced solid tumors NCT01240460, NCT01357330
GDC 0941 L Metastatic breast cancer, NHL, advanced solid tumors NCT01918306, NCT01437566, NCT00996892, NCT00876109,
NCT00876122, NCT01740336
BAY806946 LIl NHL, advanced solid tumors NCT01460537, NCT01392521, NCT00962611, NCT01411410,
NCT01660451
PX 866 LI Metastatic melanoma, mCRC, mSCC, CRPC, GBM, advanced ~ NCT01252628, NCT01616199, NCT01204099, NCT01331083,
solid tumors NCT01259869
p110c- BYL719 L Metastatic breast cancer, mSCC, mCRC, advanced solid NCT01870505, NCT01791478, NCT01602315, NCT01219699,
specific tumors NCT01449058, NCT01719380
INK1117 1 Advanced solid tumors NCT01449370, NCT01899053
GDC-0032 1 Metastatic breast cancer, advanced solid tumors NCT01862081, NCT01296555
p110&- CAL101 LIL I Refractory hematologic malignancies NCT00710528, NCT01306643, NCT01393106, NCT01659021,
specific NCT01090414, NCT01569295
Dual PI3K/ BEZ235 LI Metastatic breast cancer, mCRC, CRPC, refractory acute NCT01717898, NCT00620594, NCT01482156, NCT01634061,
mTOR leukemia, advanced solid tumors NCT01756118, NCT01508104
XL765 L Metastatic breast cancer, GBM, advanced solid tumors NCT01082068, NCT01240460, NCT00704080, NCT00485719
PF-04691502 11l Recurrent endometrial cancer, advanced solid tumors NCT01420081, NCT00927823, NCT01347866
PF-05212384 L1l Recurrent endometrial cancer, mCRC, advanced solid tumors  NCT01420081, NCT01925274, NCT01347866, NCT01920061
GDC-0980 L Metastatic breast cancer, CRPC, mRCC, NHL, advanced solid  NCT01437566, NCT01254526, NCT01332604, NCT01485861,
tumors NCT01442090, NCT00854152
SF1126 1 Advanced solid tumors NCT00907205
GSK2126458 | diopathic pul 'y fibrosis, I advanced solid ~ NCT01725139, NCT01248858, NCT00972686
tumors
AKT AZD5363 Ll Metastatic breast cancer, CRPC, advanced solid tumors NCT01625286, NCT01692262, NCT01353781, NCT01226316
GDC-0068 LI CRPC, metastatic gastric cancer, advanced solid tumors NCT01485861, NCT01896531, NCT01362374, NCT01562275
GSK2141795 L1 AML, advanced solid tumors NCT01907815, NCT01902173, NCT00920257, NCT01138085
MK-2206 L Metastatic breast cancer, NSCLC, pancreatic cancer, CRPC, NCT01344031, NCT01248247, NCT01147211, NCT01783171,
advanced solid tumors NCT01369849, NCT01480154
mTOR mTORC1 Everolimus Approved  Approved for mRCC, pNET, Advanced ER+/HER2— breast
cancer
Temsiroli Approved Approved for mRCC
Ridaforolimus 1,11 Metastatic breast cancer, endometrial cancer, advanced solid  NCT01605396, NCT01234857, NCT00770185, NCT01295632,
tumors NCT01431547, NCT01256268
mTORC1/ AZD2014 Lu Metastatic breast cancer, mRCC, advanced solid tumors NCT01597388, NCT01793636, NCT01026402
mTORC2 CC-223 LI NSCLC, NHL, multiple myeloma, advanced solid tumors NCT01545947, NCT01177397
INK128 | Refractory multiple myeloma, advanced solid tumors NCT01351350, NCT01899053, NCT01058707, NCT01118689
0S1-027 1 Lymphoma, advanced solid tumors NCT00698243
AZDB055 I GBM, HCC, advanced solid tumors NCT01316809, NCT00999882, NCT00973076, NCT01194193
PP242 Preclinical

Abbreviations: NHL Non-Hodgkin's Lymphoma, GBM Glioblastoma Multiforme, NSCLC Non-Small Cell Lung Cancer, CRPC Castration-Resistant Prostate Cancer, mCRC Metastatic Colorectal
Cancer, mSCC Metastatic Squamous Cell Carcinoma, PNET Pancreatic Neuroendocrine Tumor, HCC Hepatocellular Carcinoma.

to increased protein synthesis via its effectors, eukaryotic translation
initiation factor elF4E-binding protein 1 (4EBP1) and p70S6 kinase
(S6K), followed by phosphorylation of eukaryotic initiation factor 4E
and ribosomal S6 protein (Engelman et al., 2006). Negative feedback
also exists, including inhibition of PI3K activation by downstream S6 ki-
nase. Phosphorylation and inhibition of the adaptor protein insulin re-
ceptor substrate 1 (IRS-1) negatively influences insulin or insulin-like
growth factor 1 PI3K signaling (O'Reilly et al., 2006; Carracedo &
Pandolfi, 2008). In addition, phosphorylated AKT increases cell survival
by inhibiting the proapoptotic Bcl-2 family members BAD and BAX
(Cantley, 2002; Engelman et al., 2006), or phosphorylation of MDM2
that antagonizes p53-mediated apoptosis.

Activation of the PI3K/AKT/mTOR pathway can be mediated by mo-
lecular aberrations in PIK3CA, PIK3R1, AKT, TSC1/2, LKB1 and PTEN;
however, the most frequent aberrations in cancer are activating muta-
tions in the helical or kinase domain of the PIK3CA gene (Janku, 2013).

PR g g

3. Molecular targets in phospl

Most cancers driven by PI3K/AKT/mTOR signaling aberrations
are marked by PI3K kinase mutations. The PI3K protein family com-
prises at least three different lipid kinase classes (class [, Il and IlI).

Class I PI3K contains four different isoforms, catalytic domains
p110a (PIK3CA), p110p (PIK3CB), p110y (PIK3CG) and p1106
(PIK3CD). The roles of class Il PI3K, PI3K C2a (PIK3C2A), PI3K C23
(PIK3C2B) and PI3K C2y (PIK3C2G), are ill defined in signal
transduction and are generally not involved in human cancers
(Vanhaesebroeck et al.,, 2010). The only class Il PI3K, vacuolar pro-
tein sorting 34 (VPS34; also known as PIK3C3), is a critical regulator
of autophagy, with its key role in tumorigenesis (Janku et al., 2011;
Jaber et al., 2012).

Class I PI3K is the most important kinase in signal transduction (Fig. 1)
(Kok et al., 2009). The kinase proteins are heterodimers, which consist of
a regulatory and a catalytic subunit. In mammals, class I PI3K is divided
into a class IA group with its catalytic subunits p110c, p1103 and
p1106, which bind one of the p85 regulatory subunits (p85c, p55¢,
p50a—all splice variants of the same PIK3R1 gene, p853—gene PIK3R2
and p85y—gene PIK3R3), and a class IB group with its catalytic subunit
p110y, which has two associated regulatory subunits, p101 (PIK3R5)
and p87 (PIK3R6) (Vanhaesebroeck et al., 2010). The p85 regulatory sub-
unit of PI3K stabilizes and protects the p110c subunit from degradation
and also inhibits its catalytic activity, thereby negatively regulating signal
propagation. The oncogenic character of PI3K can theoretically be gained
either by an activating mutation in the catalytic subunit of the enzyme or
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by loss of function in the regulatory subunit. This mechanism was subse-
quently shown to have a role in many human tumors (Samuels et al.,
2004; Cheung et al, 2011).

The significance in human cancer of the incidence of somatic muta-
tions in PI3K was initially established using a high throughput sequenc-
ing approach in 297 tumor samples, most from colon cancer patients.
Interestingly, all mutations were exclusively found in PI3KCA. Approxi-
mately 80% of PI3KCA mutations occur within three hotspot sites
(Samuels et al., 2004). One hotspot was found in the kinase domain of
the p110« catalytic subunit with its H1047R amino acid substitution.
Two other hotspots were identified in the helical domain of PI3KCA,
including E542K and E545K substitutions. It is now well established
that E542K and E545K mutations in the helical domain result in the in-
effective regulation of p110a kinase activity by the regulatory subunit.
On the other hand, an H1047R mutation in the PI3KCA kinase domain
induces a conformational change in the activation loop, which can
imitate RAS-mediated kinase activation. Both mechanisms lead to
PI3K enzyme hyperactivity, aberrantly increasing PI3K/AKT/mTOR sig-
naling in affected cancer cells (Huang et al., 2007; Zhao & Vogt, 2008b).

Mutations in various tumor types can be found in the data of The Can-
cer Genome Atlas (TCGA) consortium studies that can be accessed via the
cBioPortal for Cancer Genomics at http://www.cbioportal.org/public-
portal/. The TCGA studies have identified mutations in PIK3CA in 53% of
endometrial cancers, 35% of breast cancers, 23% of cervical cancers, 21%
of gastric cancers, 20% of head and neck cancers, 20% of colorectal cancers,
15% of lung squamous cell cancers, and 10% of glioblastomas as well as in
other tumor types (cBioPortal for Cancer Genomics, 2013). Also mutation
data from many independent studies are supplemented by the Sanger In-
stitute Cancer Genome Project, which can be accessed via the Catalogue
of Somatic Mutations in Cancer database at http://www.sanger.ac.uk/
genetics/CGP/cosmic. The COSMIC database has identified mutations in
PIK3CA in 24% of all human breast cancers, 22% of endometrial cancers,
17% of urinary tract cancers, 13% of colorectal cancers, 13% of cervical can-
cers, 10% of skin cancers and 9% of ovarian as well as gastric cancers and
other tumor types (Fig. 2) (COSMIC (Catalogue of Somatic Mutations in
Cancer), 2013).

Mutations in PIK3R1 and PIK3R2, which encode the p85a and p85[>
regulatory subunits of PI3K, have been identified in a relatively high
number of endometrial tumors (20% and 5%, respectively). Interesting-
ly, in addition to the loss of function of the PI3K regulatory subunit, gain
of function mutations in PIK3R were also recognized. These destabilize
PTEN through disruption of p85a homodimerization (Cheung et al.,
2011). This observation highlights the importance of PTEN and p85 reg-
ulatory subunit interactions in cancer. The TCGA studies identified
PIK3R1 mutations in 33% of endometrial cancers, 11% of bladder cancers,
9% of glioblastomas, 5% of gastric cancers, and 4% of colorectal cancers as
well as in other tumor types (cBioPortal for Cancer Genomics, 2013).

The COSMIC database identified PIK3RT mutations in 28% of endometri-
al cancers, 6% of colorectal cancers, 3% of cervical cancers, and 2% of cen-
tral nervous system tumors as well as in other tumor types, whereas
PIK3R2 mutations were recurrently observed only in 3% of endometrial
cancers. PIK3R2 mutations are sporadic in other tumor types (Fig. 3)
(COSMIC (Catalogue of Somatic Mutations in Cancer), 2013).

Along with substantial growth in understanding how PIK3 functions
and its role in cancer development, knowledge of the number of specific
inhibitors involved is rapidly growing through preclinical studies or in
early clinical trials (Rodon et al., 2013) (Table 1). The current experimen-
tal drugs that interact with PIK3s can be divided into different groups. The
first group of drugs consists of reversible ATP competitive inhibitors of all
class I PI3K isoforms, also known as class [ PI3K selective inhibitors or
pan-PI3K inhibitors, such as GDC 0941, XL147, BKM120 or BAY80 6946.
Anirreversible pan-PI3K inhibitor, PX 866, is currently undergoing devel-
opment (Chengetal,, 2011; Wallin et al,, 2011; Bendell et al., 2012; Hong
et al, 2012; Reynolds et al.,, 2013). Another important group of experi-
mental drugs that interact with PIK3 is composed of isoform-specific in-
hibitors, each of which directly interacts with a specific isoform of the
catalytic domain of the enzyme. Other drugs include the p110a-
selective inhibitors INK1117 and BYL719 (Furet et al., 2013; So et al.,
2013), and the p110&-selective inhibitor CAL 101 (GS-1101), which dem-
onstrated significant activity against lymphoid malignancies in a mono-
therapy setting (Wiestner, 2012; Macias-Perez & Flinn, 2013). The
strategy of dual PI3K and mTOR inhibition targets the pathway at two dif-
ferent levels with the potential to effectively overcome the feedback inhi-
bition ordinary observed when mTORC1 inhibitors are used alone, which
limits their efficacy (O'Reilly et al, 2006). These include second-
generation dual pan-class | PI3K-mTOR inhibitors, which are undergoing
development. These compounds effectively block both catalytic domains
of mTOR and the p110 subunit of PI3K due to their structural similarities.
SF1126, BEZ235 and XL765 are among the dual PI3K-mTOR inhibitory
drug class now being developed and in early clinical trials (Prasad et al.,
2011; Mahadevan et al., 2012; Sznol et al,, 2013).

Preclinical studies demonstrated that mutations in PIK3CA can serve
as predictive biomarkers for sensitivity to PI3K/AKT/mTOR inhibitors.
These could potentially help select patients with the highest probability
of response to such therapeutic agents. In preclinical experiments, head
and neck squamous cell carcinoma (HNSCC) cell lines with activating
PIK3CA (H1047R) hotspot mutations were significantly more sensitive
to the dual mTOR/PI3K inhibitor BEZ235 than HNSCC cell lines with
wild-type PIK3CA. Also, HNSCC mouse xenograft models developed
from cell lines with a H1047R PIK3CA mutation were more sensitive to
BEZ235 monotherapy and combined treatment with BEZ235 and
cetuximab (Lui et al.,, 2013). Breast cancer cell line experiments demon-
strated reduced proliferation of cells with the H1047R PIK3CA mutation
compared to breast cancer cells with wild-type PIK3CA after treatment
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PIK3R1 mutations in cancer
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Fig. 3. Prevalence of PIK3R1 mutations in diverse cancers.

with the mTOR inhibitor everolimus, except when there were concom-
itantly occurring mutations in KRAS, another MAPK pathway member.
However, the genetic ablation of mutant KRAS in these cells restored
the response to everolimus (Di Nicolantonio et al., 2010). In a human
non-small cell lung cancer (NSCLC) mouse xenograft model, an
H1047R PIK3CA mutation was associated with response to the BEZ235
inhibitor as assessed using PET, MRI and microscopic examination
(Engelman et al., 2008). However, when the KRAS G12D mutation was
also present, the xenograft was resistant to BEZ235, but responded
to the MEK inhibitor AZD6244 or to a combination of BEZ235 and
AZD6244 (Engelman et al., 2008). In another study, various cancer cell
lines with simultaneous PIK3CA and KRAS mutations were resistant to
the pan-PI3K inhibitor PX-866, whereas cell lines with only a PIK3CA
mutation were sensitive to PX-866 (Ihle et al., 2009).

In early clinical trials, a response rate of 36% (6 of 17 patients) was re-
ported in patients with PIK3CA mutations treated with therapies
targeting PI3K/AKT/mTOR, whereas only 6% (15 of 241 patients) without
documented PIK3CA mutations treated on the same protocols responded
(Janku et al., 2011). Patients with breast and gynecologic malignancies
harboring PIK3CA mutations treated in phase I clinical trials with PI3K/
AKT/mTOR inhibitors had a significantly higher response rate (30% had
a partial response rate, 9% had stable disease for more than 6 months)
versus a 10% response rate in patients with wild-type PIK3CA (Janku
etal, 2012). An important observation was that not all PIK3CA mutations
equally predict response to PI3K/AKT/mTOR inhibitors. The results from
early clinical trials demonstrated that patients with advanced cancer
and an H1047R mutation in the kinase domain of the p110« catalytic
subunit have a significantly higher response rate to PI3K/AKT/mTOR in-
hibitors than patients with other PIK3CA mutations (38% vs. 10%). Multi-
variate analysis showed that H1047R was the only independent factor
predicting response (Janku et al., 2013). An early clinical trial of the
p110a-selective PI3K inhibitor BYL719 tested a selected patient popula-
tion with advanced solid malignancies carrying mutations in PIK3CA.
This study differed from all clinical studies mentioned above with an un-
selected patient population. Preliminary data showed PET responses and/
or tumor shrinkage in 8 of 17 patients and 8 patients have been on the
study for at least 4 months (Juric et al.,, 2012). Patients with PIK3CA mu-
tations and advanced cancers enrolled in early clinical trials had a signif-
icantly higher frequency of simultaneous KRAS mutations than patients
without PIK3CA mutations (34% vs. 21%) (Janku et al., 2012). In accord
with preclinical PI3K axis inhibitor studies, patients with simultaneous
PIK3CA and KRAS mutations in codon 12 or 13 had lower response rates
compared to those without simultaneous KRAS mutations (0% and 23%,
respectively) (Janku et al., 2013). Therefore, combinatorial treatment
strategies that could ensure effective inhibition of both PI3K and MAPK

signaling pathways are likely to be the future standard of care, at least
for those patients.

4. Phosphatase and tensin homolog alterations in cancer

The tumor suppressor gene PTEN (also known as MMAC, mutated in
multiple advanced cancers) was initially observed independently by
two groups in 1997 on the 10q23 chromosomal region of PTEN, which
was known to be deleted in many advanced cancers (Li et al., 1997;
Steck etal., 1997). PTEN is a lipid phosphatase that catalyzes the conver-
sion of the second messenger PIP3 to PIP2 and thus reverses PI3K func-
tionality in signal propagation (Fig. 1) (Maehama & Dixon, 1998).
Moreover, it is now well established that PTEN has serine, threonine,
and tyrosine phosphatase activity for several protein substrates,
resulting in its complex functions in cellular signaling (Shi et al.,
2012). PTEN protein consists of 403 amino acids divided into functional
domains, the N-terminal PIP2-binding domain (PBD), phosphatase do-
main, C2 domain and C-terminal tail with two PEST (proline, glutamic
acid, serine, threonine) domains, and a sequence governing protein-
protein interactions (PDZ) (Lee et al., 1999). These different PTEN do-
mains are relevant to its tumor suppressor function due to the large
diversity of tumor-associated mutations observed across all of its
domains (Chalhoub & Baker, 2009). The loss of PTEN function can
be caused by various mechanisms including mutations, deletions,
transcriptional silencing and epigenetic changes (Song et al., 2012).
Transcriptional repression and epigenetic silencing of PTEN typically
occurs via gene promoter hypermethylation (Garcia et al., 2004;
Goel et al., 2004).

Two major discoveries about the novel secretory function of PTEN
have been observed. An important finding was that PTEN could be stored
in and exported from cells in exosomes, transferred among the cells and
finally internalized by recipient cells with an appropriate functional effect
(Putz et al., 2012). The second discovery was the existence of the long
variant of PTEN (termed PTEN-Long), that originated from an alternative
translation start site on PTEN mRNA. The additional 173 amino acids in
PTEN-Long were found to encode the unique signal sequence that
allowed secretion of the protein outside of the cells. Subsequently,
PTEN-Long could be absorbed by recipient cells and have normal tumor
suppressor function (Hopkins et al., 2013). Both of these mechanisms
might be physiologically important for recipient cells with endogenous
PTEN deficiency. The intercellular transfer of PTEN could also have a pos-
itive impact on tumorigenesis due to the potential dissemination of mu-
tated and ineffective PTEN into the tumor microenvironment that could
interfere with the endogenous activity of wild-type PTEN in non-tumor
cells. Further research is necessary to find out if it is possible to utilize
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intercellular PTEN communication for cancer treatment with exogenous-
ly administered wild-type PTEN protein (Papa et al., 2013).

Mutations as well as loss of PTEN are found in various tumor types.
The TCGA studies identified PTEN mutations in 63% of endometrial can-
cers, 30% of glioblastomas, 8% of cervical cancers, and 7% of skin cancers
as well as in other tumor types (cBioPortal for Cancer Genomics, 2013).
The COSMIC database identified PTEN mutations in 39% of endometrial
cancers, 14% of central nervous system tumors, 12% of skin cancers,
11% of colorectal cancers, 10% of prostate cancers, and 5% of cervical can-
cers as well as in other tumor types (Fig. 4) (COSMIC (Catalogue of
Somatic Mutations in Cancer), 2013). The complete loss of PTEN was
also observed in a high number of cases of uterine (33%), renal (27%),
salivary gland (20%), colorectal (18%), breast (13%), pancreatobiliary
(13%) and prostate cancers (11%) (Janku et al., 2012). Because of the
numerous mechanisms underlying PTEN inactivation on genetic and
epigenetic levels, accurate assessment of PTEN status in individual
tumor samples remains challenging.

Simultaneous aberrations in PIK3CA and PTEN are infrequent;
however, they can occur in some tumor types such as endometrial
cancer (Hayes et al., 2006; Kang et al., 2008). In early clinical trials
with 1656 patients with diverse tumor types, 146 (9%) patients had
PIK3CA mutations, 150 (9%) patients had PTEN aberrations but only
14 (1%) patients had simultaneous PIK3CA mutations and PTEN ab-
errations (Janku et al., 2012). Although the prevalence of PI3K al-
terations in some cancer types is relatively low, identifying PTEN
mutations or aberrations in other parts of the PI3K/AKT/mTOR
pathway highlights the need for targeted therapeutic inhibition of
this pathway on various downstream levels.

Preclinical models demonstrated that PTEN function is an important
regulator of G protein-coupled receptor signaling transmitted through
PIK3CB. PTEN-deficient tumors are critically dependent on PIK3CB
activity and tumors with PIK3CB activation are sensitive to PIK3CB inhib-
itors (Jia et al., 2008; Ni et al., 2012). Notably, breast cancer cell lines
with PTEN loss compared to those with PIK3CA mutations demonstrated
resistance to treatment with mTOR complex 1 (mTORC1) targeted ther-
apy (Weigelt et al,, 2011). However, in early clinical trials, loss of PTEN
expression was found in 24% of patients with various solid tumors,
and 48% of heavily pretreated and PTEN loss patients treated with a
PI3K/AKT/mTOR axis inhibitor experienced a partial response or stable
disease greater than or equal to 4 months. This exploration suggests
that matching patients with inhibitors based on PTEN loss merits
further exploration (Janku et al,, 2011). Moreover, early clinical experi-
ments demonstrated that patients with PTEN loss have similar response
rates to PI3K/AKT/mTOR targeted therapies, 76% of which included
mTORC1 inhibitors, as do patients with PIK3CA mutations, or patients

with a simultaneous PIK3CA mutation and PTEN loss (18% vs. 20% vs.
11%, respectively; p = 0.83) (Janku et al., 2012).

5. Molecular targets in protein kinase-B

AKT/PKB (protein kinase-B) is a family composed of three serine/
threonine kinases known as AKT1, AKT2 and AKT3 (Fig. 1). These iso-
forms are products of three different genes, but with more than 80%
structural homology. AKT is an important part of PI3K signaling as the
activation of the protein is caused by PI3K and PDK1 mediated phos-
phorylation in the catalytic domain at threonine 308 (Alessi et al.,
1997; Andjelkovic et al., 1997). AKT activation is involved in tumor pro-
gression through increased cell proliferation and survival, invasion, me-
tabolism or angiogenesis (Datta et al., 1999). AKT regulates downstream
targets in the PI3K pathway such as TSC2 (which leads to activation of
mTORC1) and outside of the PI3K pathway such as Bcl-2-associated pro-
teins, glycogen synthase kinase-3f (GSK3[3) or MDM2 (Cheung & Testa,
2013). Therefore, the inhibition of AKT as an important node in PI3K sig-
naling could have a significant impact on tumors that are addicted to
PI3K/AKT/mTOR axis activity.

The initial observation of an AKT alteration in cancer was the amplifi-
cation and overexpression of AKT2 in ovarian tumors and ovarian cancer
cell lines (Cheng et al,, 1992). A subsequent study of 132 ovarian and 106
breast tumors revealed AKT2 amplification in 12% and 3% of each tumor
type, respectively (Bellacosa et al., 1995). Amplification and overexpres-
sion of AKT2 was also discovered in pancreatic tumors, with a 10% to
20% frequency (Miwa et al., 1996; Ruggeri et al., 1998 ). Another AKT fam-
ily member, AKT3, is frequently amplified and overexpressed in diverse
human malignancies. AKT3 amplification was observed in hepatitis C
virus-associated hepatocellular carcinomas (Hashimoto et al., 2004),
glioblastoma (Ichimura et al., 2008; Polivka et al.,, 2012) as well as in a
substantial number of melanomas (Stahl et al., 2004). Activating muta-
tions in AKT1 have been found in breast, colorectal and ovarian tumor
samples. This mutation led to the amino acid substitution E17K, which af-
fects the lipid-binding domain of AKT1. The E17K amino acid change in
AKTT1 alters its lipid binding capacity, which leads to constitutive mem-
brane localization in the absence of PIP3 with a concomitant increase in
the signaling function of this kinase (Carpten et al., 2007). The TCGA
studies identified AKT1 mutations in 2.5% of breast cancers, 2% of bladder
cancers, 1.7% of endometrial cancers, and 1% of skin cancers as well as in
other tumor types (cBioPortal for Cancer Genomics, 2013). The COSMIC
database reported AKT1 mutations in 4% of meningiomas, 3% of breast
cancers, 3% of endometrial cancers, 2% of urinary tract cancers, and 2%
of thyroid cancers as well as in other tumor types (Fig. 5) (COSMIC
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(Catalogue of Somatic Mutations in Cancer), 2013). The E17K mutation
was also identified in AKT3 in melanoma (Davies et al., 2008).

Preclinical studies and early clinical trials have tested various
ATP-competitive selective AKT inhibitors such as AZD5363 (Addie
etal, 2013), GDC-0068 (Lin et al., 2013), GSK2141795 (Pal et al,,
2010) or an allosteric inhibitor of all AKT isoforms, MK-2206
(Table 1) (Yapetal., 2011). AKT inhibitors could be especially effec-
tive against cancers with AKT1 mutations and AKT2 and AKT3 am-
plification. However, non-AKT effectors of PI3K kinase that are
hyperactivated by AKT inhibition could limit the efficacy of such
drugs in a monotherapy setting (Vasudevan et al., 2009).

In a preclinical experiment, NIH 3T3 mouse embryonic fibro-
blast cells with the AKT1 mutation E17K were sensitive to treat-
ment with AKT1 ATP competitive inhibitors. On the other hand,
an E17K substitution decreases the sensitivity of 3T3 cells to an al-
losteric kinase inhibitor. This observation could affect the further
development of AKT inhibitors (Carpten et al., 2007). It is currently
unknown whether mutations in AKT are predictive of the success of
AKT targeted anticancer therapy or other inhibitors of the PI3K/
AKT/mTOR axis in the clinical setting.

6. Tuberous sclerosis complex 1/2 and liver kinase B1 alterations
in cancer

The activation of mTOR in the PI3K signaling pathway is inhibited by
the complex of two proteins, hamartin and tuberin, (TSC1/TSC2 com-
plex), which are products of the tumor suppressor genes TSC1 and
TSC2 (chromosomes 9q34 and 16p13.3, respectively) (European

Chromosome 16 Tuberous Sclerosis Consortium, 1993; van Slegtenhorst
etal, 1997, p. 34). In its steady state, the TSC1/TSC2 complex inactivates
RHEB. When the PI3K pathway is activated, the upstream kinase AKT
phosphorylates TSC2, which inhibits the TSC1/TSC2 complex and en-
ables mTOR activation by RHEB (Fig. 1) (Manning & Cantley, 2003).
Germline mutations in TSCT as well as TSC2 cause Tuberous Sclerosis
Complex (TSC), a genetic disorder characterized by the formation of be-
nign hamartomas in the kidneys, heart, lung, brain, skin and other or-
gans (Kohrman, 2012). Sporadic TSC1 mutations have also been seen
in a small portion of bladder cancers (Pymar et al.,, 2008). The TCGA
studies identified TSC1 mutations in 11% of bladder cancers, 3% of endo-
metrial cancers, 3% of lung squamous cell cancers, and 2% of skin cancers
as well as in other tumor types. TSC2 mutations were found in 5% of
endometrial cancers, 4% of skin cancers, 3% of gastric cancers, and 2%
of cervical cancers as well as in other cancer types (cBioPortal for
Cancer Genomics, 2013). The COSMIC database identified 7SC1 muta-
tions in 8% of urinary tract cancers, 4% of endometrial cancers, and 3%
of colorectal cancers as well as in other tumor types (Fig. 6). TSC2 muta-
tions were found in 5% of endometrial, 5% of liver, 3% of cervical, and 3%
of lung cancers as well as in other cancer types (Fig. 7) (COSMIC
(Catalogue of Somatic Mutations in Cancer), 2013).

Importantly, mTOR inhibition with drugs such as everolimus is
now being evaluated in various clinical trials enrolling patients
with TSC disease (Kohrman, 2012). Everolimus demonstrated effi-
cacy in subependymal giant cell astrocytomas in patients with
TSC (Yalon et al., 2011; Cappellano et al,, 2013) and is the first
mTOR inhibitor approved by the FDA for the treatment of TSC-
associated subependymal giant cell astrocytoma. Clinical benefit with
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mTOR targeted treatment was also seen in patients with other TSC
associated diseases such as lymphangioleiomyomatosis (LAM) and
perivascular epithelioid cell tumors (PEComas). LAM affects approxi-
mately 30% to 40% of women with TSC and sporadic LAM has been
associated with a loss of heterozygosity in the TSC2 region (Smolarek
et al,, 1998). In a clinical trial of 89 patients with LAM treated either
with the mTOR inhibitor sirolimus or placebo, the patients in the
sirolimus arm had a significant improvement of up to 12 months in
their forced vital capacity and residual functional lung capacity of the
lung as well as quality of life and functional performance (McCormack
et al,, 2011). A report of a patient with advanced LAM treated in a
phase I clinical trial with the combination of the angiogenesis inhibitor
bevacizumab and the mTOR inhibitor temsirolimus showed a sustained
response with a 68% decrease in tumor volume after 18 weeks of treat-
ment (Piha-Paul et al., 2011). Another original report of three patients
with metastatic PEComas, which are rare mesenchymal neoplasms orig-
inating in perivascular epithelioid cells associated with loss of TSCT or
TSC2, showed the high efficacy of sirolimus treatment, leading to radio-
graphic responses in all three patients (Wagner et al,, 2010). Of impor-
tance is the recently identified strong association between TSC1 somatic
mutations and responses to everolimus in patients with metastatic blad-
der cancers. Moreover, one complete response lasting for more than
2 years was seen in a patient with coincident TSC1 and NF2 mutations
(lyer et al., 2012). These examples illustrate the potential of TSC1/TSC2
aberrations to serve as predictive biomarkers for mTOR inhibitor-based
anticancer therapy.

LKB1 is a serine/threonine kinase that phosphorylates AMP-activated
protein kinase (AMPK). AMPK subsequently activates the TSC1/TSC2
complex, which negatively regulates mTOR signaling. Germline muta-
tions in the LKBI tumor suppressor gene were found in more than 70%
of patients with Peutz-Jeghers syndrome. This disease is characterized
by multiple gastrointestinal hamartomatous polyps and a lifelong in-
creased risk of various other types of cancers (Launonen, 2005). Interest-
ingly, somatic LKB1 mutations were also found in some sporadic tumors.
The TCGA studies identified LKB1 mutations in 13% of lung cancers, 2% of
cervical cancers, and 1% of skin cancers as well as in other tumor types
(cBioPortal for Cancer Genomics, 2013). The COSMIC database identified
LKB1 mutations in 13% of cervical cancers, 10% of small intestine cancers,
8% of lung cancers, and 5% of skin cancers as well as in other tumor types
(Fig. 8) (COSMIC (Catalogue of Somatic Mutations in Cancer), 2013).

LKB1 was also identified as an important kinase phosphorylating
AMPK under various conditions of energy stress (Hardie et al., 2012).
Metabolic stress can induce cell growth arrest that partly depends on
AMPK activity. LKBI mutations led to the insufficiency of this metabolic
checkpoint that resulted in rapid apoptosis in an energy stress setting
(Shaw et al, 2004). In a preclinical study of LKB1-deficient NSCLC cell
lines, treatment with the metabolic drug phenformin was highly effective
and led to selective apoptosis in these cells. Additionally, NSCLC mouse
models showed that tumors with coincident KRAS and LKB1 mutations
responded well to phenformin, resulting in prolonged survival. This
was not the case for KRAS and TP53 mutated tumors (Shackelford et al,,
2013). The NSCLC cell lines with simultaneous LKB1/KRAS mutations
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were sensitive to the MEK inhibitor CI-1040 even though LKB1 and KRAS
mutations alone do not confer similar sensitivity. The authors concluded
that LKB1/KRAS-mutant tumors could be found in a distinct subset of
NSCLC that was additionally sensitive to treatment with the mTOR inhib-
itor rapamycin (Mahoney et al., 2009). The integrated genomic and pro-
teomic profiling study with a mouse model of LKB1/KRAS mutated lung
tumors revealed the additional activation of SRC kinase in those tumors.
Moreover, the combination of SRC, PI3K and MEK1/2 inhibition resulted
in significant tumor regression (Carretero et al., 2010). In another study,
rapamycin treatment significantly slowed the progression of tumors in
a mouse model of LKB1-deficient endometrial adenocarcinoma
(Contreras et al., 2010). The metabolic drug metformin enhanced the cy-
totoxicity of gefitinib, an inhibitor of EGFR tyrosine kinase, in squamous
cell carcinoma cell lines that expressed intact LKB1, but not in LKB1-
deficient NSCLC and cervical cancer cells. However, both groups of cell
lines demonstrated synergistic cytotoxic effects in response to the combi-
nation of lovastatin and gefitinib (Ma et al, 2012). Treatment with mTOR
inhibitors such as everolimus could provide a future option in the
chemoprevention of Peutz-Jeghers syndrome as well in the treatment
of tumors with somatic LKBT mutations (Kuwada & Burt, 2011).

7.Mammalian target of rapamycin alterations in cancer

The mammalian target of rapamycin (mTOR) is an evolutionarily
conserved serine/threonine kinase, which acts downstream of the
PI3K pathway. It is composed of two distinct protein complexes,
mTORC1 and mTORC2, that act on different levels of the pathway.
mTORC1 consists of mTOR and other associated proteins such as raptor,
mLST8, PRAS40 and DEPTOR (Shaw & Cantley, 2006; Guertin & Sabatini,
2007). The mTORC1 complex functions as a key regulator of cellular
growth and protein synthesis. This mTOR complex stimulates S6 kinase
activity as well as phosphorylating factor 4E-Binding Protein 1 (4EBP1)
that leads to the release of eukaryotic initiation factor 4E (elF4E), thus
initiating translation of specific mRNAs (Engelman et al., 2006). The
second mTOR complex, mTORC2, consists of mTOR and other proteins
such as rictor, mLST8, DEPTOR, mSin1 and protor. Unlike the mTORC1
complex, mTORC2 positively regulates cell survival and proliferation
on different signaling levels, mainly by phosphorylation of AKT (at the
serine 473 residue) as well as via serum and glucocorticoid-inducible
kinase (SGK) (Fig. 1) (Alessi et al., 2009; Sun, 2013).

Recently, somatic mutations in mIOR S2215Y (colorectal carcinoma)
and R2505P (renal cell carcinoma) were found to constitutively activate
mTOR signaling even under nutrient starvation conditions. These muta-
tions led to mTORC1 complex hyperactivity that imitated RHEB activa-
tion of mTORC1, causing signal propagation (Sato et al., 2010). The
TCGA studies identified mTOR mutations in 10% of endometrial cancers,
8% of gastric cancers, 8% of renal cancers, 6% of skin cancers, and 5% of
lung cancers as well as in other tumor types (cBioPortal for Cancer

Genomics, 2013). The COSMIC database identified mTOR mutations in
13% of endometrial cancers, 6% of renal cancers, 6% of colorectal cancers,
5% of lung cancers, and 3% of skin cancers as well as in other tumor types
(Fig. 9) (COSMIC (Catalogue of Somatic Mutations in Cancer), 2013).

The therapeutic inhibition of mTOR is the only FDA- and EMA-
approved approach for inhibiting PI3KK/AKT/mTOR signaling. Two second
generation rapamycin analogs, everolimus and temsirolimus, are avail-
able for cancer treatment. Their approved indications are renal cell carci-
noma (Hudes et al.,, 2007; Motzer et al., 2008), advanced hormone
receptor-positive, HER2-negative breast cancer (Baselga et al., 2012)
and progressive neuroendocrine tumors of pancreatic origin (Yao et al.,
2011). These conventional mTOR targeted drugs act as allosteric inhibi-
tors of the mTORC1 complex through interaction with FK-binding protein
12 (FKBP12) (Markman et al,, 2010). Although they are effective in can-
cer treatment under some circumstances, they are generally thought to
have only weak activity against the mTORC2 complex (AKT activator),
which can lead to AKT activation (Ogita & Lorusso, 2011).

A new generation of mTOR kinase inhibitors is expected to provide a
more robust blockade of mTOR signaling via suppression of both
mTORC1 and mTORC2 complexes. These ATP-competitive inhibitors of
the catalytic activity of mTOR kinase are now in preclinical studies and
early clinical trials, and include MLNO128/INK128 (Janes et al., 2013),
AZD805, AZD2014 (Naing et al., 2012; Pike et al., 2013), PP242 (Zeng
etal, 2012) or OSI-027 (Table 1) (Bhagwat et al., 2011). Unlike the cur-
rently approved rapamycin analogs temsirolimus and everolimus, novel
generation of dual mTORC1 and mTORC2 inhibitors could be effective in
abolishing the feedback activation of AKT induced by rapalogs. Inhibi-
tion of mTOR kinase also relieves feedback inhibition of receptor tyro-
sine kinases. The combined inhibition of both mTOR complexes with
novel mTOR inhibitors together with inhibition of activated receptor ty-
rosine kinases fully abrogated AKT signaling and resulted in cancer cell
death and tumor regression in vivo (Rodrik-Outmezguine et al,, 2011).
Another mechanism of resistance to dual mTORC1/mTORC2 inhibitors
was observed in the PP242 study. The feedback activation of ERK in
the MAPK pathway after mTOR inhibition was partially overcome
with dual mTORC1/mTORC2 and MEK blockade (Blaser et al., 2012;
Hoang et al., 2012). The multiple levels of feedback and diverse signal-
ing pathway cross-talk underline the need for further evaluating com-
bined inhibitory approaches in targeted anticancer therapy.

8. Conclusion

The aberrant activation of the PI3K/AKT/mTOR pathway on various
levels of signaling is frequently observed in many different human ma-
lignancies. In addition to sporadic tumor development are hereditary
cancer syndromes caused by hyperactive PI3K signaling, such as
Cowden’s disease, tuberous sclerosis complex, Peutz-Jeghers syndrome,
and others. The development of novel inhibitors that could interact with
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distinct members of this pathway is sorely needed. To date, only a
few PI3K-targeted drugs such as the mTORC1 inhibitors everolimus
and temsirolimus have emerged from clinical trials with approval
for the treatment of limited types of cancers. These include renal
cell carcinoma, advanced hormone receptor-positive, HER2-negative
breast cancer, progressive neuroendocrine tumors of pancreatic origin,
or TSC-associated subependymal giant cell astrocytoma. The discovery
of novel molecular targets and a better understanding of how they func-
tion in aberrant PI3K is expected to deliver novel inhibitory molecules to
the clinical trial arena such as the newest generation of PI3K, AKT and
mTOR inhibitors. The substantial improvement that has been made in de-
fining specific predictive biomarkers that could be used to better stratify
patients is now being translated to the clinic. For instance, combinations
of PI3K and MEK inhibitors demonstrated encouraging activity in patients
with advanced ovarian cancers and RAS or RAF mutations in early phase
clinical trials (Janku et al,, 2013). In addition, following the success with
everolimus and exemestane in hormone-dependent metastatic breast
cancer (Baselga et al., 2012), early clinical data with PI3K inhibitors and
hormone therapy demonstrated encouraging activity in the same patient
population (May et al,, 2011; Juric et al., 2012; Nagaraj et al., 2012).
Furthermore, combinatorial targeted therapy approaches that can affect
various levels of cross-talk among many signaling pathways as well as
complex networks of negative feedback will likely be required to provide
truly effective anticancer treatment in the era of personalized cancer
medicine.
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Souhrn

Oligodendrogliomy patfi k vzécnym, aviak nejlépe prozkoumanym nadordm v neuroon-
kologii. Jiz dlouho je znama jejich vétsi senzitivita na radioterapii a chemoterapii ve srov-
nani s ostatnimi gliomy. Specifickym nélezem je ¢asta pfitomnost chromozomalni kodelece
1p/19q. Teprve vysledky dlouhodobého sledovani nemocnych ve dvou zésadnich klinickych
studiich faze Il - RTOG 9402 a EORTC 26951 prokézaly pfiznivy Gcinek kombinované onko-
logické lécby radioterapie a chemoterapie v kombinaci prokarbazin, lomustin-CCNU a vin-
kristin (PCV) u nemocnych s anaplastickym oligodendrogliomem a anaplastickym oligoastro-
cytomem s 1p/19q kodeleci. Pfitomnost kodelece 1p/19q je dllezitym diagnostickym,
pozitivnim prognostickym a silnym prediktivnim biomarkerem oligodendrogliomu. Diskutuje
se o daldich molekularné genetickych charakteristikdch oligodendrogliomd — mutaci meta-
bolického enzymu Izocitrat dehydrogendzy 1 a 2 (IDH 1/2), metylaci promotoru genu pro
0-6-metylguanin-metyltransferazu (MGMT), hypermetylacnim stavu ostravk( cytozin-gua-
nin nadorového genomu (G-CIMP) a moZnosti lé¢by téchto nadori. Uvedeny jsou aktudlni
poznatky optimalniho managementu anaplastickych oligodendrogliom( respektujici zasady
personalizované mediciny.

Abstract

Oligodendrogliomas are uncommon but extensively explored tumors in neurooncology.
Their superior sensitivity to radiotherapy and chemotherapy in comparison with other glio-
mas has been known for a long time. The chromosomal codeletion 1p/19q is frequent in
this tumor type. The long-term follow up of two landmark phase Il trials — RTOG 9402 and
EORTC 26951 have resulted in a favorable effect of combined radiotherapy and chemo-
therapy - procarbazine, lomustine (CCNU), vincristine — in patients with anaplastic oligoden-
drogliomas and anaplastic oligoastrocytomas carrying the codeletion 1p/19q. This codeletion
serves as an important diagnostic, positive prognostic and strong predictive biomarker. The
role of the other molecular biomarkers (Isocitrat dehydrogenase — IDH1, IDH2 mutations,
methylation of the MGMT promoter, glioma cytosine — guanine islands methylator pheno-
type — G-CIMP) in oligodendroglial tumors is also discussed. All these data determine a new
personalised approach to the management and treatment of anaplastic oligodendroglial
tumors.
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ANAPLASTICKE OLIGODENDROGLIOMY — NADESEL CAS PRO PERSONALIZOVANOU MEDICINU?

Uvod

Oligodendroglidlni nadory (oligodendro-
gliomy, oligoastrocytomy) reprezentujf asi
5 % priméarnich nadort mozku. Od ostat-
nich malignich glioma se odlisuji pFiznivéjsi
odpovédi na radioterapii i chemoterapii.
Na zékladé klasifikace nddorG centrdiniho
nervového systému dle Svétové zdravot-
nické organizace (WHO) z roku 2007 jsou
charakterizovany histopatologickym néle-
zem oligodendroglidlni slozky. Soucasnd
WHO klasifikace viak nereflektuje mole-
kuldrné genetické charakteristiky nadord.
Studium molekuldrni genetiky oligoden-
drogliomd pfinadsi nové poznatky v jejich
diagnostice i 1é¢bé a spolu s vysledky kli-
nickych studii ovliviiuje jejich manage-
ment. Toto sdéleni uvadi prehled aktudl-
nich poznatkd o problematice predevsim
anaplastickych oligodendrogliomd.

Oligodendrogliomy -

zakladni udaje

Oligodendroglidlni néadory lze podle
stupné malignity rozlidit na oligoden-
drogliomy grade Il a oligodendro-
gliomy grade Ill — anaplastické oligo-
dendrogliomy (AO). Pouze asi 30 %
oligodendroglidlndch nadorli obsahuje
v histopatologickém obraze anaplastické
charakteristiky — jaderné atypie, zvy3enou
celularitu, zvysenou prolifera¢ni aktivitu,
vy$si pocet mitdz. Typicky histopatolo-
gicky nélez jsou centrainé ulozena kulata
jadra se svétlou aZ prézdnou cytoplazmou
v okoli (perinuklearni ,halo”) a dale pfi-
tomnost mikrokalcifikaci. Anaplastické
oligodendrogliomy a vzacnéjsi anaplas-
tické oligoastrocytomy tvori dvé ze ¢ty
skupin anaplastickych gliomd (dal3i sku-
piny jsou anaplastické astrocytomy a ana-
plastické ependymomy) [1].

AO tvofi asi 0,5-1,2 % primarnich na-
doré mozku [12,3]. Nejvyssi vyskyt AO
je mezi 45 a 50 roky véku, oligodendro-
gliomy II. stupné postihuji osoby o 7-8 let
mladsi. Pfedpoklada se, Ze tento roz-
dil odpovida progresi z II. do Ill. stupné
nadoru.

Oligodendrogliomy se vétdinou ma-
nifestuji epileptickym zachvatem. Dalsi
symptomatologie je z nejcastéji postizené
frontalni, pfipadné temporaini oblasti. In-
filtrativni rGist a nepfilis vyrazny perifokalni
edém zpUsobuji az pozdéjsi projevy nit-
rolebni hypertenze. Oligodendrogliomy
grade Il jsou v CT obraze vétsinou hypo-
denzni, dobfe ohrani¢ené, s moznym vy-

skytem kalcifikaci a nevelkého enhan-
cementu. Obdobné na MR byvad obraz
nehomogenniho loZiska s nevelkym ko-
laterdInim edémem a pfiblizné v poloviné
pripadd patrnym enhancementem. Pro
AO je typicky CT a MR obraz infiltrativné
rostouctho nehomogenniho tumoru se
solidnimi a cystickymi ¢astmi, s hypodenz-
nimi a hyperdenznimi (CT), hypointen-
zitnimi a hyperintenzitnimi (MR) loZisky,
kalcifikacemi a ¢astym enhancementem
a krvacenim do tumoru [4].

Zasady lécby AO jsou obdobné jako
pro ostatni gliomy; neurochirurgicky za-
krok a onkologickd Ié¢ba — radiotera-
pie a chemoterapie. Radioterapie (RT) se
uziva v celkové davce 54-60 Gy a chemo-
terapie v trojkombinaci prokarbazin, lo-
mustin — CCNU, vinkristin (zkracené PCV)
nebo temozolomid (TMZ) [5,6].

Neurochirurgicky zékrok je zé&sadni
pro odstranéni nadoru a pro ziskani na-
dorové tkané pro presnou diagnostiku.
Za optimum je povaZovana totélni re-
sekce nadoru. Umoziiuiji ji sofistikované
diagnostické predoperacni a peroperacni
metody (funk¢ni MR, uziti 5-aminolevu-
lové kyseliny — 5-ALA, peroperacni ultra-
zvuk a MR), navigované operace a dalsi
rozvoj operacnich technik. PoZzadovand je
pooperac¢ni MR (24-72 hod po operaci).
Vyznamné jsou i pokroky v intenzivni
pooperacni péci. Cilena biopsie z nadoru
je vyhrazena pro pripady, kdy resekce na-
doru neni moznd. Nésledovat ma neu-
roonkologicka lé¢ba [4,7-9].

Jiz v 80. letech 20. stoleti byla zjisténa
radiosenzitivita oligodendrogliomd [10],
pozdéji také pfiznivy Ucinek chemoterapie
— PCV a temozolomidu [11-13]. K pro-
gnosticky pfiznivym faktordm patfi ze-
jména nizky vék nemocného, jeho dobry
celkovy zdravotni stav (Karnofsky skére),
radikalita odstranéni nadoru a kombino-
vana onkologickd lé¢ba [14]. Nutné je
peclivé sledovani klinického stavu i kont-
rolnich MR.

Molekularné genetické
charakteristiky
oligodendrogliomt
Oligodendroglidini nddory jsou charak-
teristické castou pfitomnosti chromo-
zomaln{ kodelece 1p/19q. Byla popsana
v roce 1994 a jde o vlbec prvni biomarker
v neuroonkologii [15]. Jednd se o ztratu
genetického materidlu z kratkého ra-
ménka chromozomu 1 (1p) a z dlou-

hého raménka chromozomu 19 (19q).
Je zpUsobena nebalancovanou translo-
kaci t(1;19)(q10;p10) pfi niZ vznika deri-
vovany chromozom 1qg/19p [16]. Kode-
lece 1p/19q se vyskytuje téméf vyhradné
u oligodendroglidinich nadord. Vétsina
oligodendrogliom( s kodeleci 1p/19q méa
také mutaci v genu CIC, lokalizovaném
na 19g13.2, mald ¢ast ma mutaci genu
FUBP-1 na chromozomu 1p [17,18]. Tyto
mutované tumor supresorové geny se nej-
spise mohou uplatriovat pfi vzniku a pro-
gresi oligodendrogliomd, jejich skutecny
vyznam pro nadorovou chorobu bude
viak jesté tfeba ovérit. Frekvence kodelect
1p/19q je odhadovana na 80-90 % u oli-
godendrogliomt grade Il a na 50-70 %
u AO [19,20].

Kodelece 1p/19q je povazovana za vy-
znamny diagnosticky biomarker. Jeji
ptitomnost podporuje diagnézu oligo-
dendrogliomu, zejména v pfipadech, kdy
histologicky nalez neni typicky [21]. Sa-
motna piitomnost kodelece viak neni do-
statecna pro diagnézu oligodendrogliomu.
Az 20 % glioblastomt muze mit zndmky
oligodendroglidini slozky, z nich 5 az 25 %
ma kodeleci 1p/19q. Jeji vyznam u glioblas-
tomu zatim nenf jasny [22]. Také nékteré
dal3i tumory mohou pfipominat oligoden-
drogliom — dysembryoplasticky neuroepi-
telidlni nador (DNET), neurocytom, svétlo-
buné¢ny ependymom nebo malobunécna
varianta anaplastického astrocytomu. Tyto
nadory nemaji 1p/19q kodeleci, a jeji vy-
Setfeni je tudiz uzite¢na diagnosticka po-
mucka [21]. Kodelece 1p/19q a mutace
tumor supresorového genu TP53 slouzi
také k odliseni od astrocytomu. Oligoden-
drogliomy s kodeleci nemaji zéroveri mu-
tace TP53, zatimco astrocytomy s kodeleci
1p/19g maji obvykle zaroveri mutovany
gen TP53. Mutace TP53 se vyskytuji u 5 %
oligodendrogliomu, ale az u poloviny as-
trocytomu grade Il a lll [23,24].

Pritomnost kodelece 1p/19q ma rovnéz
nezavisly pozitivni vyznam pro prognézu
nemoci (prognosticky biomarker). Z re-
trospektivnich i prospektivnich studif bylo
Zjisténo, ze pfi standardnim lé¢ebném po-
stupu nemocni s kodeleci 1p/19q majf
lepsi vysledky preziti nez nemocni bez
této kodelece. Pfesny dlivod dosud objas-
nén neni, predpokldda se vétsi senzitivita
takovych oligodendroglioml na radiote-
rapii i chemoterapii [6,21,25-28].

Kodelece 1p/19g ma podstatny kli-
nicky vyznam jakoZzto prediktivni bio-
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pfi 1é¢bé PCV+RT ve srovnani s RT sa-
motnou [27,28], jak bude dale podrobné
popsano.

Neuroonkologicka

lécba anaplastickych
oligodendrogliomt

Jiz v roce 1998 bylo zjisténo, Ze nemocni
s kodeleci 1p/19q vykazuji senzitivitu vaci
PCV [29]. Z&sadni vysledky pfinesla aZ rea-
lizace dvou randomizovanych studii féze
Ill, RTOG 9402 a EORTC 26951 [25-28].

Ve studii Radiation Therapy Onco-
logy Group (RTOG) 9402 bylo v letech
1994-2002 zafazeno 291 nemocnych
s AO a anaplastickym oligoastrocyto-
mem randomizovanych do dvou sku-
pin — PCV s naslednou radioterapii a ra-
dioterapie samotnd. Ve studii European
Organisation for Research and Treatment
of Cancer (EORTC) 26951 bylo v letech
1996-2002 zafazeno 368 nemocnych
s AO a anaplastickym oligoastrocytomem
randomizovanych do dvou skupin - ra-
dioterapie samotna a RT s naslednou che-
moterapii PCV. V obou studiich byl také
stanoven status 1p/19g metodou fluo-
rescencni in situ hybridizace (FISH).

Ve studii RTOG 9402 byla zjisténa ko-
delece 1p/19q u 46 % nemocnych. V pri-
béhu studie bylo 80 % nemocnych rando-
mizovanych k RT nasledné léceno PCV pfi
progresi onemocnéni. Po minimalné tfile-
tém hodnoceni vysledkl v roce 2006 se
li3il median bezpfiznakového obdobi
(Progression Free Survival, PFS) u sku-
piny PCV+RT a skupiny RT (2,6 a 1,7 let,
p = 0,004), aviak median doby celko-
vého preziti (OS) byl v obou skupinach
podobny (4,9 a 4,7 let, p = 0,26). Me-
dian OS u nemocnych s kodeleci 1p/19q
byl delsi nez u nemocnych bez kodelece
(>7 a 2,8 let, p < 0,001), avdak median
OS v obou skupinach lécby se podle vy-
skytu kodelece 1p/19q signifikantné ne-
liil [25]. Nebyl tedy prokazan pozitivni
prediktivni vyznam 1p/19q kodelece ve
vztahu k 1é¢bé PCV+RT. Absence pfizni-
vého efektu kombinované lé¢by na dobu
celkového preZiti a vyskyt zavaznych ne-
Zadoucich ucinkd PCV u 65 % nemoc-
nych vedly ke skepsi vici PCV.

Obdobné vysledky pfinesla i studie
EORTC 26951 po v priméru pétiletém
hodnoceni v roce 2006. Kodelece 1p/19q
byla zjisténa u 21 % nemocnych. Profi-
tovala skupina lé¢end RT+PCV oproti RT

100 RTOG 9402 Zemveli  VBichni
bez kodelece 1p/19q PCV+RT 58 76
= RT 53 61
80
5
= 604
B}
-
2
§ 404
g
20
P=0,39
HR, 0,85 (95% Cl, 0,58 to 1,23)
0 T T T T T 1
0 2 4 6 8 10 12
doba od randomizace (roky)
pocet v riziku
PCV +RT 76 41 28 22 17 14 74
RT 61 36 20 12 8 4 2

Graf 1. Celkové preziti nemocnych ve studii RTOG 9402 bez kodelece 1p/19q
v zavislosti na pouzitém lé¢ebném rezimu kombinované terapie PCV+RT (Zluté)
nebo RT samotné (modfe).

Nebyl prokazan statisticky vyznamny rozdil v OS. Upraveno z [25].

100 RTOG 9402
fitomna kodelece 1p/19:
- W il Ve
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== RT 47 67
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S 40
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20 1
P=0,03
HR, 0,59 (95% Cl, 0,37 to 0,95)
0 T T T T T 1
0 2 4 6 8 10 12
doba od randomizace (roky)
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PCV +RT 59 53 43 37 32 27 18
RT 67 58 52 40 26 15! 13

Graf 2. Celkové preziti nemocnych ve studii RTOG 9402 s kodeleci 1p/19q v za-
vislosti na pouzitém |é¢ebném rezimu kombinované terapie PCV+RT (Zluté)
nebo RT samotné (modfe).

Statisticky vyznamny rozdil v OS byl prokézén teprve pfi dlouhodobém sledovani ne-
mocnych. Upraveno z [25].

samotné pfi PFS (medidn 23 a 13,2 mé-
sice), ale median OS byl podobny
(40,3 a 30,6 mésicti, p =0,23)[28]. U ne-

mocnych s kodeleci 1p/19q byl nezévisle
na lé¢bé medidn OS delsi nez u nemoc-
nych bez kodelece. Vysledky obou stu-
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Graf 3. Celkové preziti nemocnych ve studii EORTC 26951 bez kodelece 1p/19q
v zavislosti na pouzitém lé¢ebném rezimu kombinované terapie PCV+RT (Zluté)

nebo RT samotné (modre).

Nebyl prokazan statisticky vyznamny rozdil v OS. Upraveno z [26].
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Graf 4. Celkové preziti nemocnych ve studii EORTC 26951 s kodeleci 1p/19q
v zavislosti na pouzitém lé¢ebném rezimu kombinované terapie PCV+RT (Zluté)

nebo RT samotné (modre).

Vyznamny rozdil v OS byl prokazan teprve pfi dlouhodobém sledovani nemocnych.

Upraveno z [26].

dif v roce 2006 byly povaZovéany za spise
negativni. Neprokdzaly vyznam kodelece
1p/19q jakozto prediktivniho biomarkeru

ve vztahu k onkologické lé¢beé, prokazaly
pouze vyznam kodelece 1p/19q jako pro-
gnostického biomarkeru.

Rozhodujici vysledky pfinesly obé studie
az v roce 2012 (publikované v roce 2013)
po dlouhodobém sledovani nemocnych.
Obé studie prokazaly pfiznivy efekt kom-
binované onkologické Iécby (RT+PCV)
u anaplastickych oligodendroglioma.

Ve studii RTOG 9402 zGstal medidn OS
u nemocnych bez kodelece 1p/19q ob-
dobny jako po tfiletém sledovani u obou
skupin lécenych PCV+RT a RT samotnou
(2,6 a 2,7 let), aviak u nemocnych s ko-
deleci 1p/19q byl median OS ve skupiné
lé¢ené PCV+RT 14,7 let oproti skupiné lé-
¢ené pouze RT-7,3 let (p = 0,03) (graf 1,
2). Ve studii EORTC 26951 byly vysledky
obdobné. Po vice nez 10letém sledovanf
byl medidn OS u nemocnych bez kode-
lece 1p/19q ve skupiné lé¢ené RT+PCV
a RT samotnou podobny (25 a 21 mésicd,
p = 0,19). Avsak u nemocnych s kodeleci
ve skupiné lécené RT+PCV nebyl median
OS dosazen, zatimco ve skupiné lécené
primarné pouze RT byl median OS jen
9,3 roku (¢ast nemocnych dostala pozdéji
pfi progresi onemocnéni pfidanu chemo-
terapii PCV) (graf 3, 4).

Pozitivni efekt kombinované onkolo-
gické lé¢by (RT+PCV) u nemocnych s ko-
deleci 1p/19q byl v obou klinickych stu-
diich pfitomen nezavisle na tom, ktery typ
lécby byl zahdjen jako prvni. Pfiznivy uci-
nek na OS byl i u nemocnych, ktefi z du-
vodu vyskytu nezadoucich Gcinkd lécby
doséhli nizsi nez planované davky PCV (ve
studii RTOG 9402 pouze 42 % nemoc-
nych tolerovalo v3echny ¢tyfi zamyslené
cykly PCV, ve studii EORTC 26951 do-
sahlo v3ech 3esti planovanych cyklt PCV
pouze 30 % nemocnych). Obé studie déle
prokazaly, Ze ani samotnd radioterapie,
ani samotna chemoterapie neni v lé¢bé
AO dostate¢na.

Priznivy Ucinek lé¢by je viak negativné
ovlivnén jejimi nezadoucimi ucinky. Je
znama pozdni toxicita radioterapie (po-
stradia¢ni nekroza, rozvoj poskozeni
predevsim kognitivnich funkci) s vysky-
tem az u 10 % lécenych i pii fokusované
lécbé [10,30]. Jesté castéjsi jsou toxické
ucinky PCV (zavazné ireverzibilni poruchy
krvetvorby a polyneuropatie). Ty jsou nej-
vice pfi¢itany vinkristinu, a je tudiz posu-
zovana otazka jeho déavky a pouziti [31].
Hematotoxicita stupné Ill nebo IV byla
zjisténa u 65 % nemocnych ve studii
RTOG 9402 a u 47 % nemocnych ve stu-
dii EORTC 26951. Pouziti PCV u AO vy-
chazelo ze schémat lécby jinych malignit
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a vysledkd bylo dosaZeno s touto kombi-
naci lékd. Je nutné peclivé sledovani ne-
mocnych, cilené vyhledavani a véasny za-
chyt toxickych acinkd lécby.

Dal3i otdzkou je podavani kombino-
vané onkologické lé¢by u nemocnych,
ktefi nemaji kodeleci 1p/19q. Vysledky
studif RTOG 9402 a EORTC 26951 pro-
kazuji pfiznivy vliv této lécby na PFS
i u nemocnych bez kodelece 1p/19q.
Pfedpoklada se existence jesté jinych
molekuldrnich faktorad, které rovnéz pfi-
znivé ovliviiuji 1é¢bu a progndzu [32].
V soucasné dobé probiha klinickd studie
CATNON (NCT00626990), do niz vstu-
puji nemocni s AO bez kodelece 1p/19q.
Je zkoumdna Gcinnost temozolomidu
béhem radioterapie nebo po ni oproti ra-
dioterapii samotné.

Temozolomid (TMZ) je ucinné alkylu-
jici cytostatikum, pouzivané u AO cas-
t&ji nez PCV. Ma vyhodu oraini aplikace
oproti intravenéznimu podavéani PCV.
Ma méné nezadoucich GcinkG nez PCV
a také méné casté ukonceni lécby pro
toxicitu [19,33-35]. Pro lé¢bu AO byl
schvélen americkym FDA v roce 1999.
K jeho castému uziti u AO pfispély i re-
lativné negativni vysledky studii RTOG
9402 a EORTC 26951 z roku 2006. TMZ
napfiklad predstavuje az 87 % pouzivané
chemoterapie u AO [5,36,37]. Byly po-
psany jeho priznivé vysledky srovnatelné
s PCV [38]. Av3ak tato studie je mala, 3lo
jen o 20 nemocnych. Naopak retrospek-
tivni analyza hodnotici G¢innost RT+PCV
a RT+TMZ pfi lécbé AO u 1013 nemoc-
nych ukézala medidn celkového pre-
Ziti pro PCV rezim 7,6 let, naproti tomu
pro TMZ jen 3,3 roky. Jde v3ak o neho-
mogenni zdrojovéa data a vysledek muze
byt zatizen urcitou chybou [39]. TMZ byl
také zkouden v dal3i linii Iécby AO v pfi-
padé relapsu onemocnéni po selhani PCV
se slibnymi vysledky [40]. Némecka studie
NOA-4 randomizovala 318 nemocnych
s AO, anaplastickym astrocytomem s ana-
plastickym oligoastrocytomem k lé¢bé RT
nebo PCV anebo TMZ. V pfipadé toxicity
nebo progrese byli nemocni s RT rando-
mizovani do PCV ¢i TMZ vétve a naopak.
Po prvni analyze neni mezi jednotlivymi
vétvemi studie podstatny rozdil v bezpfi-
znakovém obdobi ani v celkovém preZiti.
Nemocni s kodeleci 1p/19q méli ovsem ve
viech vétvich lepsi progndzu, snizenf re-
lativniho rizika selhanf |é¢by a progrese
nemoci nebo Umrti priblizné o 50 %. Vy-

sledky jsou zatizeny nedostatkem dosud
kratkého sledovani (maximum 54 mé-
sic) a ¢astym pfesmykem do jinych lé-
¢ebnych ramen [33]. Pro posouzeni
Ucinku TMZ u oligodendrogliomd s kode-
leci 1p/19q byla pldnovana studie CODEL
(NCT00887146) se tfemi paralelnimi vét-
vemi: RT+TMZ, RT samotna, TMZ sa-
motny. Na zékladé vysledkl studii RTOG
9402 a EORTC 26951 byla vétev s RT sa-
motnou zrusena a nenf jisté, zda bude
studie opét oteviena. Pfedpoklada se, ze
vétev samotné RT bude nahrazena vétvi
RT+PCV [5]. Stanoveni statutu 1p/19q je
aktualné doporuceno u viech nemocnych
s AO [41].

Dalsi molekularné
genetické charakteristiky
oligodendrogliomti
Rekurentni mutace metabolického en-
zymu Izocitrat dehydrogenézy 1 a 2 (IDH
1/2) byly poprvé prokdzany u multi-
formniho glioblastomu (GBM) [42]. Vy-
skytuji se jen asi u 5 % GBM, prav-
dépodobné pouze sekundérnich.
Naproti tomu velka cetnost mutaci gent
IDH1 a IDH2 byla nalezena u nizkostup-
fiovych glioml, u oligodendrogliomt
grade Il a lll az u 69-94 % [43,44]. Mu-
tace IDH1/2 zpUsobuiji neomorfni funkci
enzymu s néslednou akumulaci onko-
metabolitu 2-hydroxy-glutaratu (2-HG)
v nadorové tkani [45]. Buriky s mutacemi
v IDH1/2 a akumulaci 2-HG prochézeji
masivnimi epigenetickymi zménami (DNA
a histonové hypermetylace, remodelace
chromatinu), coZ vede k rozsahlému ovliv-
néni genové exprese a pravdépodobné
podporuje vznik a progresi nddorové cho-
roby [46,47]. Z klinického pohledu je dd-
leZité, Ze pfitomnost mutaci IDH1/2 je vy-
znamny pfiznivy prognosticky biomarker
gliomti [48,49]. Navic bylo zjisténo, ze
vdichni pacienti s gliomem pozitivnim
na 1p/19q kodeleci maji zaroven mutaci
v IDHT nebo /DH2 v nadorové tkani. Tito
nemocni maji také nejlep3i progndzu [50].
Na druhé strané existuje skupina gliomu
s IDH1/2 mutacemi, aviak bez pfitom-
nosti kodelece 1p/19q. Takové nadory
pak maiji horsi progndzu nez nadory s ko-
deleci, ale stale vyznamné lepsi prognézu
nez gliomy bez IDH1/2 mutaci [32,51].
Metylace promotoru genu pro O-6-me-
tylguanin-metyltransferdzu (MGMT) je vy-
znamny prognosticky a hlavné prediktivni
biomarker u pacientd s GBM. Nemocni

s metylovanym promotorem MGMT
|épe reaguji na TMZ a maji vyznamné
del3i medidn OS neZ pacienti s intaktnim
MGMT [35,52]. Vyskyt metylace promo-
toru MGMT byl zjistén také u 80 % AO
a u 73,1 % anaplastickych oligoastrocy-
tomt [39,53]. U téch mé vyznam prede-
vsim prognosticky, nikoli prediktivni pfi
|é¢bé rezimem PCV, jak prokazala studie
EORTC 26951 i dosavadni vysledky studie
NOA-4 [54,55].

Daldi zkoumany prognosticky bio-
marker s moznym klinickym vyznamem
pro pacienty s gliomy je hypermetylacnf
stav ostrivk( cytozin-guanin nadoro-
vého genomu (G-CIMP). Pozitivni G-CIMP
pravdépodobné neni zcela nezavisly bio-
marker, souvisi totiz uzce s vyskytem
IDH1/2 mutaci [47,56]. G-CIMP pozitivni
gliomy grade Il a Il maji vétsinou také
metylovany promotor genu MGMT, za-
timco G-CIMP negativni nadory maji stej-
nou alteraci pouze asi v 50 % pfipadd.
G-CIMP pozitivita je pfiblizné dvakrét cas-
téj3i u oligodendrogliom(i (93 %) oproti
astrocytomim (45 %). G-CIMP je neza-
visly pfiznivy prognosticky faktor u viech
gliomd véetné oligodendrogliomd [56].
Recentni studie zkoumajici celo-geno-
movy metylacni stav 46 oligodendroglial-
nich nadorl odhalila moznost rozdéleni
G-CIMP pozitivnich nadord do daldich
dvou podskupin. G-CIMP pozitivni tu-
mory majici zéroveft 1p/19q kodeleci vy-
kazovaly nejlepsi OS a byly nejblize histo-
patologicky cistym oligodendrogliomtm.
Druhy subtyp G-CIMP pozitivnich oligo-
dendroglidinich nadort postradal kode-
leci 1p/19q, misto toho ale obsahoval
Casté mutace TP53. Nadory nalezici dru-
hému subtypu byly ¢astéji oligoastrocy-
tomy a mély horsi prognézu. Pozorovany
byly také nadory negativni na G-CIMP.
Ty pak zaroven postradaly 1p/19q kode-
leci i mutace IDH17/2 a mély zcela nejhorsi
prognoézu [57].

Vzacnéji byly prokazany téz alterace
nékterych dalsich znamych proonkogent
a tumor supresorovych gend u pacientd
s AO. Nalezeny byly napfiklad mutace
v PI3K, amplifikace EGFR ¢i ztrata tumor
supresoru PTEN [58,59]. Tyto nélezy za-
roven korelovaly s horsi prognézou AO.
Zjistén byl také negativni prognosticky vliv
vysoké hodnoty indexu Ki-67 (MIB-1) na
PFS i OS u pacientt s AO [60].

Praktickym vystupem pro urceni pro-
gndzy a optimalizaci lécby je snaha o vy-

Cesk Slov Neurol N 2014; 77/110(4): 428-434




ANAPLASTICKE OLIGODENDROGLIOMY — NADESEL CAS PRO PERSONALIZOVANOU MEDICINU?

tvofeni modelll na podkladé klinickych,
histopatologickych a molekuldrnégene-
tickych parametrd. Cilem je identifikace
co nejvice homogennich subtyp(i nadora,
nasledna personalizace lé¢by a dal3i zlep-
enf terapeutickych vysledkd. Pravé tyto
atributy jsou urcujici pro tzv. personali-
zovanou medicinu — relativné novy smér
v diagnostice, predikci i volbé individua-
lizovaného lé¢ebného postupu. Idedl-
nim stavem by pak méla byt spravna dia-
gnostika, spravna lécba pro spravného
pacienta ve spravném case [6,14,61,62].

Zaveér

Oligodendrogliomy patfi k nejlépe pro-
zkoumanym nadoriim nervového sys-
tému. | pfes jejich vyraznou malignitu je
prokédzana citlivost na onkologickou lé¢bu
u znacné Casti z nich. Existuje jasny pra-
kaz pfiznivého Ucinku kombinované ¢asné
radioterapie a chemoterapie PCV u ana-
plastickych oligodendrogliomt i smisenych
forem — anaplastickych oligoastrocytomi
s pfitomnou kodeleci 1p/19qg. Stejné vy-
znamny nebo priznivéjsi ucinek nezfidka
uzivaného temozolomidu u téchto nadord
dosud prokézén nebyl. Casto pfitomna ko-
delece 1p/19q u oligodendroglidlnich na-
dorli mé vyznam diagnosticky, prognos-
ticky i prediktivni. Prognosticky pfiznivy
vyznam maji také mutace IDH1, metylace
promotoru genu MGMT a hypermetyla¢ni
stav ostrivk(l cytozin-guanin nadorového
genomu (G-CIMP). Predpokladéd se vy-
znam vysetfeni komplexu biomarkert(i a na
podkladé multifaktorialnich dat stanoveni
co nejvice homogennich subtyp nadort
optimalné reagujicich na lécbu. Perso-
nalizovany lé¢ebny postup ma vyznamny
dopad eticky i socioekonomicky. Vedlejsim
produktem vyzkumu oligodendrogliomt
je priikaz vyznamu dlouhodobého sledo-
vani nemocnych v kvalitné zalozenych kli-
nickych studiich, kdy predbézné vystupy
mohou byt nepriikazné a teprve finaini vy-
sledky jsou z hlediska evidence-based me-
dicine rozhodujici.
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Multiformni glioblastom - pfehled novych
poznatkl o patogenezi, biomarkerech

a perspektivach lécby

Glioblastoma Multiforme — a Review of Pathogenesis, Biomarkers

and Therapeutic Perspectives

Souhrn

Multiformni glioblastom patfi mezi nejmalignéjs primarni mozkové nadory dospélych a mor-
talita je velmi vysokd. Standardni terapie tohoto onemocnéni zahrnuje operacni lécbu, radio-
terapii a chemoterapii temozolomidem. M4 v3ak jen velice omezeny efekt na celkové preziti
nemocnych. Zlep3eni zatim velmi Spatné progndzy pacientu s glioblastomem by mohlo byt
dosazeno dalsim pochopenim procesu vzniku a progrese nadorové choroby na molekuldrni
a genetické Urovni, zaveden/m novych prognostickych a prediktivnich biomarker nebo roz-
Sifenim stavajicich terapeutickych schémat o nova cilend onkologicka léciva a nadorovou
imunoterapii. Tato prace pfindsi shrnuti aktuélnich poznatk( v oblasti onkogeneze multi-
formniho glioblastomu. Podrobné zvazuje roli nékterych novych biomarkerd pro prognézu
a predikci onemocnéni (mutace v genu izocitrat dehydrogendzy 1 a 2, hypermetylaéni stav
ostrivkl cytozin-guanin nadorového genomu, metyla¢ni stav promotoru genu O-6-metyl-
guanin-metyltransferdzy). Uveden je také stru¢ny prehled cilenych terapeutickych pfistupl
v [é¢bé glioblastomu, jako napfiklad inhibitor( riistovych faktord a jejich receptord, inhibi-
torG abnormalnich bunécnych signalnich drah, inhibitor(i patologické angiogeneze a nado-
rové imunoterapie. Prace shrnuje nové poznatky o vzniku a vyvoji multiformniho glioblas-
tomu a potencidlnich budoucich terapeutickych moZnostech v kontextu personalizované
mediciny.

Abstract

Glioblastoma multiforme is the most malignant primary brain tumor in adults with high mor-
tality. Standard glioblastoma therapy consists of surgery, radiotherapy and chemotherapy
with temozolomide. However, the overall survival is still very low. Further understanding
of the cancerogenetic processes and implementation of novel prognostic and predictive
biomarkers as well as targeted cancer therapy and cancer immunotherapy could improve
this unsatisfactory situation. This review summarizes current understanding of glioblastoma
cancerogenesis as well as the role of novel prognostic and predictive biomarkers (Isocitrate
dehydrogenases 1 and 2 mutations, glioma cytosine-guanine island methylator phenotype,
promoter methylation status of the MGMT gene). New targeted therapeutic approaches,
such as growth factor inhibitors and their receptors, inhibitors of intracellular signaling
pathways, inhibitors of pathological angiogenesis and tumor immunotherapy are briefly
discussed. Novel glioblastoma treatment options are summarized in the context of predictive
and personalised medicine.
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Uvod

Multiformnf glioblastom (GBM) je nej¢as-
téj3i a zaroveri nejagresivnéjsim malignf
primarni mozkovy nador dospélych s in-
cidenci 3-4/100 000/rok [1]. GBM je ex-
trémné invazivni nador, charakteristicky
znacnou patologickou vaskularizaci a vy-
sokou rezistenci viici standardni radiotera-
pii i chemoterapii. Nové diagnostikovany
GBM je dnes lécen primarné neurochi-
rurgicky, konkomitantni chemoradiotera-
pil a nasledné standardnim rezimem ad-
juvantni chemoterapie (systémové lé¢ba
temozolomidem) [2]. Av3ak i pies agre-
sivni, spravné provedenou multimodalini
|écbu zUstavd median celkového preziti
nemocnych s GBM pouze 12,1-14,6 mé-
sichi [3], pficemZ jen 3-5 % pacientd pie-
Ziva déle neZ tii roky [4]. Pokrok v oblasti
genomiky GBM v posledni dobé odha-
luje mnoZstvi abnormalit v raznych bu-
nécnych signélnich drahdch a znac¢nou
rozmanitost mutaci jednotlivych gend
Ucastnicich se progrese onemocnéni. Na
vyznamu také nabyva studium nadoro-
vého mikroprostiedi GBM, predevsim
patologické angiogeneze a neovaskula-
rizace. Je studovéna role nadorovych bio-
markerl ve vztahu k progndze i predikci
|é¢ebné odpovédi onemocnéni.

Histopatologicka charakteristika
GBM je primarni mozkovy néador vycha-
zejici z gliovych bunék centralniho nervo-
vého systému. Jeho vysoka malignita je
charakterizovana hypercelularitou, nekro-
zami, pleomorfizmem, hypervaskularizaci
a pseudopalisadami [5]. Déli se na dva
typy — primarni, rozvijejici se pfimo jako
GBM, a sekundarni, vznikajici transfor-
maci nizkostuprniového gliomu [6]. Sekun-
darni GBM se vyskytuje u mlad3ich osob
(median 45 let) a predstavuje pouze 5 %
GBM. Oba typy nelze histopatologicky
odlisit [7].

Genetika glioma

Onkogeneze je dnes chapéana jako déj na
genové Urovni, hereditarné a/nebo so-
maticky navozend porucha komplexnich
regula¢nich funkci bufiky, mimo jiné ve
vztahu k regulaci buné¢ného cyklu, bu-
nécné proliferace ¢i apoptozy. Uplatriuje
se aktivace onkogentd a utlumeni tumor
supresorovych gent. Vyznamnou roli hraji
také epigenetické mechanizmy genovych
expresi (metylacni status DNA, zmény
chromatinu, role mikroRNA a dali). Praveé

tyto molekuldrni a genové charakteristiky
jsou zasadni pro prognostické a predik-
tivnf Ucely, pro lécebné intervence a hle-
dani novych terapeutickych moZnosti.
Komplexni analyza lidského genomu
z pocatku tohoto tisicileti byla brzy nésle-
dovéna analyzou genomu vybranych na-
dorovych onemocnéni. Nejinak je tomu
také u GBM. V jedné z prvnich studii to-
hoto sméru bylo zkoumédno 22 vzorkd
GBM, u kterych bylo stanoveno celkem
20 661 protein-kéduijicich gend. Zaroven
byly popsany nejdalezitéjsi genetické alte-
race, jez mohou byt odpovédné za vznik
GBM (mutace DNA, jako jsou substituce,
inzerce, delece, amplifikace a dalsi) [8].
Touto analyzou byly zjistény mutace gen(
pro proteiny Ucastnici se dileZitych bu-
nécnych signalnich drah:
1. RAS a PI3K-AKT signalizace s altera-
cemi v EGFR/PI3K/PTEN/NF1/RAS,
. tumor supresorova signalizace p53 s mu-
tacemi v TP53/MDM2/MDM4/p144%,
. regulace buné¢ného cyklu s mutacemi
v RB1/CDK4/p16™<44/CDKN2B a
ovlivnéni buné¢ného metabolizmu
a metabolickych kaskad s alteracemi
izocitratdehydrogenazy [8-10].

N

w

>

Prace pfinesla prvni uceleny pohled na
mozné onkogenni genetické zmény
u GBM a jejich pomérné zastoupeni pfi
analyze nadorovych vzorkl od vétsiho
poctu pacientd s timto onemocnénim.

Nova klasifikace GBM

Glioblastom byl i jednim z prvnich na-
dorovych onemocnéni, které bylo zkou-
mano v rdmci ambiciozniho projektu né-
dorovych atlasu pro vybrané onkologické
diagnozy — The Cancer Genome Atlas
(TCGA) - pod patronaci The National In-
stitute of Health (NIH) v USA. Na vzorku
500 GBM od pfedtim nelé¢enych nemoc-
nych byly stanoveny zmény na urovni
DNA, mRNA i kratkych nekodujicich mik-
roRNA. Ziskané poznatky vedly k novému
rozdéleni do té doby homogenni skupiny
GBM do ¢tyf subtypt dle rozdilnych ge-
novych expresnich profild. Vzniklé délenf
zahrnuje klasicky, mezenchymaini, pro-
neurdini a neurdini subtyp GBM, pfi¢emz
zafazeni konkrétniho GBM je mozné dle
exprese urcitych signaturnich gend [11].
Z klinického hlediska jsou dilezité odlisné
reakce jednotlivych subtyptd GBM na lé-
Cebné intervence. Az dal3i vyzkum ukéze,
zda bude mozné v budoucnu takovato

i jind déleni vyuzit také jako pomoc pfi
lepsi personalizaci terapie a rozhodovani
o vybéru novych cilenych onkologickych
lé¢iv pro konkrétniho pacienta.

Nové prognostické biomarkery
pro GBM

Spolu s bouflivym rozvojem poznatkd
zakladniho vyzkumu nédor vyznamné
roste i pocet nové objevenych molekular-
nich biomarkerd téchto onemocnéni. Na-
dorové biomarkery nachézeji stéle cas-
t&ji vyuZiti v upfesnéni primarni diagndzy,
podrobnéjsi klasifikaci onemocnént, jako
prognostické ukazatele ¢ pfimo v pre-
dikci Uspé3nosti konkrétniho lé¢ebného
rezimu. Pres obrovsky pocet nové popsa-
nych molekuldrnich biomarkeri nadord
se v3ak do klinické praxe dostaly jen né-
které. Je to zpUsobeno predeviim pro-

blémy v jejich 3ir3i standardizaci a validaci.

Vyzkum GBM pfines| také nékolik per-
spektivnich molekularnich biomarkerd,
Cekajicich na své definitivni ovéreni a za-
fazeni do klinické praxe. Mezi jinymi jsou
to zejména mutace genu izocitrat dehyd-
rogendazy (IDH), hypermetyla¢ni stav os-
trivkd cytozin-guanin nadorového ge-
nomu (glioma CpG island methylator
phenotype G-CIMP), nebo metyla¢ni stav
promotoru genu O-6-metylguanin-metyl-
transferaza (MGMT).

IDH jako biomarker GBM

Izocitrat dehydrogendza (IDH) patfi mezi
dilezité enzymy Krebsova cyklu. Kataly-
zuje oxidativni dekarboxylaci izocitratu na
na o-keto-glutarét (a-KG), pricemz redu-
kuje nikotinamid adenin dinukleotid fos-
fat (NADP+) na jeho redukovanou formu
NADPH. IDH tedy plsobi v jednom z kri-
tickych krok( sacharidového, lipidového
i aminokyselinového metabolizmu. Lidsky
enzym IDH mé tfi izoformy — IDH1 (vy-
skyt v cytoplazmé a peroxizomech)
a IDH2 a 3 (v mitochondriich) [12]. Re-
kurentni mutace v IDH a jejich souvislost
se vznikem a progresi nadorové choroby
byla poprvé popsana pravé u GBM [13].
Vyskytuji se viak jen u 5 % GBM, prav-
dépodobné pouze sekundarnich (s vyuzi-
tim nové klasifikace u proneurainiho sub-
typu GBM). Naproti tomu velka ¢etnost
mutaci genli pro IDH1 a IDH2 byla nale-
zena zejména u nizkostupriovych gliomu
(70-80 %) a anaplastickych astrocytomu
(az 50 %) [8,14,15]. Mutace jsou téméf
vzdy pouze v jedné alele, IDH1 vykazuje
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v 90 % konzervativni substituci R132H,
zndmé jsou také R132C, R132G, R132S
a R132L. Mutace v IDH2 jsou mnohem
vzacnéjsl, prevazné aminokyselinova sub-
stituce R172 [15,16].

Skute¢nym prelomem v pochopeni vy-
znamu identifikovanych IDH1/2 mutaci
pro onkogenezi gliom0 bylo az zjisténi,
Ze takto mutovany enzym nabyva zcela
nové, neomorfni funkce. Misto NADP+
dependentni produkce a-KG mutovand
IDH katalyzuje NADPH dependentni re-
dukci a-KG na 2-hydroxy-glutarat (2-HG).
Gliomy s mutaci v IDH1/2 pak obsahuji vy-
soké koncentrace 2-HG, na rozdil od na-
dor( bez takové mutace [17]. Potencidlni
onkometabolit 2-HG je dévéan do pfimé
souvislosti se vznikem a progresi nado-
rového onemocnéni. Onkogenni funkce
2-HG vychazi pravdépodobné ze schop-
nosti tohoto metabolitu inhibovat mnohé
a-KG dependentni dioxygenézy (enzymy
majici rozlicné modulujici funkce v mnoha
bunécnych déjich, jako naptiklad deme-
tylace histonti, demetylace DNA, meta-
bolizmus mastnych kyselin, modifikace
kolagenu nebo odpoveéd buriky na hypo-
xii) [18]. Buriky s mutacemi v IDH1/2 pak
prochazeji masivnimi epigenetickymi
zménami, zahrnujicimi DNA a histonové
hypermetylace, coz vede také k remode-
lacim chromatinu a rozsahlému ovlivnéni
genové exprese [19,20,21]. Takové zmény
spolu s deregulovanou odpovédi bunék
na hypoxii mohou byt jednou z pficin
vzniku a progrese nadorové choroby.

Z nékolika prvnich praci je zfejmy znacny
klinicky vyznam mutaci v IDH1/2 s kumu-
laci onkometabolitu 2-HG. Mutac¢ni stav
IDH1/2 vystupuje jako silny prognos-
ticky faktor nejen u pacientl s GBM, ale
i's gliomy niz3ich stupnt. Pacienti s GBM
a mutacemi vIDH1/2 jsou zpravidla mladsi
a maji vyrazné deldi median celkového
preZiti nez pacienti bez mutaci, napfi¢
nékolika studiemi je to 3,8 vs 1,1 roku,
2,6 vs 1,3 roku, 2,3 vs 1,2 roku nebo
3 vs 1 rok [8,15,22,23]. Jesté vyznam-
néjsi rozdily v mediénu celkového preziti
pacientl byly pozorovany u anaplastic-
kého astrocytomu, a to 5,4 vs 1,7 roku,
6,8 vs 1,6 roku a 7 vs 2 roky [15,22,23].
Podobné také u gliomu grade I, a sice
12,6 vs 5,5 let [22].

Rostouci klinicky vyznam mutaéniho
stavu IDH1/2 pfindsi rovnéz nutnost vy-
pracovat standardizovany postup pro sta-
noveni tohoto biomarkeru v nadorové

LR S

i 0 A AR

Obr. 1. Imunohistochemicka detekce bunék astrocytomu grade Il pozitivnich

na IDH1-R132H mutaci (vpravo) a vzorku nadoru bez této mutace pro srovnani

(vlevo). Pfevzato z [21].

tkani s co nejvysi senzitivitou i specifici-
tou. Zakladni moznosti ur¢eni mutacniho
stavu IDH1/2 zahrnuji postupy imunohis-
tochemie [13,24] a molekularni biologie
(obr. 1) [25,26]. Ty v3ak mohou byt dopl-
nény ¢ zcela nahrazeny neinvazivnim sta-
novenim onkometabolitu 2-HG v nadoru
metodami MR-spektroskopie [27-30].
Obrovskou whodou takového postupu je
kromé nulové invazivity také nezavislost
na sekvenénim typu mutaci v IDH1/2. Sta-
noven je az vysledek neomorfni funkce
zménéného enzymu, ktery je také pravdeé-
podobné pfimo odpovédny za onkogenni
chovéni bunék. Takowy pfistup predsta-
vuje v onkologii zatim zcela ojedinély pri-
pad, kdy Ize pomoci bézné dostupnych
zobrazovacich metod prokézat konkrétni
genetickou mutaci nadoru. Teprve dal3i
vyzkum odpovi na otazku, zda by mohlo
byt inhibici mutované IDH1/2 nebo pfi-
mou depleci 2-HG z nadorové tkané do-
sazeno také terapeutického efektu a pro-
dlouzeni pfeziti pacientd.

Sekvenacni genetické studie IDH1/2
mutovanych astrocytarnich a oligoden-
drocytérnich mozkovych nadort odha-
luji jesté sirsi molekuldrni souvislosti [31].
IDH1 mutované astrocytomy vykazuji
Casto také aberace v TP53 apoptotické
signalizaci, zatimco vétsina oligodendro-
glioml ma soucasné kodeleci chromo-
zomU 1p/19q [32]. Celo-exonovym sekve-
novanim byly nové prokdzany rekurentnf
mutace v genech CIC (homolog of Dro-
sophila capicua) a FUBP1 (Far Upstream

element Binding Protein) oligodendro-
gliomd [33]. U vétsiny IDH1 mutovanych
astrocytomU niZsich stupnid byla také zjis-
téna mutace v genu ATRX (Alpha Tha-
lassemia/mental Retardation syndrome
X-linked) [34]. Existuji tedy minimalné dva
rozdilné subtypy gliomd s IDH1/2 mu-
tacemi. IDH1/CIC/FUBP1 mutované na-
dory koreluji pfevazné s oligodendroglial-
nim histopatologickym typem gliomu,
zatimco IDH1/ATRX/TP53 mutace odpo-
vidaji typicky astrocytomim grade Il a Ill
a sekundarnim GBM [32]. Klinicky vy-
znam takového rozdéleni IDH1/2 muto-
vanych gliomd bude nutno ovéfit v pro-
spektivnich studiich.

G-CIMP jako biomarker GBM

Dal3im novym biomarkerem s moznym
klinickym vyznamem pro pacienty s GBM
je G-CIMP. Hypermetyla¢ni stav ostravkd
cytozin-guanin gliomového genomu je
zkouman prevazné jako prognosticky bio-
marker ve vztahu k celkovému preziti pa-
cientd. G-CIMP v3ak pravdépodobné nenf
zcela nezavislym biomarkerem. Uzce totiz
souvisi s vyskytem IDH1/2 mutaci [35].
Gliomy bohaté na G-CIMP je mozné za-
fadit pfevazné k proneuralnimu subtypu
(klasifikace GBM dle rozdilnych expres-
nich profil), u kterého byla nalezena také
naprosta vétsina mutaci v IDH1/2. Experi-
mentdlné pak byla prokdzana pfimé sou-
vislost mutaci v IDH1/2 a vyskytu G-CIMP.
Bylo zjisténo, Zze samotny vyskyt mutace
v IDH1/2 a kumulace 2-HG je postacu-
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jici faktor pro vznik G-CIMP [36]. Role
G-CIMP jako prognostického nebo pre-
diktivniho biomarkeru GBM bude muset
byt ovéfena v dal$im vyzkumu, ktery
bude brat v Gvahu také komplexni vztahy
s mutacemi IDH1/2 i ostatni potencidlnf
bio markery.

MGMT jako biomarker GBM

Oba zatim diskutované biomarkery
(IDH1/2 mutace i vyskyt G-CIMP) mohou
slouzit pfevazné v roli prognostickych
faktord. Je oviem nutné hledat také pri-
marné prediktivni biomarkery. Tedy ta-
kové, které pomohou predpovédét od-
povéd pacienta na konkrétni terapii. Jako
prediktivni biomarker GBM je klinické
praxi nejblize alterace genu pro O-6-me-
tylguanin-metyltransferdzu (MGMT).
Konkrétné pak metyla¢ni status promo-
toru tohoto genu. Enzym MGMT je scho-
pen uc¢inné opravovat poskozeni DNA,
zplsobené alkylacni chemoterapii (to
plati také pro temozolomid, standardné
uzivany v lé¢ebném schématu GBM).
Pokud je promotor MGMT genu metylo-
van, tvorba aktivniho enzymu je snizena
a odpovéd pacientl na lécbu temozolo-
midem je vy33i. Pacienti s metylaci promo-
toru genu MGMT méli signifikantné delsi
median celkového preziti oproti pacien-
tim bez metylace, a to 21,7 vs 15,3 mé-
sict [2,37]. Metyla¢ni stav promotoru
genu MGMT predstavuje pozitivni predik-
tivni biomarker i ve vztahu k samotné ra-
dioterapii [38]. Byla také zjisténa silna po-
zitivni korelace mezi metylacnim stavem
MGMT a vyskytem G-CIMP. Zvy3end me-
tylace promotoru genu MGMT tak nej-
spise souvisi s celkovou hypermetylaci
DNA u G-CIMP [39]. V dalsim vyzkumu
bude nutné detailnéji popsat vzajemné
korelace diskutovanych bio markert a je-
jich zastupitelnost. | tak se zda, ze tento
novy biomarker najde brzy klinické vy-
uziti v predikci lepsi lécebné odpovédi
na chemoterapii i radioterapii u pacientt
s GBM.

Standard lécby GBM

Standardni lécebny postup nemocnych
s GBM byl formulovén v roce 2005 a vy-
chazi z vysledkd klinické studie faze Ill
provadéné European Organisation for Re-
search and Treatment of Cancer (EORTC)
a National Cancer Institute of Canada
(NCIC) [2]. Zahrnuje neurochirurgickou
|é¢bu (co nejradikalngjsi odstranéni né-

doru), radia¢ni lé¢bu (60 Gy ve 2-Gy
frakcich) a temozolomid (75mg/m? po
42 dnt). Po konkomitantni chemoradio-
terapii nasleduje 3est cykld temozolo-
midu (150 az 200mg/m?/den po pét dnt
kazdy 28. den cyklu). PouZitim tohoto Ié-
¢ebného schématu doslo k signifikant-
nimu zlepseni medianu celkového prezitf
z 12,1 na 14,6 mésica a dvouletého pre-
Ziti z 10 % na 26,5 % nemocnych. Vy-
sledky z pokra¢ovani studie prokézaly pé-
tileté preziti ve skupiné pacientl lécené
radioterapii 1,9 % oproti 9,8 % ve sku-
piné lé¢ené radioterapii a temozolomi-
dem. | kdyZ vstup do studie prospektivné
nezohledrioval vySe uvedené bio markery,
bylo prokazano, ze metyla¢ni stav promo-
toru genu MGMT je vyznamny predikéni
faktor pfiznivého priibéhu nemoci u ne-
mocnych lécenych temozolomidem [40].
V nasi literature publikovali vysledky lécby
souboru 86 nemocnych s GBM Lakomy
a spolupracovnici [41].

Optimalizace lécby a jeji cile
Logickym cilem v péci o pacienty s GBM
je dalsi optimalizace lé¢ebného postupu.
Té Ize dosdhnout nékolika zpUsoby. Pre-
devsim zlep3enim presnosti neurochi-
rurgické léc¢by s cilem odstranit co nej-
vétsi masu nadoru, a to za pomoci co
nejkvalitnéjsi predoperacni a periope-
ra¢ni diagnostiky. Radikalitu resekce zlep-
3uje pouziti 5-aminolevulinové kyseliny —
5-ALA, umoznuijici fluorescenéni znaceni
nadoru. Multivarietni analyza provedena
v této studii zaroven prokazala, Ze nej-
vyznamnéj3imi faktory pro délku preziti
nemocnych s GBM jsou vék, stav pred
operaci a radikalita resekce nadoru [42].
Prognosticky vyznam pfindsi také pou-
Zit intraopera¢ni magnetické rezonance,
kterou Ize dosahnout vétsi radikality re-
sekce [43]. Limitaci je viak omezena do-
stupnost metody. Optimalizace lé¢eb-
ného postupu Ize dale docilit pouzitim
uvedenych biomarkerl a vytipovanim ne-
mocnych, u kterych je pfedpoklad, Ze op-
timaIné reaguji na standardni lécbu, a tu
jim v¢as poskytnout, pfipadné ji intenzi-
fikovat. Déle také hledanim a uplatné-
nim novych léku a jejich kombinaci se
standardnimi terapeutickymi moZznostmi.
V neposledni fadé hledanim a uplatné-
nim dalsich biomarkert pro stanoveni
prognézy nemocnych a predikce Gcin-
nosti lécby a pro monitorovéni lé¢ebnych
vysledka.

Nové moznosti lécby
glioblastomu

Genetické studie a zjisténé molekularnf
charakteristiky GBM umoznily identifi-
kovat nové cile, které bude moZno v bu-
doucnu Ucinné terapeuticky ovlivnit. Nové
potencidlni moznosti lé¢by GBM mohou
byt zaméFeny na ovlivnéni zménénych bu-
né¢nych signalnich a metabolickych kas-
kad, na ovlivnéni neovaskularizace a pa-
tologické angiogeneze, nadorového
mikroprostfedi nebo nadorové imunitn{
odpovédi. Hlavnim divodem prozatim-
niho relativniho nelspéchu takovychto
|é¢ebnych moznosti je vyznamna hete-
rogenita molekuldrnégenetickych abe-
raci GBM v dobé diagndzy. V nasleduji-
cim textu jsou stru¢né uvedeny pfiklady
nékterych terapeutickych cild a odpovi-
dajicich novych onkologickych léciv a do-
savadnich vysledkd jejich testovani v kli-
nickych studiich pro lé¢bu pacientd
s GBM.

Cilena onkologicka lécba GBM —
inhibitory rastovych faktord

a jejich receptort, inhibitory
nitrobunécnych signalnich
kaskad

Jedna se o skupinu relativné novych latek
schopnych cilené ovlivnit (inhibovat) kon-
krétni aberantné aktivované bunécné sig-
nalizace, vedouci ke vzniku a progresi na-
dorového onemocnéni. Takového efektu
je dosazeno napfiklad inhibici specific-
kych ristovych faktor a jejich receptord
(rodina epidermalnich ristovych faktord
EGF a jejich receptori EGFR, desti¢kové
rGstové faktory a jejich receptory PDGFR,
inzulinu podobné rastové faktory IGF, fib-
roblastové rastové faktory FGF a jejich
receptory a jiné) (obr. 2). Nadmérna ex-
prese raznych rastovych faktord i jejich
receptor( byla popséna pfiblizné u 50 %
GBM [9,45]. Prikladem léku v onkologii
dnes standardné pouzivaného s cilenym
Gc¢inkem proti EGFR je gefitinib. Testo-
van je také v klinickych studiich pro lé¢bu
GBM [46-48]. Dalsim zavedenym inhibi-
torem EGFR je erlotinib, rovnéz zkouseny
u GBM [49-53]. Lapatinib je také inhibi-
torem EGFR, testovanym v klinickych stu-
diich faze Il u nemocnych s GBM [54,55].
Ze skupiny monoklonalnich protildtek ci-
lenych proti EGFR byl pak testovan napfi-
klad cetuximab [56]. Pozorovany Ucinek
takowych 1€kl je u GBM zatim maly. Lep-
sich vysledkd by mohlo byt dosaZeno pfi

Cesk Slov Neurol N 2013; 76/109(5): 575-583

XI-5



MULTIFORMNI GLIOBLASTOM — PREHLED NOVYCH POZNATKU O PATOGENEZI, BIOMARKERECH A PERSPEKTIVACH LECBY

Imatinib mesylate (PDGFR)

Recentin (PDGFR)

AEE 788 (EGFR, VEGFR)
Sunitinib (PDGFR, VEGFR)
Vatalanib (PDGFR, VEGFR)

(LARLRAGEALALLLRERLLRLL R

Intracellular

Bortezomib

|

Proteasome

Apoptosis
Sirolimus
everolimus
temsirolimus

\/

RREARUUR TR

Extracellular ,\/m
ECM
- — Gwe) =
Erlotinib (EGFR) /-\(\
Gefitinib (EGFR) Growth factors: il =
Lapatinib (EGFR, HER2) PDGE. EGF. IGF

Receptor tyrosine
kinase Integrin
) Cilengitide

LS el

R

-

Transcription

- VEGF
Cefuximab (EGFR) Bg‘g,‘j‘z”'“ab
Nimutuzumab (EGFR) VEGF trap

REXURAARRLTREG
ED—

Sorafinib | ———

Semaxanib
vatalanib
vandetanib

AEE 788
sunitinib
sorafenib

VEGF-RTK

KRERRARRARRRAALY

PLC
RAS
RAF PKC

/ T

MEK Enzastaurin
tamoxifen

ERK/
MAPK

Irinotecan

TRENDS in Molecular Medicine

Obr. 2. Schéma molekularnich cild nékterych nitrobunéénych onkogennich signalizaci a odpovidajicich terapeutik, zkou-
senych v klinickych hodnocenich u GBM. Prevzato z [44].

|é¢bé nemocnych stratifikovanych podle
nadmérné exprese nebo vyskytu specific-
kych mutaci EGFR [57]. PDGFR je rovnéz
Casto nadmérné exprimovan u GBM, ze-
jména u proneuralniho subtypu [9,11].
Ligand receptor PDGFR stimuluje mimo
jiné rast a angiogenezi nadoru. Imatinib
Gcinné inhibuje PDGFR, a je proto zkou-
Sen také v 1é¢bé GBM [58]. Mezi multi-
kindzové inhibitory s G¢inkem na PDGFR
pouZivané rovnéz k ovlivnéni nadorové
angiogeneze patfi sunitinib, sorafenib

nebo vandetanib. Také tyto latky jsou tes-
tovany v [é¢bé GBM [59,60].
Intracelularni signaini dréhy zprostied-
kovavaji odpovéd na rustové faktory
a aktivované pfisluiné povrchové bu-
nécné receptory. Jejich inhibici Ize pfi-
znivé ovlivnit fadu nadord a ucinek je
testovén i u GBM. Prikladem Iékl zasahu-
jicich intracelularni aberantni signalizace
jsou lonafarnib [61], tamoxifen [62,63]
nebo enzastaurin [64,65]. Selektivnim in-
hibitorem protein-kindzy mTOR (mam-

malian Target Of Rapamycin) je pak na-
priklad sirolimus a v onkologické praxi
dnes standardné pouzivany everoli-
mus. Také tyto a jiné latky byly zkouseny
u GBM, opét viak s minimalnim klinickym
benefitem [66,48].

Inhibitory nadorové
angiogeneze

Soucasny onkologicky vyzkum stale vice
vyzdvihuje nezastupitelny vyznam nado-
rového mikroprostiedi a patologické an-
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Obr. 3. Schematické znazornéni aminokyselinové delece na pozici 6 az 273 a inzerce novych glicinovych zbytkd v extra-
celuldrni doméné receptoru EGFR, ¢imz vznika novy terapeuticky cil EGFRvIII. Pfevzato z [92].

giogeneze pro vznik a progresi maligni
choroby. Uloha angiogeneze a nadoro-
vého mikroprostiedi je extenzivné stu-
dovana i u GBM. Nadmérna mikrovas-
kuldrni proliferace a zvy3ena exprese
vaskularniho endotelialniho ristového
faktoru VEGF je zndmkou rychlé pro-
grese a rekurence GBM [67-71]. Bevaci-
zumab je monoklonalni protilatka proti
VEGF-A pouzivana dnes standardné v né-
kolika raznych onkologickych indika-
cich, prevazné u pokrocilé a metasta-
tické choroby. Bevacizumab byl Uspésné
testovén i u nemocnych s rekurentnim
GBM [72-77] a je schvalen americkym
FDA pro pouziti u rekurentniho GBM jako
monoterapie v USA a Kanadé [78,79].
V soucasné dobé probihaji klinické stu-
die faze Il (AVAglio [NCT00943826]
a RTOG-0825 [NCT00884741]). Obé
zkoumaji uc¢innost a bezpecnost be-
vacizumabu u nemocnych s nové dia-
gnostikovanym GBM.

Mezi ostatni antiangiogenni latky
zkoumané u GBM patii napfiklad inte-

grinovy inhibitor cilengitide (dosazeno
bylo medidnu celkového preZiti 9,9 mé-
sice u rekurentni choroby) [80], rekom-
binantni fuzni protein aflibercept [81,82]
nebo cediranib [83]. Zadny z téchto pii-
pravkl viak dosud nebyl schvélen ke
klinickému pouziti u pacientd s GBM.
Existuje také obava z mnohem agresiv-
néjsiho chovani rekurentni choroby po
selhani lécby antiangiogennimi inhibi-
tory [84-86], prestoze dalsi studie toto ri-
ziko nepotvrzuji [87-89].

Pfes vsechny dosavadni Uspéchy nové
cilené lécby u mnohych onkologickych
diagndz, v pfipadé GBM se zatim nepo-
dafilo pfinést vyznamné prodlouZeni cel-
kového preziti nebo zlepseni kvality Zi-
vota nemocnych oproti standardnimu
|é¢ebnému rezimu s radiaci a temozo-
lomidem. Jistou roli v tomto neutspéchu
muiZe hréat snizend prostupnost lécivych
latek do nadorové tkané z davodu pii-
tomnosti hematoencefalické bariéry (ta je
viak intenzivni radia¢ni i chirurgickou lé¢-
bou zna¢né poskozena), ale i pozdni dia-

gnostika GBM ve stadiu pokrocilé a z mo-
lekuldrnégenetického hlediska zna¢né
heterogenni choroby.

Imunoterapie GBM

Moderni imunoterapie se stava dalsi vy-
znamnou soucdsti lé¢ebnych rezimu
mnoha onkologickych nemoci. V klinické
praxi se jiz dnes s Uspéchem uZivd nové
generace cilené imunoterapie, napfi-
klad u karcinomu prostaty (sipuleucel-T)
nebo metastatického melanomu (ipili-
mumab) [90,91]. Velmi nad&jnym pfino-
sem v |é¢bé GBM by se v blizké budouc-
nosti mohl stat pfipravek rindopepimut
(CDX-110, Celldex Therapeutics). Rindo-
pepimut je peptidova vakcina 13 amino-
kyselinovych sekvenci, zacilena proti po-
vrchovému antigenu nadorovych bunék
EGFRVIII (receptor epidermalniho résto-
vého faktoru varianta Ill). Tato dele¢ni mu-
tanta EGFR je pfitomna u vice nez 30 %
pacientd s GBM, zatimco buriky zdravé
tkdné tento antigen zpravidla neexpri-
muji. Jde tedy o idedlni molekularni cil
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vhodny pro lé¢ebné ovlivnéni (obr. 3). Pr-
votni klinicka studie faze /Il u nemocnych
s nové diagnostikovanym GBM ukézala
prodlouzeny medidn preziti bez pfiznakd
(15,2 mésice) i mediadn celkového pre-
Ziti (23,6 mésice) [92]. Dalsi studie faze Il
(ACT IIl) pak zkoumala ucinek rindopepi-
mutu v kombinaci se standardni chemora-
dioterapii u nemocnych s exprimovanym
EGFRvIIl. Medidn doby preziti byl 21 mé-
sicti od zacatku 1é¢by a 24 mésict od sta-
noveni diagndzy. Nemocni byli ve studii
rovnéz vysetfeni na pritomnost metylac-
niho statusu promotoru genu MGMT.
Pacienti s nemetylovanym a normainé
funkénim MGMT genem méli median
doby preziti 20,9 mésicli od stanoveni dia-
gndzy, zatimco nemocni s metylovanym
promotorem MGMT genu dosahovali me-
dian celkového preziti 40 mésict od stano-
veni diagnézy [93]. V soucasné dobé pro-
biha klinické hodnoceni tohoto pfipravku
ve studii faze Ill u nové diagnostikovaného
GBM (ACT IV, [NCT01480479]). Studie
se zucastfiuji i vybrana klinickd pracovisté
v Ceské republice. Jinym aktivnim hodno-
cenim rindopepimutu je pak klinickd stu-
die faze Il v kombinaci s bevacizumabem
u nemocnych s rekurentnim GBM pozitiv-
nich na EGFRvIII [NCT01498328], probiha
viak pouze v USA. Terapeutické pouziti
rindopepmimutu je dobrym pfikladem in-
dividualizovaného pfistupu a uplatnéni
principd personalizované mediciny v lécbé
pacientl s GBM.

Zaveér

GBM je vysoce maligni nador centralniho
nervového systému s dosud infaustni pro-
gnozou. V souc¢asné dobé je stanoven je-
diny standardni lé¢ebny postup tohoto
onemocnéni. Vyznamnou roli zde hraje
Casovy faktor, lé¢ba musi byt zahdjena
co nejdfive od stanoveni diagndzy. Nejvy-
znamnéj3imi faktory pro délku prezivani
nemocnych jsou vék pacienta, jeho cel-
kovy stav pred operaci a radikalita resekce
nadoru. | pres dodrzeni agresivniho a mul-
timodalniho terapeutického postupu je
|é¢ba dosud malo Uc¢innd a median pre-
Ziti bez pfiznak( i median doby celkového
preziti zUstévaji pomérné kratké. Vysky-
dinci s GBM. Vyzkum v molekularni gene-
tice GBM poslednich let odhaluje nékteré
pficiny tohoto stavu (tak jak bylo proka-
zano napfiklad u metylace promotoru
genu MGMT a vyrazeni funkce tohoto en-

zymu v opravé chemoterapil poskozené
DNA nédorovych bunék nebo mutace
v IDH1/2 a nésledny hypermetyla¢ni stav
nadorového genomu a zvyseny vyskyt
G-CIMP). Také pokroky ve vyzkumu no-
vych cilenych onkologickych lékd prindseji
slibné perspektivy v 16¢bé GBM, prestoze
zatim neznamenaly vyznamny pfevrat
v lé¢bé tohoto onemocnéni. Perspektivni
by mohly byt kombinace vice takovych te-
rapeutik a predevsim pak cilend imunote-
rapie ¢asti GBM prezentujici alternativnf
antigeny (piiklad lé¢by EGFRVIII pozitiv-
niho GBM vakcinou rindopepimut). Zkou-
man{ molekularnégenetickych vlastnosti
glioblastomu velmi pravdépodobné pri-
spéje k odkryti novych potencialnich te-
rapeutickych moZznosti i dalich prognos-
tickych a prediktivnich biomarkerl. To
umozni personalizaci lé¢by pro konkrét-
niho nemocného s dosazenim nejlepsich
moznych terapeutickych efektd. V blizké
dobé Ize tak ocekavat dal3i vyznamné po-
kroky v péci o nemocné s GBM.
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Abstract. Glioblastoma multiforme (GBM) is the most
malignant brain tumor in adults, exhibiting high mortality.
Standard therapy (surgery, radiotherapy and chemotherapy
with temozolomide) has only limited effectiveness. The
progress in genomics regarding GBM, in the detection of new
markers of oncogenesis, abnormalities in signalling pathways,
tumor microenvironment, and pathological angiogenesis over
the past decade are briefly discussed. The role of novel
prognostic  in  this  review  biomarkers [isocitrate
dehydrogenases 1 and 2, CpG island methylator phenotype,
promoter methylation status of the MGMT (0-6-
methylguanine-methyltransferase) gene] is also discussed.
New targeted therapeutic approaches are classified into
several functional subgroups, such as inhibitors of growth

Jactors and their receptors, inhibitors of proteins of

intracellular signaling pathways, epigenetic gene-expressing
mechanisms,
imunotherapy and vaccines. Finally novel possibilities for
GBM treatment are summarized in this review.

inhibitors of tumor angiogenesis, tumor

Glioblastoma multiforme (GBM) is the most common and
most malignant primary brain tumor in adults, with an
incidence of 3-4/100,000/year (1). GBM is extremely invasive
and difficult to treat surgically, characterized by intense and
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aberrant vascularization and high resistance to radiotherapy
(RT) and chemotherapy. The current standard of care for
patients with newly diagnosed GBM is neurosurgery, followed
by fractionated external beam RT and chemotherapy with
systemic temozolomide (2). The median survival of patients
with GBM is 12.1-14.6 months (3) and only 3-5% of patients
survive longer than 3 years (4). The progress in genomics of
GBM over the past 10 years, has revealed several
abnormalities in signaling pathways and a diversity of mutated
genes. The importance of the microenvironment in GBM,
especially of tumor angiogenesis and the role of tumor
biomarkers have also been studied. The use of this new
knowledge regarding the diversity of GBM on molecular and
genetic levels could lead to individual patient tumor analysis
and treatment management. This review focuses on novel
therapeutic approaches to GBM, facilitated by these findings.

Pathology of Malignant Glioma

The application of pathology, as well as genetics and molecular
biology, is required in order for one to understand the
complexity of gliomas. These tumors represent primary brain
malignancies originating from glia, the brain tissue which
provides supportive functions to neural cells (nutrients, oxygen,
mechanical support, guidance in development and immune
functions) but also acts in very complex processes (signal
transduction and neurotransmission). GBM is the most common
form of high-grade glial tumor, which is defined by specific
histopathological criteria namely hyper-cellularity, necrosis,
pleomorphism, vascular proliferation and pseudopallisading (5).
GBMs can be categorized into two subgroups, as primary and
secondary. Primary GBMs are diagnosed as advanced cancer,
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whereas secondary cases have clinical, radiological or
histopathological evidence of progression from a pre-existing
lower-grade tumor (6). There are some clinical differences
between the two groups. Secondary GBMs occur less frequently
(5% of GBMs) and among younger patients (with a median age
of 45 years). Histopathological differentiation between primary
and secondary GBMs is not possible (7). However there are
distinctions between primary and secondary tumors at the
genetic level (8), but none of the alterations is specific enough
to distinguish between these two subgroups.

Genetics of Malignant Glioma

The origin of cancer is presently understood as the
accumulation of hereditary or somatic alterations in genes that
control critical biological processes, such as regulation of
apoptosis, cell cycle progression and proliferation. The
changes could be manifested by the activation of oncogenes,
and by the silencing of tumor suppressor genes, which leads to
the different gene expression profile of cancer cells. However
it is not only genetic alterations that are immediately essential
for malignant transformation. Epigenetic mechanisms of
modification of gene expression, such as DNA methylation
status, imprinting, chromatin changes, and the role of micro-
RNAs, are also being frantically discussed.

Comprehensive analysis of genetic and epigenetic
alterations in high grade glioma in comparison to normal brain
tissue is now absolutely essential. This molecular and genomic
approach could provide novel targets for diagnostic,
prognostic or therapeutic purposes. It could also be helpful in
the identification of subgroups of patients who have better
prognosis on standard therapy or preferentially respond to
certain single or combined novel targeted therapies.

Some of the first genetic studies of malignant glioma
described the presence of an extra copy of chromosome 7 and
an amplification of the receptor of epidermal growth factor
(EGFR) gene was identified (9). Further karyotypic and loss
of heterozygosity studies identified the positions of tumor
suppressor genes on chromosomes 9, 10 and 17 (10). The
main gene which was altered on chromosome 17 in GBM,
was identified as tumor suppressor TP53, which has a critical
role in the inspection of the genome for DNA damage and
can arrest the cell cycle and trigger apoptosis (11). Owing to
further progress in genetics, the loss of tumor suppressors
from chromosomes 19 (pl6 cell-cycle inhibitor) and
chromosome 10 (phosphatase and tensin homolog, PTEN)
were described in 1993 and 1997, respectively. The role of
pl6 is to arrest cell-cycle progression, whereas PTEN is a
negative regulator of the phosphoinositide 3-kinase (PI3K)
pathway (12).

The unprecedented progress of recent years in all ‘omics’
disciplines (such as genomics, transcriptomics, proteomics
and others), together with improvements in bioinformatics

technologies, has provided new opportunities in current
brain cancer research. The human genome was fully
sequenced and the improvements of sequencing methods
have lately permitted genome-wide association studies of
human cancer, including those of high-grade glioma. One
of the most important genome-wide analyses of 20,661
protein coding genes in GBM tumors was completed in
2008. This study examined 22 genome samples from GBM
and probably identified the most important alterations at the
genetic level that drive glioblastoma formation (13). Most
of the common alterations in DNA were identified, such as
point mutations, small insertions and deletions, as well as
larger copy number changes, genomic amplifications and
deletions.

The alterations of several important pathways which are
involved in GBM development and growth were uncovered.
Among the most important ones are i) RAS and PI3K-AKT
oncogenic pathway with alterations in EGFR/PI3K/PTEN/
NF1/RAS: ii) the p53 pathway with changes in TP53/MDM2/
MDM4/p14ARF changes; iii) cell-cycle regulatory pathway,
with alterations in RB1/CDK4/ p16!NK4A/CDKN2B, and iv)
the newly discovered alterations in metabolic pathways
including isocitrate dehydrogenases IDHI/IDH2. The
alterations in IDH1/IDH2 could also serve as independent
prognostic factor, which will be discussed later (13, 14).

New Classification of Human Glioblastoma

Another exciting work in this area is being conducted by The
Cancer Genome Atlas (TCGA), which is sponsored by the
National Institutes of Health (NIH) of the USA. This
consortium studies the nature of cancer through the integration
of genetic data with the gene expression profiles. The TCGA
consortium is carrying out research in more than 20 types of
human cancer, including GBM. A total of 500 specimens of
primary untreated GBM are being utilized for the DNA (gene
copy number, gene sequencing, epigenetic methylation),
mRNA (gene expression profile) and microRNA (regulation
of expression) assessment (15).

The current findings from this activity have uncovered some
novel genetic alterations, together with the possibility that
GBM can be divided into different subtypes (16). By this
approach, GBMs still remain one pathological unit but are
subdivided by their genetic alterations and gene expression
profiles. This new division also has some clinical relevance.
The novel four subgroups of GBM are called Classical,
Mesenchymal, Proneural and Neural, especially because of the
differently elevated expression of some ‘signature’ genes
across the subgroups (16). This novel molecular classification
of GBMs could be highly useful in the future for finding
important molecular targets within each group, suitable for
therapeutic intervention, as well as for the selection of the best
targeted therapy for each patient.
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Novel Prognostic Biomarkers for
Malignant Glioma

Not only a new classification for GBMs but also novel
prognostic biomarkers, have emerged in the recent years. Three
of the most important markers of GBMs in relation to the
prediction of clinical outcome are discussed here. These are the
TDH mutations, the CpG island methylator phenotype (CTMP)
and the promoter methylation status of the MGMT gene.

Isocitrate dehydrogenases (IDH1 and IDH2) serve as the
enzymes that convert isocitrate into alpha-ketoglutarate and
reduce nicotinamide adenine dinucleotide phosphate (NADP)
to the reduced form NADPH. The genes for IDHI1 and IDH2
were found to carry specific mutations in a significant portion
of lower grade gliomas and a subset of glioblastomas (mainly
the proneural type of GBM) (13, 17). The mutation is very
distinctive, namely a single amino acid change — R132H, in
the TDHT active site which leads to the loss of regular enzyme
function. The mutations in /DHI and IDH2 are present in
about 70%-80% of low-grade gliomas, in 50% of anaplastic
gliomas and in approximately 5% of glioblastomas (18). The
aberrant function of mutated IDH1 is the conversion of alpha-
ketoglutarate to 2-hydroxyglutarate. (17). The latter is an
inhibitor of alpha-ketoglutarate-dependent dioxygenases,
which leads to genome-wide epigenetic changes in human
glioma (19). The genome-wide changes associated with the
mutated IDH1 predict a better prognosis and can be used for
another subclassification of human GBMs. It would appear
that there is a sequential pattern of epigenetic changes (CTIMP,
MGMT) regarding the IDH| alterations. The mutation of
IDHI is the first step, followed by the production of 2-
hydroxyglutarate, which leads to the CIMP profile, along with
proneural gene expression changes (19).

A study of three different molecular alterations in low-grade
gliomas (IDHI/IDH2 point mutations, P53 expression and
1p/19q deletion status), demonstrated that only the IDH/
mutation was an independent prognostic marker of favorable
prognosis (20). In the next study, glioblastoma tissues were
analyzed for prognostic markers, such as CIMP (6 CIMP
markers) and /DH/ mutations. The data came from the M.D.
Anderson Cancer Center and were evaluated in the RTOG
0525 study with more than 800 newly diagnosed GBM
patients. Based on multivariate analyses, both the IDHI
mutations and the CIMP status were determined as being
independent prognostic factors. The patients were subdivided
into three prognostic groups according to the number of
positive CIMP markers. The first group, with 0-1 CIMP
(regarded as being CIMP-negative), had a median survival of
13.8 months; the second group with 2-4 CIMPs (CIMP-
intermediate) had a median survival of 20.1 months, and the
third group with more than 5 CIMPs (CIMP-positive) had a
median survival of 90.6 months (21, 22). Naturally, there are
many more studies that address the impact of /DH mutations

in progression-free survival (PFS) and overall survival (OS) of
patients with glioma (23, 24).

The current standard of care for GBM includes surgery, RT
and the use of the chemotherapeutic agent temozolomide,
which is the oral alkylating agent that causes DNA damage by
alkylation of the 0-6 position of guanine and the production
of DNA interstrand cross-links. Tn a large, randomized, phase
TIT trial in newly diagnosed patients with GBM, the therapeutic
interventions were divided into two subgroups: RT alone vs.
RT and concurrent daily temozolomide followed by adjuvant
temozolomide. The subgroup of patients treated with RT plus
temozolomide had a median survival benefit of 2.5 months
and the proportion of 2-year survivors increased from 10.4%
to 26.5% (25). There is a proportion of patients who have a
better response to temozolomide, but the majority of patients
become rapidly resistant to this chemotherapeutic agent. One
of the strongest predictive biomarkers for the chemotherapy
response is the alteration in the MGMT gene. The enzyme O-
6-methylguanine-methyltransferase (the product of MGMT) is
able to repair the DNA damage caused by temozolomide. The
presence of MGMT leads to reduction in the effect of
temozolomide chemotherapy. The silencing of the MGMT
gene can be caused by epigenetic mechanisms, the DNA
hypermethylation of CpG islands in the promoter region of the
MGMT gene. This alteration leads to a decrease in the
transcription level of the MGMT gene and in the amount of
gene product. Methylation of the MGMT promoter was
observed in 47.7% patients with GBM (more in the subgroup
with secondary GBM) (26). The subset analyses of the large,
randomized, phase ITT trial mentioned above (25) showed that
the patients with hypermethylated MGMT promoter had a
significantly better median survival after therapy with
temozolomide compared with those that did not (21.7 vs. 15.3
months) (25, 27). In another study, MGMT promoter
hypermethylation was the predictive biomarker for a better
response to RT independently of treatment with
temozolomide. Therefore, the MGMT methylation status could
be potentially considered as a general biomarker of better
therapeutic response in GBM (28). The strong correlation
between MGMT methylation and the CIMP profile was also
observed in one study. This finding could signify that MGMT
hypermethylation is the epiphenomenon of the genome-wide
methylation status associated with the CIMP (29).

Other non-genetic prognostic biomarkers for GBM have
also been reported. One study, which examined the prognostic
significance of individual angiogenic factors, collected the
samples from 36 patients with GBM and
simultancously assayed them for 48 angiogenic factors using
protein microarrays. Two different subtypes of GBMs were
revealed by cluster analysis and a low serum level of tissue
inhibitor of metalloproteinase-1(TTMP1) was established as
an independent predictor of better survival (30). Another
article discussed the predictive value of serum a2-Heremans-

serum
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Schmid glycoprotein (AHSG) in patients with glioblastoma.
The median survival was longer (51 vs. 29 weeks) in patients
with normal (more than 285 mg/l) vs. low serum AHSG
concentrations. This finding was independent of age and
Karnofsky score, and the serum AHSG level inversely
correlated with the Ki-67 proliferative index (31). The study
of serum concentrations of extracellular matrix glycoprotein
(YKL-40) metalloproteinase-9  (MMP-9)
concluded that these two biomarkers could be monitored in
the serum of patients with GBM and help confirm the
absence of active disease. YKL-40 was also used as a
predictive biomarker of overall survival in patients with high-
grade glioma (32). On the other hand, a more recent study
failed to prove any clinical relevance of serum MMP-9 as a
biomarker of disease status or overall survival in a large
group of patients with glioma (33).

Some of the previously mentioned biomarkers, together
with the novel stratifications of a molecular and genetic level,
could be potentially useful in the near future for treatment
strategies for patients with GBM and other types of high-grade
glioma. Improved insight into the therapeutic responses, as
well as the biology of these tumors, are urgently needed for
more effective therapeutic management of patients with high-
grade gliomas.

and  matrix

Novel Targeted Therapies for Malignant Glioma

The standard therapeutic options for the treatment of GBM
and other types of high-grade glioma have only limited
benefits, as discussed earlier. The new targeted therapies
which have recently emerged are directed against certain
tumoral features, such as altered signaling and metabolic
pathways, aberrant tumor vessels, angiogenesis and the tumor
microenvironment. Recent genome-wide studies and the
molecular characterization of GBM has enabled the
identification of potential new targets, development of novel
therapeutic small molecules and monoclonal antibodies and
initiation of clinical trials with these targeted drugs. However,
there is a wide molecular diversity and heterogeneity
associated with the aberrant GBM signaling pathways. This
could be the reason for the relative lack of success of these
new approaches in the treatment of GBM. Only a small
clinical benefit has been demonstrated with the novel
therapeutics so far. Overcoming these barriers will require the
use of individualized molecular profiling of each GBM tumor
and application of personalized medicine in combinatorial
targeted therapies for high-grade gliomas.

The most important molecular and genetic alterations in
GBM can cause increased tumor invasiveness, cell survival,
proliferation, evasion of apoptosis, angiogenesis and immune
response weakening. Novel therapeutic approaches targeting
such changes in high-grade glioma can be classified into
several functional subgroups (34, 35).

Growth factor receptors and their inhibitors in GBM. The first
subgroup, inhibitors of growth factors and their receptors,
includes the therapeutics directed to the aberrant growth factor
pathways presented in GBM including EGFR, platelet-derived
growth factor receptor (PDGFR), insulin-like growth factor
(IGF), fibroblast growth factor (FGF). These receptors and
their ligands are overexpressed or mutated in high proportion
of GBM (13, 14).

The amplification, as well as the overexpression, of the
EGFR family are described in approximately 50% of GBM
cases (14, 36). More than 40% of the tumors carry the unique
deletion mutant called EGFRvIIL. This EGFR gene has the
deletion of exons 2-7, which causes constitutive ligand-
independent constitutive receptor activation (14, 37).
EGFRVIII could be an ideal tumor-specific target for novel
therapeutics and will be discussed later. One of the new drugs
directed against EGFR function is gefitinib (Iressa:
AstraZeneca). In a phase IT study of gefitinib, patients with
GBM had partial tumor regression in 12.7% of cases (38). The
PFS at 6 months was 13% and the median OS was 10 months
in another study of recurrent GBM (39). There are more recent
studies with gefitinib in GBM, with results of minimal
efficicacy compared to standard RT/temozolomide treatment
(40, 41). Another new EGFR inhibitor also examined as a
possible treatment for GBM is erlotinib (Tarceva; Genentech).
Some phase II trials of erlotinib as a single agent showed only
minimal benefit for glioblastoma treatment and modest
survival benefit in combination with temozolomide and RT, or
with other agents (42, 47). A better therapeutic response to
these agents was achieved by stratifying patients based on
their own molecular profile (48). Another promising EGFR
inhibitor is lapatinib (Tyverb; GlaxoSmithKline). According
to a phase 11 study, lapatinib is distributed into the tumor tissue
(49). However, in a subsequent trial with a small number of
patients with recurrent GBM, no efficacy was observed (50).
Cetuximab (Erbitux; ImClone Systems) is a chimeric
monoclonal antibody which can inhibit EGFR. A small group
of patients responded to this agent in a phase IT study (51). In
another phase TT study, the patients with recurrent high-grade
glioma were stratified according to amplification of the EGFR
gene. Cetuximab had limited activity and a median overall
survival of 5 months (52). Little improvement was observed
in the phase II study with the combination of cetuximab,
irinotecan (Camptosar; Pfizer) and bevacizumab (53).

The PDGF receptor is often overexpressed and activated in
GBM, especially in the proneural subtype (14, 16). The
changes leading to aberrant activation of PDGFR assist in the
transition from grade II-IIT glioma to glioblastoma. The PDGF
ligand is able to stimulate GBM growth and angiogenesis (54,
55). The kinase inhibitor of PDGRF, ¢-KIT and oncogene
fusion protein BCR-ABL imatinib (Gleevec; Novartis
Pharmaceuticals) has been extensively examined in the GBM
setting. The modest response of PFS at 6 months of 15.7%
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was observed in one phase Il trial of patients with recurrent
disease (56). A better result in PFS at 6 months of 32% was
recorded in a study with stratification of patients by their
PDGEFR expression 57). There are more studies with imatinib
in combination with hydroxyurea. After an initial promising
phase IT trial, further multicenter studies did not confirm the
preliminary results, and other trials with combinatorial therapy
are ongoing (58, 59, 60). In the most recent study, imatinib
had limited activity in patients with recurrent
oligodendroglioma and mixed oligoastrocytoma, with median
survival of 16.6 months, but with a moderate toxicity profile
(61). Another PDGFR inhibitor, tandutinib (MLN 518;
Millennium Pharmaceuticals), is in phase 1l trials as a single
agent, or in combination with bevacizumab. Among
multikinase inhibitors with the potential to block PDGFR, are
sunitinib (Sutent; Pfizer), sorafenib (Nexavar; Bayer and Onyx
Pharmaceuticals), vandetanib (Caprelsa; AstraZeneca) and
others, most of which are used in the trials as antiangiogenic
drugs for GBM (62, 63).

Inhibitors of intracellular signaling pathways. Intracellular
components in signaling pathways mediate the response of
cells to the growth factors and their interactions with cell
surface receptors. Inhibition of such aberrant signaling
components is a promising targeted therapeutic approach for
the treatment of many types of cancer including high-grade
glioma.

Mutations of RAS protein in GBM are rare (13, 14). On the
other hand, the inhibition of RAS could be effective because
of its involvement in the deregulated signaling pathways
through growth factor receptors. The RAS protein must be
post-translationaly modified by farnesyltransferase before
translocation to the cell membrane. The inhibitors of this
process have also been tested in GBM. Tipifarnib (Zanestra;
Johnson and Johnson) had modest activity in patients with
recurrent glioblastoma, with a PFS at 6 months of 12% in a
phase II trial (64). Another inhibitor of farnesyltransferase is
lonafarnib  (SCH66336; Schering-Plough), which was
examined in a phase T study (65).

Activation of protein kinase C (PKC) contributes to the
signal propagation from several growth factors, such as EGF
and PDGF, which stimulate glioma cell proliferation. The
targeting of PKC with the well-known anti-estrogen drug
tamoxifen was examined, but with only little or no clear
benefit in clinical trials for GBM (66, 67). A novel specific
PKC inhibitor is enzastaurin (LY317615; Eli Lilly and
Company). Its effect on recurrent malignant glioma was
reported, with 22% of patients achieving radiographic
response and 5% achieving stable disease (68). More recent
studies of enzastaurin showed some limited efficacy in
recurrent GBM (69, 70).

Another protein, (mTOR), is involved in cell growth
signaling. It transduces the signals from PI3/AKT, as well as,

the RAS pathway. Overexpression of growth factors or
deletion of PTEN increases the mTOR activation in GBM (14,
36). There are some selective mTOR inhibitors that have been
examined in GBM settings. The small molecule sirolimus
(Rapamune; Wyeth) was not effective as a single agent. It had
limited efficacy in a phase II trial with erlotinib (47, 71).
Temsirolimus (Toricel; Wyeth) had some efficacy as a single
agent for recurrent GBM. There are now some ongoing trials
using it in combination with EGFR/PI3K pathway inhibitors
or bevacizumab (72). The derivative of sirolimus, mTOR
inhibitor everolimus (Zortress; Novartis) had no clear clinical
benefit in combination with gefitinib for recurrent GBM (41).

Other intracellular molecular targets for GBM therapy. One
of the recently defined molecular targets now being examined
in the treatment of various types of cancer is the family of
proteins called poly ADP ribose polymerases (PARPs). The
PARP protein family acts in DNA repair. Tts main role is the
detection and signaling of single-strand DNA breaks. PARP
inhibitors have been widely examined in clinical trials for
therapy of tumors with specific genetic deficits in DNA repair
pathways such as BRCA! and BRCA2 (73). In the case of
GBM., two new drugs are being examined for the treatment of
initial as well as recurrent disease: the specific PARP
inhibitors iniparib (BSI 201; Sanofi-Aventis) and veliparib
(ABT 888: Abbott).

The mechanisms of epigenetic modifications of genes and
their aberrant functions are also very important in cell
transformation in the case of malignant glioma. Histone
acetylation (by histone acetyltransferases) and deacetylation
(by histone deacetylases, HDACs) play fundamental roles in
the regulation of gene expression. There are some HDAC
inhibitors that were examined for GBM,
phenylbutyrate, valproic acid, depsipeptide (FK228) and
vorinostat (Zolinza; Merck) (74). A recent phase 11 study of
vorinostat as a monotherapy for recurrent GBM showed
modest activity with a median OS of 5.7 months (75).

The proteasome complex inhibitors are other prospective
anticancer agents. The proteasome complex is involved in
important cellular functions, such as protein homeostasis,
apoptosis and cell cycle progression, and in resistance to
anticancer therapy. The usage of proteasome inhibitors can
induce cancer cell apoptosis or growth arrest (76). The
proteasome inhibitor bortezomib (Velcade; Millenium) was
examined for the treatment of recurrent GBM. It had a low
response rate but led to better results in combination with
standard therapy for patients with newly diagnosed GBM
(77, 78).

such as

Inhibition of angiogenesis in GBM. The role of the tumor
microenvironment and angiogenesis has been widely studied
in the case of glioblastoma. Extensive microvascular
proliferation denotes poor survival and increased risk of
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recurrence in GBM (79). The role of vascular growth factors
(VEGEF, especially VEGF-A) is well established in aberrant
angiogenesis. In the case of GBM, the plasma and the tumor
level of VEGF has been found to be relatively high and the
elevated intracavitary level of these growth factors was
discovered in patients with recurrents in comparison to those
with non-recurrent GBM (80, 81). VEGF overexpression in
tumor histology also correlates with a poor prognosis (82, 83).
Therefore, a great effort is being made with the evaluation of
antiangiogenic and anti-VEGF agents in GBM settings.

One of the most common used inhibitors of angiogenesis
in cancer treatment is bevacizumab (Avastin; Genentech). It is
a humanized monoclonal antibody against VEGF-A.
Bevacizumab has also been examined in clinical trials for
treatment of recurrent, as well as non-recurrent GBM, as a
single agent, and in various combinations with chemotherapy
and other targeted therapeutics. In combination with
irinotecan, the 6-month PFS among 35 patients was 46% and
the median OS was 42 weeks, in one of the first prospective
phase I trials for patients with recurrent disease. The 4-year
OS was reported to be 11% (84, 85). In the phase II BRAIN
study, the use of bevacizumab with or without irinotecan was
examined in 167 patients with recurrent GBM. In the
bevacizumab plus irinotecan arm, 6-month PFS was 50.3%
and the median OS was 8.9 months. The 12-, 18-, 24- and 30-
month survival rates were 38%, 18%, 17% and 16%,
respectively. For the bevacizumab monotherapy arm, the 6-
month PFS was 42.6% and the median OS was 9.3 months.
The 12-, 18-, 24- and 30-month survival rates were 38%,
24%, 16% and 11%, respectively (86, 87). There are additional
phase II studies among patients with recurrent glioblastoma
that support the treatment effect of combining bevacizumab
with chemotherapy (88, 89, 90, 91, 92). Bevacizumab was
approved in 2009 by the US FDA as a monotherapy for
treating recurrent GBM due to high response rates and modest
survival benefit (86, 93, 94).

There are other antiangiogenic therapies that are being studied
as single-agent treatment for recurrent GBM. In one phase T
study, the integrin inhibitor cilengitide (Merck) was examined
for patients with recurrent disease. In the arm with the higher
dose (2000 mg of cilengitide twice weekly), the median OS
was 9.9 months and the OS rates were 37%, 23%, 15% and
10% at 12, 24, 36 and 48 months, respectively, cilengitide was
also well-tolerated (95, 96). Another antiangiogenic drug,
aflibercept (Zaltrap; Sanofi and Regeneron Pharmaceuticals),
is a recombinantly prepared fusion protein that can bind
VEGF-A, VEGF-B and placental growth factor (PGF). In the
ongoing NABTC 0601 phase II study with aflibercept, the
preliminary ORR was 30% for recurrent GBM (97). There is
also a phase T trial with aflibercept and standard
RT/temozolomide therapy for initial GBM (98). The oral
inhibitor of MET/VEGFR2 cabozantinib (XL184; Exelixis)
was examined in a phase II study in patients with previously
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treated recurrent GBM. The median PFS of patients without
previous antiangiogenic treatment was 16 weeks. Furthermore,
61% of patients on corticosteroids had a more than 50%
reduction in corticosteroid dose (99). Another small-molecule
kinase inhibitor, cediranib (Recentin; AstraZeneca), led to
normalization of tumor vessels and reduction of brain edema
among glioblastoma patients (100). On the other hand,
cediranib increased tumor infiltration in one phase IT study of
recurrent GBM (101). One hypothesis is that there is an
angiogenesis-independent tumor population, or mechanism, in
GBM which can be promoted by antiangiogenic treatment and
which limits the efficacy of these new therapeutics (102). The
potential for recurrent infiltrative as well as invasive tumor
growth after the use of antiangiogenic agents has been
reported in some studies (103, 104, 105). Other recent trials
reported that there were no significantly changed patterns of
relapse of GBM after the antiangiogenic treatments (106-109).

Combinations of antiangiogenic agents and chemoradiaton
for newly diagnosed as well as recurrent GBM were also
examined. In one study of standard RT/temozolomide
treatment in combination with bevacizumab, for patients with
newly diagnosed high-grade glioma, the 12-month PFS and OS
were 59.3% and 86.7%, respectively (110). The combination
of chemotherapy and bevacizumab for patients with newly
diagnosed GBM approximately doubled the median PFS
compared to standard therapy (14 vs. 6.9 months) (111). The
combination of cilengitide with RT/temozolomide was
examined in a phase T/IT trial of newly diagnosed GBM. The
median PFS was 8.0 months and the 12- and 24- month OS
were 68% and 35%. The median OS was 16.1 months, with no
additional toxicities (112). There are two large phase III studies
that will evaluate bevacizumab-containing regimes for newly
diagnosed GBMs and that have recently begun enrolling
patients |AVAglio (NCT00943826) and RTOG-0825
(NCTO0884741).

Immunotherapy and vaccines for treatment of GBM.
Immunotherapy is a promising new area of multimodal
anticancer treatment for many types of human malignancies.
The dramatic change in the efficacy of such approaches after
decades of relative disappointment was brought about by the
recent introduction of vaccine sipuleucel-T and the
monoclonal antibody ipilimumab, for the treatment of
hormone-refractory prostate cancer and metastatic melanoma,
respectively. These two immunotherapeutic agents mean real
survival benefit for patients with cancer (113, 114). There has
also been great progress in immunotherapy of GBM over the
past few years. Although there is no approved anticancer
vaccine for GBM at the moment, there is one hot candidate
and many others in the pipeline.

Among the immunotherapeutic approaches in GBM research
are passive immunotherapy with antibodies, utilization of
autologous stimulated lymphocytes and immunotherapy with
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cytokines, and active immunotherapy with tumor-based,
peptide or dendritic cell (DC) vaccines. Among the peptide
vaccines, there is one strong candidate for near future use in
GBM treatment, Rindopepimut (CDX-110; Celldex
Therapeutics) which is a peptide-based vaccine (13 amino acid
sequence) against the antigen EGFRVIIL. This specific EGFR
mutant variant is constitutively activated and expressed in
almost 30% of glioblastomas. One phase I/IT multicenter study
in patients with newly diagnosed GBM who were treated with
rindopepimut led to a median PFS of 15.2 months and an OS
of 23.6 months (115). Another phase II trial, ACT III,
examined rindopepimut in combination with standard
RT/temozolomide in 65 patients with newly diagnosed
glioblastoma with EGFRvIII positivity. The median survival
was 21 months from the time of initiating therapy and 24
months from the initial diagnosis. Patients with unmethylated
MGMT had an OS of 20.9 months from diagnosis, whereas
those with methylated MGMT had an OS of 40 months from
diagnosis (116). The new double-blind, randomized,
multicenter phase IIT study of rindopepimut in patients with
newly diagnosed glioblastoma (ACT IV) is now enrolling
patients (NCT01480479). In another phase Il trial, the HLA-
restricted, Wilms tumor 1 (WT1) 9-mer peptide vaccine was
examined in patients with recurrent GBM. Partial response was
seen in 2 out of 21 patients and the vaccine was well-tolerated
(117). The most recent phase II trial with HSPPC-96
(vitespen), an autologous heat-shock protein-peptide vaccine,
has shown promise in patients with recurrent GBM. The
median OS was 47.6 weeks for vaccine-treated patients,
compared to 32.8 weeks for the non-vaccinated group; 6-month
OS was 93% for the vaccinated group compared to 68% for
the non vaccinated group. There were no grade 3 or 4 side-
effects (118).

Vaccines employing dendritic cells are other prospective
approaches to GBM treatment. In a trial of relapsed GBM, the
use of a vaccine with DCs loaded with autologous tumor
lysate was examined in 56 patients. The median PFS was 3
months and the median OS was 9.6 months (119). The same
group is investigating the integration of the vaccine in the
primary treatment of patients with newly diagnosed GBM
(120). Very promising data from a large, double-blind,
randomized phase II trial of a DC vaccine in patients with
newly diagnosed GBM showed a median survival of 3 years,
with 4-year survival reaching 33% of patients and 27% of
patients exceeding 6-years survival from initial surgery (121).
Another phase I/11 trial with DCs pulsed with specific tumor-
associated peptides showed a PFS of 6.8 months and median
OS of 18.7 months from the time of vaccination in patients
with newly diagnosed GBM (122).

New approaches to the treatment of malignant glioma with
immunotherapy are emerging and are demonstrating some
promise for the near future for significant improvement of
GBM therapy.

Conclusion

The prognosis of GBM still remains poor, despite aggressive
surgery, RT and chemotherapies. On the other hand, there have
been many novel discoveries in basic and translational
research made in recent years. Besides the common predictors
of the responsiveness to therapy and outcome, such as
functional status or simple demographics, there are important
underlying molecular characteristics of the tumor which could
play a major role in disease evolution and prognosis.

New prognostic biomarkers, such as IDH land 2, the
CIMP, promoter methylation status of the MGMT gene, and
others, could be helpful for the determination of prognosis
of the disease, as well as for the prediction of outcome of
current standard GBM therapy for individual patients. The
novel GBM classification according to genetic alterations
and gene expression profiles into the Classical,
Mesenchymal, Proneural and Neural subtypes could be very
useful in the near future for finding important molecular
targets within each group, suitable for therapeutic
intervention, as well as for the selection of the best targeted
therapy for each patient.

The new targeted therapies that are directed against certain
tumoral features, such as altered signaling and metabolic
pathways, aberrant tumor vessels, angiogenesis and the
tumor microenvironment, are being widely examined in
clinical trials. Due to the wide molecular diversity and
heterogeneity of GBM, there has been a relative lack of
success of these new treatment approaches. At the moment,
there is only one targeted drug, bevacizumab, approved by
the US FDA for the treatment of recurrent GBM, as a single
agent. On the other hand, there has been significant progress
in immunotherapy for GBM. The most promising agent,
currently in phase Il clinical trial for newly diagnosed
glioblastoma, is the peptide-based vaccine rindopepimut.
There are also other promising immunotherapies on the way.

Further progress in GBM treatment will probably be based
on the patient’s individual tumor analysis and the selection of
the best combination of novel targeted agents together with
another multimodal therapy for each individual patient, within
the actual application of personalized medicine.
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Abstract. Monoclonal antibodies binding the epidermal
growth factor receptor (EGFR), such as cetuximab or
panitumumab, are widely used targeted therapeutics for the
treatment of patients with colorectal cancer. The clinical
significance of these drugs has so far been associated with
combined chemotherapy or radiation. It has been shown that
these treatment strategies have their clinical limitations and
do not fully exploit the immunomodulatory effect of these
drugs. In this review, we discuss the mechanisms of
immunomodulation together with the anticancer immune
response to the monoclonal antibodies targeted to the EGFR.
The combination of anti-EGFR monoclonal antibodies with
other i

stherapeutic tre modalities certainly brings
new opportunities for targeted therapy in patients with

colorectal cancer.

During the past 10 years, there have been fundamental
discoveries in oncogenic transformation which have changed
the current view of the diagnosis and treatment of cancer (1,
2). It is receded from reductionist theory, in which cancer is
seen as a homogeneous population of tumor cells interacting
on the autocrine and paracrine level thereby determining the
biological activity of the tumor. More and more scientific
articles from basic as well as applied research actually
highlight the tumor complex theory in which a tumor is
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considered to be a complex tissue (3). Whereas the tumor
parenchyma consists of cancer cells, the stroma consists partly
of non-cancerous cellular components and non-cellular parts.
The tumor mass includes a number of non-cancerous cells and
structures of the extracellular matrix, affected by local
conditions and aberrant signalization of tumor cells, which in
turn leads to the feedback influence of tumor cells themselves.
The non-cancerous cellular components of the tumor
microenvironment include tumor stem cells with unlimited
generational potential, cancer-associated fibroblasts (CAF) that
form the extracellular matrix, endothelial cells and pericytes
involved in pathological angiogenesis, and immune cells
affecting the interaction among tumor and immunocompetent
cells  (3-5). Non-cellular components of the tumor
microenvironment are  predominantly composed  of
extracellular matrix containing cytokines, growth and
angiogenic factors and other bioactive molecules that are
produced and secreted by both cancerous and non-cancerous
cells. The communication between tumor and other cells is
very intense and actively modifies the biological activity of the
tumor itself and its sensitivity to anticancer treatment (1, 6).
The last two decades of intensive research focused on
cancer immunology revealed the dual role of the immune
system during the process of carcinogenesis. The immune
system contributes to the elimination of newly transformed
tumor cells and to the eradication of the residual tumor
population after treatment. On the other hand. many
experiments clearly demonstrated the supportive role of the
immune system in survival, growth, and spread of a variety of
tumors, including colorectal cancer (7, 8). A better
understanding of the importance of the immune system for
tumor growth and survival is reflected in the development of
new anticancer therapeutic approaches, such as the application
of monoclonal antibodies against tumor antigens and growth
factor receptors, adoptive transfer of tumor-specific cytotoxic
T-lymphocytes, active immunization with tumor vaccines, and

4421

X1l -2



ANTICANCER RESEARCH 36: 4421-4426 (2016)

modulation of the tumor microenvironment e.g. monoclonal
antibodies against cytotoxic T-lymphocyte-associated antigen
4 (CTLAA4) or programmed cell death 1 (PD1) (1, 9).

In this review, we discuss the mechanisms of
immunomodulation together with the anticancer immune
response to targeting monoclonal antibodies.

Monoclonal Antibodies and Anticancer Immunity

Immunotherapy aims to stimulate the immune system of the
patient to reject and destroy the tumor, which is affected
indirectly by the patient’s immune cells (10, 11).
Immunotherapeutics can be divided into two groups. The
first are monoclonal antibodies that bind to specific receptors
and cell antigens, thereby blocking transmission of
information and cell proliferation through signaling
pathways. Monoclonal antibodies also activate the immune
system response after binding to the target receptor. The
examples of therapeutics in this group are monoclonal
antibodies blocking receptors of proliferative signaling
pathways e¢.g. epidermal growth factor receptor (EGFR) and
those binding to specific cellular antigens e.g. cluster of
differentiation 20 (CD20) (12-14). Immune effects are also
observed using monoclonal antibodies that bind to growth
factors e.g. vascular endothelial growth factor (VEGF) and
other endogenous mediators e.g. receptor activator of nuclear
factor kappa B ligand (RANKL).

The second group of immunotherapeutics includes
substances exclusively affecting the immune system. Their
effect depends on the inhibition of immune-response
blockage (affecting ligands of CTLA4 or PD1), or conversely,
on the specific activation of the immune system (10, 15). The
principal biological effects of monoclonal antibody-mediated
immune response are the activation of complement and
immune cell-mediated cytotoxicity which is antibody-
dependent (antibody dependent cellular cytotoxicity, ADCC).
In the following text, we focus on monoclonal IgG antibodies
that block the proliferative signaling pathways by interference
with the EGFR. Specifically, we focus on extracellular
inhibitors, whose main advantage is the ability to activate the
immune system response against tumor (1, 16).

Mechanism of Action of Antibodies
to EGFR in Colorectal Carcinoma

The EGEFR is stimulated by transforming growth factor (TGF-
«) as well as epidermal growth factor (EGF) (17). Cetuximab
and panitumumab are monoclonal antibodies against human
EGEFR. They act as functional antagonists of the EGF and TGF
ligands and are thus inhibitors of the EGFR-dependent
signaling pathways EGFR/phosphatidylinositol 3-kinase
(PI3K)/protein  kinase-B  (AKT)/mammalian target of
rapamycin (mTOR) and EGFR/retrovirus-associated DNA
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sequences (RAS)/proto-oncogene serine threonine-protein
kinase (RAF)/mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK), and the Janus
kinase (JAK)/signal transducer and activator of transcription
(STAT) pathway (12, 18-21). Signal blockage leads to
inhibition of cancer cell division in the G1 phase because of
the lack of transcription factors, which ultimately leads to cell
apoptosis (22). Moreover, both these monoclonal antibodies
induce an immune response against cells whose receptors they
bind. While cetuximab is a chimeric IgGl antibody,
panitumumab is a fully human IgG2 antibody. This distinction
is very important for activation of the immune response. Even
though panitumumab binds to EGFR with higher activity than
does cetuximab, the 1gG2 isotype of monoclonal antibody has
a significantly lower immunogenicity for poor binding to
fragment crystallizable (Fc) receptor-gamma (FcyR) (23). An
immunoglobulin Fc region provides the antibody with the
ability to interact with receptors expressed by effector immune
cells, or with complement. In contrast to IgG1 antibodies
(cetuximab), IgG2 antibodies do not have such a significant
ability to induce an immune response by ADCC or by other
immune mechanisms.

Cetuximab and its Inmune Interactions
in Tumor Complex of Colorectal Cancer

Cetuximab is a chimeric antibody with an antigen-binding
region of murine origin. Other parts of the heavy and light
chains are of human origin (24-26). Typical therapeutic
monoclonal antibody consists of two identical fragment
antigen-binding (Fab) fragments and one Fc fragment
(Figure 1). Fab fragments serve to bind tumor antigen, while
the Fc fragment mediates binding and activation of immune
cells [macrophages, natural killer (NK) cells, cytotoxic
T-lymphocytes, etc.]. Monoclonal antibody cetuximab may,
therefore, affect the immune response in the tumor complex
by various forms of interaction. In the first case, upon
binding of the monoclonal antibody to the specific target
structure in the tumor cell, binding of the first component of
complement (Clq) to Fc fragments of the monoclonal
antibody occurs. This results in activation of the classical
complement pathway, during which the membrane of the
transformed tumor cell is attacked by the complex of
complement components C5 to C9, while releasing
chemotactic fragments C3a and C5a. Formation of the
membrane-lytic complex (membrane attack complex)
penetrates the cytoplasmic membrane and this ultimately
kills the tumor cell. Simultaneously released chemoattractant
lead to accumulation of leukocytes and the initiation of
antitumor immune responses. This mechanism is also called
complement-dependent cytotoxicity (1, 27).

The second possible mechanism of tumor cell destruction
is called antibody-dependent cellular cytotoxicity (ADCC).
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Figure 1. Immunoglobulin structure: Immunoglobulin G (1gG).

During this reaction, the tumor cells with bound antibodies
(e.g. cetuximab) are recognized by NK cells via Fcy
receptors (FcyRIIIA=CD16). This leads to activation of NK
cells and cytotoxic T-lymphocytes and subsequent effects of
cytotoxic agents that damage the membrane of tumor cells
(e.g. perforin or granzyme B). Moreover, the C3b fragment
is produced during the activation of complement which acts
as an opsonin for damaged tumor cells and allows
phagocytosis by binding to the C3b receptor of macrophages
(1, 28-30). This mechanism of immune system activation is
called complement-dependent cell-mediated cytotoxicity
(Figure 2).

Perspectives on the Use of Cetuximab
Immune Response in Colorectal Cancer Treatment

Colorectal carcinoma has generally been regarded as an
immunoresistant tumor. In the light of recent research
findings, it has become clear that this presumption is not
true. The possibility for specific immune system modulation
appears to be crucial not only for prognosis, but also for the

region

Interchain
\ disulfide

Complement- binding
region

Binds to
Fc receptor

prediction of response to therapy in patients with colorectal
cancer. Tumor-infiltrating lymphocytes (CD8" and CD45* T-
cells) are increasingly considered to be an independent
prognostic factor. Regulatory T-lymphocytes (Tregs) that are
responsible for the optimization of the immune response
appear to be an optimal predictive factor for monitoring the
effect of immunomodulatory therapy (31-33). The
determination of the RAS mutation status is a powerful
predictive factor for the response to the synergistic effect of
antibodies to EGFR in combination with chemotherapy.
However, RAS status is inappropriate for monitoring the
activity of the immune response to antibodies EGFR
(especially cetuximab) in patients with colorectal cancer. The
determination of single nucleotide polymorphisms, variations
of individual nucleotides in the DNA sequence (34-36),
seems to be more promising. Mutations in Fc fragment
domains (especially FcyR2A and FcyR3A) correlate well
with an objective response to cetuximab in combination
therapy as well as in monotherapy.

Another promising predictive factor is the activity of
NK cells and cells involved in ADCC. Sophisticated
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Figure 2. A schematic model of the effect of monoclonal antibody cetuximab through the immune system. ADCC: Antibody-dependent cellular
eytotoxicity, CDC: complement-dependent cytotoxicity, mAb: monoclonal antibody, MAC: membrane attack complex.

laboratory methods for the determination of NK cell and
ADCC activity from peripheral blood samples of
individual patients with colorectal cancer are currently
being standardized. This activity appears to be an
independent prognostic and predictive factor for
monitoring of various forms of immunomodulatory
treatment, especially the ADCC activity of cetuximab (34,
35, 37-40). These methods are completely independent
from the determination of RAS mutation and EGFR
expression on the surface of tumor cells. Currently there
arc more than 40 phase T, and TIT clinical trials evaluating
the effectivity of immunomodulatory agents in patients
with colorectal cancer in adjuvant as well as palliative
treatment settings. The combination of cetuximab with
monoclonal antibodies targeted to CTLA4 and PDI
antigens (in vitro studies; in vivo especially in patients
with head and neck tumors and lung cancer) is especially
promising. Furthermore, there are numerous studies which
are focused on the combination of cetuximab with various
vaccines (autologous tumor cells, dendritic cells, adoptive
cell therapy etc.) or combination with granulocyte-
macrophage colony-stimulating factor and several types of
interleukin (14, 41-44).

4424

Summary

The clinical significance of cetuximab treatment in patients
with colorectal cancer or other cancer types (head and neck
tumors, lung tumors) has so far been associated with
combined chemotherapy or with radiation. It was shown that
these treatment strategies have their clinical limitations and
do not fully exploit the immunomodulatory effect of
cetuximab, particularly in the induction of ADCC response
(45). The combination of cetuximab with other
immunotherapeutic treatment modalities certainly opens-up
new opportunities for targeted therapy in patients with
colorectal cancer.
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Length of Occlusion Predicts Recanalization and
Outcome After Intravenous Thrombolysis in Middle
Cerebral Artery Stroke

Vladimir Rohan, MD, PhD; Jan Baxa, MD, PhD; Radek Tupy, MD; Lenka Cerna, MD;
Petr Sevcik, MD, PhD; Michal Friesl, Dipl Ing; Jiri Polivka Jr, Dipl Ing; Jiri Polivka, MD, PhD;
Jiri Ferda, MD, PhD

Background and Purpose—The length of large vessel occlusion is considered a major factor for therapy in patients with
ischemic stroke. We used 4D-CT angiography evaluation of middle cerebral artery occlusion in prediction of recanalization
and favorable clinical outcome and after intravenous thrombolysis (IV-tPA).

Methods—In 80 patients treated with TV-tPA for acute complete middle cerebral artery/M1 occlusion determined using
CT angiography and temporal maximum intensity projection, calculated from 4D-CT angiography, the length of middle
cerebral artery proximal stump, occlusion in M1 or M1 and M2 segment were measured. Univariate and multivariate
analyses were performed to define independent predictors of successful recanalization after 24 hours and favorable
outcome after 3 months.

Results—The length of occlusion was measureable in all patients using temporal maximum intensity projection.
Recanalization thrombolysis in myocardial infarction 2 to 3 was achieved in 37 individuals (46%). The extension to M2
segment as a category (odds ratio, 4.58; 95% confidence interval, 1.39-15.05; P=0.012) and the length of M1 segment
occlusion (odds ratio, 0.82; 95% confidence interval, 0.73-0.92; P=0.0007) with an optimal cutoff value of 12 mm
(sensitivity 0.67; specificity 0.71) were significant independent predictors of recanalization. Favorable outcome (modified
Rankin scale 0-2) was achieved in 25 patients (31%), baseline National Institutes of Health Stroke Scale (odds ratio,
0.82; 95% confidence interval, 0.72-0.93; P=0.003) and the length of occlusion M1 in segment (odds ratio, 0.79; 95%
confidence interval, 0.69-0.91; P=0.0008) with an optimal cutoff value of 11 mm (sensitivity 0.74; specificity 0.76) were
significant independent predictors of favorable outcome.

Conclusions—The length of middle cerebral artery occlusion is an independent predictor of successful TV-tPA
treatment. (Stroke. 2014;45:2010-2017.)

Key Words: computed tomography m middle cerebral artery m outcome m stroke m thrombolytic therapy

atural history of acute stroke with middle cercbral artery

(MCA) occlusion has a very poor prognosis and localization
of occlusion is one of the most important factors." Intravenous
thrombolysis with application of recombinant tissue-type plas-
minogen activator (IV-tPA) is currently the only clinically
proven method of acute ischemic stroke treatment’; however,
its effect is limited in a significant percentage of patients with
a large vessel occlusion (LVO). Recanalization of LVO after
IV-tPA depends on several factors that have been identified such
as location, extent, composition of occlusion, collateral status,
and glycemia.** Endovascular therapy (ET) is an alternative
method, more effective in recanalization of occluded vessel, but
the clinical superiority of IV-tPA has not yet been proved in large
trials.””!" In anterior circulation, recanalization rate and clinical

outcome after IV-tPA have been worst in patients with termi-
nal intracranial artery occlusion and best in distal MCA occlu-
sion.'*"* The impact of intravascular thrombus quantity has been
evaluated using hyperatenuated arterial sign in noncontrast CT
(NCCT) study™ and using CT angiography (CTA) with semi-
quantitative scoring as Clot Burden Score.'>"?

With the advent of multidetector CT scanners allowing volu-
metric whole brain CT perfusion examinations, time-resolved
4-dimensional CTA (4D-CTA) of cerebral vasculature can be
used for noninvasive cerebral hemodynamic assessment.'*'®
The aim of this study was to identify predictors of IV-tPA
successful recanalization and outcome in patients with MCA
stem (M) occlusion determined using 4D-CTA temporal
maximum intensity projection (tMIP) datasets.
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Materials and Methods
Study Design

We performed a retrospective single-center study of a prospectively
acquired data of consecutive patients with final diagnosis ischemic
stroke treated with IV-tPA in the period January 2009 to December
2012. Clinical and imaging data, obtained as part of routine stroke
care, were reviewed with the approval of The Institutional Review
Board.

The standard imaging protocol in patients with suspected acute
stroke consists of NCCT followed after exclusion of intracranial hem-
orrhage with volume perfusion CT examination (VPCT) and CTA of
the neck and cerebral arteries for assessment of therapy. The inclu-
sion criteria for our study was the isolated occlusion of the MCA in
the M1 and M2 segments, IV-tPA therapy started up to 4.5 hours from
symptoms onset, follow-up CTA examination during a time interval
of 22 to 26 hours after the IV-tPA administration, and a complete
3-month clinical follow-up. Patients with incomplete M1 occlusion,
isolated occlusion of the M2 segment, and occlusion involving inter-
nal carotid artery or insufficient technical quality of the VPCT and
CTA examination were excluded.

Data on clinical history, demographics, laboratory results, risk
factors, prestroke modified Rankin scale (mRS) score were obtained
as a part of standard clinical workup by trained staff. The initial
neurological deficit and its development 24 hours after IV-tPA ad-
ministration were assessed using the National Institutes of Health
Stroke Scale (NTHSS). Clinical outcome in the 3-month interval was
assessed using mRS by a trained neurologist in outpatient clinic or
by telephone contact with caregivers and dichotomized into favor-
able outcome (mRS 0-2) and poor clinical outcome (mRS 3-6). The
pathogenesis of stroke was classified according Trial of Org 10172
(TOAST) criteria.

Imaging Protocol

CT examinations consisted of NCCT, VPCT, and CTA on admission
and follow-up NCCT and CTA were performed on a dual-source
computed tomograph (Somatom Definition, Siemens Healthcare,
Erlangen, Germany). NCCT in the range of whole brain was per-
formed in spiral mode with collimation 64x0.6 mm, rotation time 0.5
seconds, tube voltage 120 kV, and tube current 320 mAs. Series in
orthogonal projections (6-mm section width) were performed for tis-
sue evaluation. Thin series (I-mm section width) were performed for
hyperdense MCA sign (HDMCAS) assessment. VPCT covering the
whole brain (136 mm) was performed by using a spiral shuttle mode
consisting of 25 repeated scans with a duration of 1.75 seconds (col-
limation 24x1.2 mm, rotation 0.33 seconds, 100 kV, 150 mAs). The
acquisition was started together with the onset of intravenous applica-
tion of 40 mL (350 mg/mL - lomeron 350, Bracco, Italy) of iodine
contrast agent at a flow-rate of 5 mL/s and a saline flush of 60 mL at
the same rate (cubital vein or vein at the hand dorsum). Axial images
with a 1.5-mm section width (increment 0.7 mm) were reconstructed
(total 4800 images), processed in dedicated VPCT Neuro (Syngo,
Siemens Healthcare, Erlangen, Germany) application, and tMIP sc-
ries were created for further evaluation. The cranio-cervical CTA was
performed (collimation 2x64x0.6 mm, 120 kV, 62 mAs, rotation 0.33
seconds, pitch factor 0.7) using 60 mL of iodine contrast agent (350
mg/mL - lomeron 350, Bracco, Italy) at a flow-rate of 4 mL/s with
a saline flush of 50 mL. The examination was started using bolus-
tracking technique monitoring the density increase in the ascending
aorta (threshold 100 Hounsfield Unit [HU]), the scanning direction
being caudo-cranial. Series reconstructed at the section width 0.6 mm
(increment 0.4 mm) was performed for further evaluation. The same
parameters were used for follow-up examination after IV-tPA.

Image Analysis

Image analysis was performed at the Syngo Leonardo workstation
(Siemens Healthcare, Erlangen, Germany). Two readers (radiolo-
gists with 8 and 5 years’ experience in neuroimaging) blinded to
clinical information assessed CT data set of all patients. To determine

Length of Occlusion Predicts Thrombolysis Effect
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intraobserver variability, all images were assessed twice in month in-
terval and in randomized order. The presence of HDMCAS was de-
fined by the following criteria'**: spontaneous visibility of the whole
or part of horizontal segment of the MCA, density of the MCA higher
than that of the surrounding brain, disappearance on bone windows,
unilaterality, and absence of subarachnoid bleeding. The M2 dot sign
was defined as hyperattenuation of an arterial structure in the Sylvian
fissure relative to the contralateral side and was not considered suf-
ficient for diagnosis of HDMCAS when present in isolation. CTA-
based measurement of vessel attenuation in HU of occluded M1 and
corresponding contralateral site was done by placing a small round
region of interest throughout the artery, and the average of the 2 high-
est HU values was used for further analysis. Absolute HU of symp-
tomatic sitc was also corrected for hematocrit using the HU ratio
(rHU=HU thrombus/HU contralatcral MCA).

VPCT data-sets were processed using a dynamic analysis pack-
age (VPCT Neuro, Syngo, Siemens Healthcare, Erlangen, Germany)
with automatic motion correction and noise reduction technique.
To assess initial extent of infarction, cerebral blood volume (CBV)
maps were scored using the Alberta Stroke Program Early CT Scale
(ASPECTS) score evaluated. Each ASPECTS region was visually
evaluated for relatively low CBV compared with the mirror region
in the contralateral hemisphere.?' > To determine vascular occlusion,
initially the differentiation between stenosis and complete occlusion
was performed (tMIP and cine 4D-CTA).?* Subsequently, the occlu-
sion length measurement was performed in the standard viewing soft-
ware (Syngo 3D, Siemens Healthcare, Erlangen, Germany) using the
MIP reconstruction (2-mm section width). According to the thrombus
orientation, 2 adapted oblique planes (2D measurement) were per-
formed—in these planes, the occlusion length was measured manu-
ally between proximal and distal occlusion end using the frechand
curve function with respect of anatomic course. The longer diameter
of both plancs that corresponded more to the anatomic course of the
MCA was uscd in the statistical analysis. In case of continuous M1
and M2 segment occlusion with substantially different paths of both
segments, the lengths were measured separately and were summed.
The longest occlusion in the M2 segment was measured using the
above-mentioned methods (Figure 1). Finally, the length of M1 prox-
imal stump was measured.

We used 3 angiography parameters of quantitative values in our
statistical analysis of recanalization and outcome prediction: (1) the
whole length of occlusion including both occlusion in segment M1
and eventually M2, if involved (M1/M2), (2) the occlusion length
only in the M1 segment (M1), and (3) the length of nonoccluded
proximal part of M1 segment (M1 stump) for localization of clot ori-
gin in M1 segment. Moreover (4), we used qualitative parameters for
differentiation of pure M1 segment occlusion (M1 only) and occlu-
sion extended to M2 segment (M 1+M2).

In addition thick sections tMIP were evaluated for the presence of
collaterals in the MCA territory comparing with contralateral hemi-
sphere on a 4-point scale: (0) absent (%), (1) >0 but <50%, (2) 250%
but <100%, (3) normal (100%)."*'%* For statistical analysis, the scale
was divided into good (score 2-3) and poor collaterals (score 0-1).

Recanalization Assessment

In all the patients, the follow-up CTA examination was done in a time
interval of 22 to 26 hours after the IV-tPA onset. The recanalization
effect was evaluated using the thrombolysis in myocardial infarction
criteria (Grade 0 — no recanalization of M1, Grade 1 — partial or com-
plete filling of M1 with persistent occlusion a least 1 M2 branch,
Grade 2 — partial or complete filling of M1 with complete filling of
the distal M2 branches flow, Grade 3 — complete recanalization with
filling of all distal branches, including M3 and M4) — grades 2 and 3
were considered to successful recanalization.”®*

Statistical Analysis

Data are reported using standard descriptive statistics. Categorical
variables were compared with y? and Fisher exact tests and continu-
ous variables with the Mann-Whitney U test. Logistic regression was
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Figure 1. The diagram showing measured parameters: S indi-
cates the length of proximal stump; M1, the occlusion length in
M1 segment; M1+M2, the whole length of occlusion, the longest
occlusion of M2 segment was measured (A). The comparison of
conventional maximum intensity projection (MIP) of CT angiogra-
phy (CTA) with poor filling of peripheral branches of middle cere-
bral artery behind M1 occlusion without identifiable distal end of
occlusion (B) and temporal MIP (tMIP) reconstruction of
4-dimensional CTA data with 2D measurement, the longer
distance was used in statistical analysis (C and D).

performed to determine the independent predictors of successful re-
canalization (thrombolysis in myocardial infarction 2-3), and favor-
able outcome (mRS 0-2). Variables of interest were age, sex, baseline
clinical variables (NTHSS score on admission, atrial fibrillation, arte-
rial hypertension, diabetes mellitus, hypercholesterolemia, previous
antithrombotic and statin therapy, blood glucose and cholesterol),
pathogenesis, onset-to-treatment time, the total length of M1/M2 oc-
clusion, the length of occlusion in M1 segment, the extension of oc-
clusion from M1 to M2 segment as a categorical variable, the length
of M1 stump, presence of HDMCAS, absolute HU, rHU, collateral
score, and CBV ASPECTS score. Successful recanalization (throm-
bolysis in myocardial infarction 2-3) was also included in outcome
analysis. Each of these predictors was examined in univariate analy-
sis. Forward stepwise logistic regression including all variables with
P<0.2 in univariate analysis was performed. The results are expressed
as odds ratio (OR) with 95% confidence interval (CI). A probability
value of <0.05 was considered statistically significant. Receiver oper-
ating characteristic analysis and Matthews correlation coefficient was
used to determine the optimal cut-off value of significant continu-
ous variables. Inter-observer (HDMCAS, HU, collateral score, CBV
ASPECTS, and CTA) and intraobscrver (40 patients, | month later in
random order, only tMIP) agreements were evaluated using intraclass
correlation coefficients and x statistics.

Results

Baseline Data

Among 411 patients treated with IV-tPA, we identified 142
patients with MCA impairment, 80 of whom with isolated
M1-M2 occlusion were included in this study. The reminder
were excluded because of significant impairment of ipsilat-
eral common or internal carotid artery (n=27), incomplete M1
occlusion (n=7), occlusion originating beyond M1 (n=25),

and insufficient technical quality of CT data (n=10). The main
baseline data are summarized in Tables 1 and 2. Mean age was
70.9£12.8 (range, 34-96) years with 41% being male patients.
Median baseline NIHSS score was 16 (range, 6-25) and onset
to treatment time was 155 minutes (range, 90-275). The distal
end of occlusion was not identifiable using CTA datasets in 32
patients (40%). The length of the complete MCA occlusion
was measurable in all the patients using the tMIP datasets. In
57 (71%) patients, there was isolated M1 segment occlusion;
in 23 patients (29%), there was extension to the M2 segment.
The median length of MCA occlusion was 15.4 mm (range,
2.9-26.2), the median length of occlusion in M1 segment was
12.7 mm (range, 2.6-26.2), the median length of M1 stump
was 7.8 mm (range, 0-23.0), and HDMCAS was present in 67
(84%) patients. There was no significant relation of HU values
and rHU to stroke etiology (P=0.886 and P=0.690).

Recanalization

Successful recanalization after IV-tPA (thrombolysis in myo-
cardial infarction 2 and 3) was achieved in 37 individuals
(46%). Potential predictors of recanalization are summarized
in Table 1. In the univariate analysis, baseline NIHSS score
(P=0.015), the whole length of occlusion (M1/M2) (£=0.009),
and the length of occlusion in M1 segment (£=0.003) were
significant negative factors for successful recanalization.
Neither presence of HDMCAS nor HU clot density did sig-
nificantly affect recanalization. In multivariate logistic regres-
sion analysis, the length of M1 segment occlusion (OR, 0.82;
95% CI, 0.73-0.92; P=0.0007) and the extension to M2 seg-
ment as a category (OR, 4.58; 95% CI, 1.39-15.05; P=0.012)
were significant independent predictors of recanalization with
overall model fit P=0.0004. Other clinical and CT variables
(vascular risk factors, pathogenesis, time to treatment, base-
line NIHSS, the whole length of M1/M2 occlusion, the length
of M1 stump, HDMCAS, HU, rHU, CVB ASPECTS score)
were dropped from final model.

Based on the logistic regression analysis, we performed
receiver operating characteristics curve analysis for determina-
tion of optimal cutoft value for the length of occlusion in M1
segment. The optimal value was found to be 12 mm, (Matthews
correlation coefficient 0.373) with sensitivity 0.67 (95% CI,
0.518-0.833) and specificity 0.71 (95% CI, 0.551-0.844), and
odds ratio 4.81 (95% CI, 1.86-12.40; P=0.0012) (Figure 2).

Outcome

Intracerebral hemorrhage developed after IV-tPA in 17
patients, and in 3 cases the hemorrhage was symptomatic. The
outcome was assessed at a 3-month interval. Follow-up infor-
mation was obtained in all patients. Favorable outcome (mRS
0-2) was achieved in 25 patients (31%; 6 patients with mRS
0, 10 patients with mRS 1, 9 patients with mRS 2, 8 patients
with mRS 3, 10 patients with mRS 4, 22 patients with mRS 5),
mortality during a 3-month follow-up was 19% (15 patients).
In univariate analysis, lower bascline NIHSS (P=0.0005),
successful recanalization (P=0.0007), and the length of both
whole occlusion M1/M2 (P=0.001), the length in M1 segment
(P=0.0002), and CBV ASPECTS score (P=0.011) were sig-
nificant predictive factors for favorable outcome (Table 2).
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Table 1.
Successful Recanalization

Length of Occlusion Predicts Thrombolysis Effect

2013

Baseline Characteristics of 80 Patients With Medial Cerebral Artery Occlusion Stroke in Context of

Patients With MCA Patients With Recanalization Patients With Recanalization

Characteristics Occlusion (n=80) TIMI 2-3 (n=37; 46%) TIMI 0-1 (n=43; 54%) PValue
Age, y; median (range) 73 (23-91) 72 (41-96) 75 (23-91) 0.539
Female, n, % 47 (59) 14 (62) 23 (61) 0.566
Hypertension, n, % 65 (81) 30 (80) 35(81) 0.971
Diabetes mellitus, n, % 26 (33) 14(38) 12(28) 0.346
Baseline glucose, median (range) 7.3 (4.8-27.5) 7.0 (4.8-14.8) 7.5(5.1-27.5) 0.460
Atrial fibrillation, n, % 40 (50) 21 (57) 19 (44) 0.262
Statin therapy, n, % 13 (16) 8(22) 5(12) 0.233
Baseline cholesterol, median (range) 4.7 (2.4-6.8) 4.6 (2.4-6.5) 47(24-6.8) 0.519
Antithrombotic therapy, n, % 25(31) 12 (32) 12 (35) 0.832
Cardioembolic pathogenesis, n, % 46 (58) 22 (59) 24 (56) 0.742
Time-to-treatment, median (range) 155 (90-275) 165 (90-275) 160 (109-250) 0.858
Baseline NIHSS, median (range) 16 (6-25) 14 (6-22) 17 (6-25) 0.015*
Type of MCA occlusion

Mtonly, n, % 57 (71) 30 (81) 27 (62) 0.076*

M1+M2, n, % 23(29) 709 16 (38)
Length of MCA occlusion

M1, median (range) 12.7 (2.9-26.2) 9.3 (2.9-20.5) 13.9(5.3-26.2) 0.001*

M1/M2, median (range) 15.4 (2.9-44.5) 13.2(29-27.2) 16.9 (6.3-44.5) 0.002*
Length of M1 stump, median (range) 7.8(0-23.0 7.1(0-23.0) 8.0 (0-20.8) 0.317
HDMCAS, n, % 67 (84) 30 (82) 37 (86) 0.549
Absolute HU, median (range) 64 (48-76) 64 (48-72) 65 (49-76) 0.339
rHU, median (range) 1.26 (0.86—1.50) 1.25 (0.89-1.50) 1.26 (0.86-1.43) 0.822
tMIP collateral score, median (range) 2(1-3) 2(1-3) 3(1-3) 0.360
CBV ASPECTS score, median (range) 8 (2-10) 8(3-10) 7(2-10) 0.561

ASPECTS indicates Alberta Stroke Program Early CT Scale; CBV, cerebral blood volume; HDMCAS, hyperdense MCA sign; HU, Hounsfield Unit; M1,
occlusion length only in M1 segment; M1/M2, complete occlusion length (M1 or M1 and M2 segment); MCA, middle cerebral artery; NIHSS, National
Institutes of Health Stroke Scale; and TIMI, thrombolysis in myocardial infarction.

*Variable included in multivariable model (P<0.2).

In multivariate logistic regression analysis, baseline NIHSS
(OR, 0.82; 95% Cl, 0.72-0.93; P=0.003) and the length of
occlusion M1 in segment (OR, 0.79; 95% CI, 0.69-0.91;
P=0.0008) were significant independent predictors of favor-
able outcome with overall model fit P<0.0001 (Table 3). Other
clinical variables (vascular risk factors, pathogenesis, time to
treatment, recanalization status after 24 hours, extension to
M2 segment, the whole length of M1/M2 occlusion, the length
of M1 stump, HDMCAS, HU, rHU, CVB ASPECTS score)
were dropped from final model. The multivariate analysis was
repeated with exclusion of recanalization and converged to the
same final model.

As in case of recanalization analysis, receiver operating
characteristic analysis was used for determination the optimal
cut-off value for the M1 occlusion length in favorable out-
come prediction. The optimal value was found to be 11 mm,
(Matthews correlation coefficient 0.470) with sensitivity 0.74
(95% CI, 0.591-0.887) and specificity 0.76 (95% CI, 0.618—
0.892), and odds ratio 8.74 (95% CI, 2.81-27.20; P=0.0002)
(Figure 3).

There was substantial interobserver agreements for
HDMCAS (x=0.71) and good agreement for CVB ASPECTS

score (k=0.86), HU measurement (intraclass correlation coef-
ficient=0.75), and occlusion length (intraclass correlation
coefficient=0.93) and intraobserver agreement (intraclass cor-
relation coefficient=0.97).

Discussion

In this study, the length of occlusion in Ml segment in
patients with proximal MCA occlusion, measured by tMIP
derived from CT perfusion data, was an independent predic-
tor of IV-tPA recanalization after 24 hours and favorable out-
come after 3 months. Patients with M1 and continuous M1/
M2 segment occlusion were included in our study. Our results
confirmed that M2 involvement despite its extent is a signifi-
cant negative factor for IV-tPA recanalization, but a signifi-
cant relation with clinical outcome was not proved. The main
reason is probably the importance of occluded perforating
arteries originating in M1 segment, but probably because of
its extreme variability, we did not find any correlation with
the length of proximal stump as a localizing parameter of M1
occlusion.”

Our results support evidence that IV-tPA radiological and
clinical effectiveness in MCA occlusion is limited and highly
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Table 2. Baseline Characteristics of 80 Patients With Medial Cerebral Artery Occlusion Stroke in Context of Favorable

Outcome
Patients With Favorable Patients With Poor
Patients With MCA Outcome mRS (0-2) Outcome mRS (3-6)

Characteristics Occlusion (n=80) (n=25; 31%) (n=55; 69%) PValue
Age, y; median (range) 73 (23-91) 69 (41-87) 76 (23-96) 0.062*
Female, n, % 47 (59) 14 (56) 33 (60) 0.736
Hypertension, n, % 65 (81) 20 (80) 45 (81) 0.847
Diabetes mellitus, n, % 26 (33) 7(28) 19(35) 0.563
Baseline glucose, median (range) 7.3 (4.8-27.5) 7.3(5.3-13.2) 7.3 (4.8-27.5) 0.444
Atrial fibrillation, n, % 40 (50) 12 (48) 28 (51) 0.809
Statin therapy, n, % 13 (16) 3(12) 10 (18) 0.233
Baseline cholesterol, median (range) 4.7 (2.4-6.8) 4.7 (2.4-6.5) 4.6 (3.1-6.8) 0.688
Antithrombotic therapy, n, % 25(31) 7(28) 18 (33) 0.673
Cardioembolic pathogenesis, n, % 46 (58) 14 (56) 32 (58) 0.855
Time-to-treatment, median (range) 155 (90-275) 150 (98-270) 160 (90-275) 0.834
Baseline NIHSS, median (range) 16 (6-25) 13 (6-21) 17 (6-25) 0.0005*
Type of MCA occlusion

Mtonly, n, % 57 (71) 20 (80) 37 (67) 0.248

M1+M2, n, % 23(29) 5 (20) 18 (33)
Length of MCA occlusion

M1, median (range) 12.7 (2.9-26.2) 8.1(3.0-18.9) 14.3 (2.9-26.2) 0.0002*

M1/M2, median (range) 15.4 (2.9-44.5) 9.2 (3.0-27.5) 16.5 (2.9-44.5) 0.001*
Length of M1 stump, median (range) 7.1(0-23.0) 8.5(0-20.8) 7.1(0-23) 0.223
HDMCAS, n, % 67 (84) 18 (72) 49 (89) 0.063*
Absolute HU, median (range) 64 (48-76) 63 (48-72) 65 (49-76) 0.060*
rHU, median (range) 1.26 (0.86-1.50) 1.22 (0.89-1.40) 1.28 (0.86-1.50) 0.075*
Collateral score, median (range) 2(1-9) 2(1-3) 3(1-3) 0.488
CBV ASPECTS score, median (range) 8(2-10) 8(3-10) 7(2-9) 0.011*
Recanalization TIMI 2-3, n, % 37 (46) 19 (76) 18 (46) 0.0007*

ASPECTS indicates Alberta Stroke Program Early CT Scale; CBV, cerebral blood volume; HDMCAS, hyperdense MCA sign; HU, Hounsfield Unit; M1,
occlusion length only in M1 segment; M1/M2, complete occlusion length (M1 or M1 and M2 segment); MCA, middle cerebral artery; mRS, modified
Rankin scale; NIHSS, National Institutes of Health Stroke Scale; and TIMI, thrombolysis in myocardial infarction.

*Variable included in multivariable model (P<0.2).

dependent on age, site of occlusion, amount and character of
thromboembolic material, and collateral circulation with its
reflection in initial neurological deficit.'*'>** Similar predic-
tive factors seem to affect results of ET.*' So there is a need for
selection of reliable parameter which can be used in decision
making in selection of more aggressive recanalization therapy.

In CTA the contrast level in an artery depends on scanning
protocol and the circulation phase at the time of acquisition,
and suboptimal timing of the data acquisition may lead to a sig-
nificant bias of the examination result.*> 4D-CTA overcomes
this problem because of its dynamic nature and selection of
the optimal circulation phase with improvement in image
quality especially in case of delayed filling of collateral circu-
lation in LVO and ability of assess completeness of LVO.'*!*
For this reason, we used 4D-CTA for precise evaluation of the
presence, extent, and completeness of M1 occlusion.

Recent studies have been published that focused on the
possibility of LVO extent determination using the special
scoring system. The Clot Burden Score is 10-point scoring
system to determine the occlusion extent, and a Clot Burden

Score of >6 (corresponding only proximal or distal half of M1
with only 1 M2 occlusion) predicted higher recanalization
rate and good clinical outcome.'>!* However, the assessment
was performed using the conventional CTA, a method that
has limitations in detection of the distal end of the occlusion,
according to our results. Until now, a single study focused
on the determination of the absolute length of the LVO and
possible prediction of recanalization success—the clot length
>8 mm has nearly no potential for recanalization. The authors
used the HDMCA signin 2.5 mm NCCT slices to provide the
assessment.'” This value does not correspond to our results;
however, individual methods of the measurement and source
datasets were different, and recanalization assessment after
20.7£6.0 hours was done mainly using transcranial Doppler
ultrasonography. We did not find such a clear cutoff value
because recanalization appeared even in longer occlusions.
ROC analysis for the occlusion length in M1 segment as a
predictor of successful recanalization with almost linear
shape means relatively low specificity and moderate sensitiv-
ity of resulting cutoff value.
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Figure 2. Logistic regression curve representing an estimate of
successful recanalization probability by intravenous thrombolysis
(IV-tPA). depending on the length of occlusion in M1 segment,
odds ratio 0.87 (0.78-0.96) P=0.0047 (A). Receiver operating
characteristic curve for the occlusion length in M1 segment as a
predictor of successful recanalization by IV-tPA, the optimal value
12 mm, area under curve of 0.69, P=0.0012 (B). MCA indicates
middle cerebral artery.

The main result of our study is identification of crucial
impact of the length of M1 segment occlusion for prediction of
IV-tPA clinical outcome. Other CT parameters were explored
in recent studies. Clot composition assessed by HU density
was a predictor of successful IV-tPA early recanalization and
stroke subtype.*” Because of later recanalization assessment,

Table 3. Independent Predictors of Recanalization and
Favorable Outcome

0Odds Ratio

Independent Predictor (95% Confidence Interval) PValue
Favorable outcome

Baseline NIHSS 0.82 (0.72-0.93) 0.003

Length of M1 occlusion 0.79 (0.69-0.91) 0.0008
Overall model fit <0.0001
Successful recanalization

M1 occlusion only 4.58 (1.39-15.05) 0.012

Length of M1 occlusion 0.82 (0.73-0.92) 0.0007
Overall model fit 0.0001

NIHSS indicates National Institutes of Health Stroke Scale; and TIMI,
thrombolysis in myocardial infarction.
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Figure 3. Logistic regression curve representing an estimate
of a favorable functional outcome probability after intravenous
thrombolysis (IV-tPA). treatment depending on the length of M1
occlusion, odds ratio 0.80 (0.71-0.90), P=0.0004 (A). Receiver
operating characteristic curve for the occlusion length in M1 seg-
ment as a predictor of a favorable functional outcome after IV-
tPA treatment, the optimal value 11 mm, area under curve 0.78,
P=0.0001 (B). MCA indicates middle cerebral artery.

we could not compare this findings. Our results correspond
with other study, where neither HDMCAS nor clot HU values
were useful for IV-tPA effect and pathogenesis prediction."
Moreover, inconsistence in HU quantification methods and
lower interobserver agreement limit these findings.

There is lack of consensus in objective interpretation of CT
perfusion parameters. We included the CBV ASPECTS score in
our analysis as a predictor of baseline infarct extension, which
proved to be a reliable parameter of outcome after IV-tPA and
ET.?"3 Insufficient collateral circulation on CTA and 4D-CTA
has been shown as a negative predictor in LVO stroke.'*'$>* We
could not replicate this results because most of our patients have
a good collateral status CBV ASPECTS score profile. One pos-
sible explanation is involvement of deep structures, which can
be missed in collateral scoring and their clinical impact could
be underestimated in the context of summary ASPECTS score.

Our study has some limitations that are necessary to men-
tion. In aretrospective analysis of prospectively acquired data,
there is a potential for bias in selection of subjects. The 24-hour
interval from the TV-tPA onset for recanalization assessment,
which we used, was considered to be suitable when other
recanalization method was not available in our institution. The
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main limitation of the occlusion length determination as an
independent factor for IV-tPA recanalization is assessment of
the effect after 24 hours and lack of information about early
recanalization. Possibility of later reperfusion in patients with
longer occlusion can cause bias in assessment of its effect on
outcome. This hypothesis is supported by fact that recanali-
zation status after 24 hours was dropped from final model.
The limited number of subjects reduces statistical significance
of multivariate analysis. The vessel analysis as gold standard
could be questionable, but in our opinion, there is no method
more suitable. The digital subtraction angiography is not indi-
cated as the first vascular imaging modality. The comparison
of both methods in patient indicated o ET may be limited by
bridging TV-tPA therapy and time interval.

The importance of our study is based on detailed assess-
ment of homogenous group of patients with MCA/M1 occlu-
sion with relation to the effect of TV-tPA in the context of
searching for a subgroup of patients, who would be optimal
candidates for rapid triage for ET, because the position of this
method has not been fully established.” We identified single
independent highly reproducible radiological predictor of
IV-tPA clinical outcome. Comparison with results of ET in
this subgroup of patients could help in better stratification of
stroke patients in recanalization treatment planning.
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Abstract

approach in our clinical decisions.

Personalized medicine

Primary and secondary prevention of ischemic stroke represents a significant part of stroke management and health
care. Although there are official guidelines concerning stroke management, new knowledge are introduced to them
with a slight delay. This article provides an overview of current information on primary and secondary prevention of
ischemic stroke. It summarizes information especially in the field of cardioembolic stroke, the use of new anticoagulants
and the management of carotid stenosis based on the results of recent clinical studies. The optimal approach in stroke
management is to follow these recommendations, to know new strategies and to apply an individual personalized

Keywords: Ischemic stroke, Primary prevention, Secondary prevention, Anticoagulation therapy, Antiplatelet therapy,

Review

Introduction

Stroke is the third leading cause of death and the main
cause of disability of adults in developed countries. Des-
pite advances in prevention, the prevalence and incidence
of ischemic stroke is expected to rise given the aging
population [1]. A number of recommendations have been
created on the management and prevention of stroke and
transient ischemic attack. The guidelines of the European
Stroke Organization (ESO) published in 2008 (updated in
2009) [2] cover stroke management in detail. These
general recommendations should be transformed to indi-
vidualized and personalized approach to each patient [3].
As there have been further advances since that time, this
review provides an updated look at stroke management
especially at stroke prevention.

Primary prevention

Primary prevention aims to reduce the risk of ischemic
stroke (IS) in subjects who have been asymptomatic and
focuses on influencing and managing known risk factors
such as arterial hypertension (AH), diabetes mellitus
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(DM) and disorders of lipid metabolism. The start and
intensity of curative steps depends on an assessment of
the total cardiovascular risk (CVR). In asymptomatic in-
dividuals, this value is determined by using nomograms
from the Systematic Coronary Risk Evaluation (SCORE)
[4] project, which evaluates the age, gender, systolic
blood pressure (SBP), smoking habits and total choles-
terol levels. A value over 5% is considered a high risk
(probability of dying of cardiovascular disease in the next
10 years). Among symptomatic individuals with mani-
fested cardiovascular disease, type 2 diabetes or type 1
diabetes with microalbuminuria, or chronic kidney
disease, the risk is high (=5%) or, if there are a combin-
ation of factors, very high (210%). The primary emphasis
is placed on non-drug strategies and lifestyle changes—
adopting a healthy diet with a higher proportion of fruits
and vegetables and limited salt, increasing regular aerobic
physical activity, reducing elevated body weight, limiting
alcohol consumption and quitting smoking [2,4].

Arterial hypertension

For AH, which is a proven independent risk factor, the
guidelines advocate correcting SBP to under 140 mmHg,
except in older patients under 80 years of age, for whom
there is a proven benefit of reducing SBP 2160 to 150 -
140 mmHg. In patients over 80, each case must be assessed
individually based on the subject's physical and mental

© 2014 Polivka et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http/creativecommons.org/licenses/by/4.0), which permits unrestricted use,

stribution, and
¢ Domain

XV -2



Polivka et al. The EPMA Journal 2014, 5:9
http://www.epmajournal.com/content/5/1/9

condition. Also, the prehypertension (<120/80 mmHg) is
associated with higher stroke morbidity [5]. The benefit of
correcting SBP values under 140 mmHg has not been
proven. A target diastolic value of under 90 mmHg is indi-
cated; for diabetics, the target value is below 85 mmHg. In
low-risk patients, non-drug strategies are primarily de-
ployed first; if antihypertensive therapy is started, blood
pressure values should be reduced only gradually. The
choice of an antihypertensive agent depends on the
patient's age and comorbidities, in older patients (over
80 years of age) calcium channel blockers or thiazide
diuretics [6]. In women, the screening for arterial hyperten-
sion is indicated before prescribing oral contraceptives [7].

Diabetes mellitus

In DM patients, in addition to controlling blood glucose
levels, greater emphasis is placed on controlling BP with a
target value of under 140/80 mmHg. Angiotensin-conver
ting enzyme inhibitors or angiotensin receptor antagonists
are preferred for treatment [6]. Concomitant hypercholes-
terolemia should be corrected at low-density lipoprotein
cholesterol (LDL-C) levels exceeding 3.0 mmol/L, primarily
through statins [6,8].

Dyslipidemia

As another risk factor, dyslipidemia should be corrected in
primary prevention with respect to the overall cardiovas-
cular risk. Strategies should aim at influencing the LDL-C
value by making lifestyle changes and, if necessary,
through statin therapy [8-10] (Table 1).

Atrial fibrillation

The IS prevention guideline for patients with atrial fibrilla-
tion (AF) has undergone the most significant development
in connection with the introduction of new oral anticoag-
ulants (NOAs) and the availability of data from patients
with implanted devices [11]. In patients with non-valvular
AF, the stratification of IS risk has been re-evaluated to re-
flect the main and secondary clinically relevant risk factors
when applying CHA,DS,-VASc (Table 2). Antithrombotic
therapy is not recommended to AF patients over 65 years
without additional risk factors, regardless of gender. As
patients with severe renal insufficiency have not only a
high risk of IS but also a high risk of death, heart attack
and bleeding or hemorrhagic complications, they have
been excluded from clinical studies. For this reason, it is
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difficult to evaluate the benefit of antithrombotic therapy,
and it is not included in the score. The benefit of anti-
thrombotic therapy in preventing IS must be higher than
the risk of serious hemorrhage, especially intracerebral
hemorrhage (ICH), the most feared complication of this
type of therapy. It can be stratified using the HAS-BLED
score (Table 3), which correlates well with the risk of ICH
[12]. It was proven that in patients with the same HAS-
BLED score who were treated with acetylsalicylic acid
(ASA), the risk of ICH and major hemorrhagic complica-
tions is similar [13]. It is recommended to formally estab-
lish the risk of hemorrhage in all AF patients. Caution is
necessary in case the HAS-BLED score is >3; however,
this criterion does not exclude the patient from oral anti-
coagulant (OA) therapy, as the benefit of anticoagulant
therapy exceeds the risk of hemorrhage even in patients
with a high HAS-BLED score [14]. However, it is neces-
sary to maximally compensate potentially reversible bleed-
ing risk factors, such as uncontrolled arterial hypertension
or the concomitant use of ASA or non-steroidal anti-
inflammatory drugs (NSAID). In IS prevention among pa-
tients with non-valvular AF, ASA should be administered
only to patients who reject any form of OA therapy [11].

Other heart diseases

Anticoagulant therapy with warfarin in primary and sec-
ondary IS prevention is indicated in patients with a mech-
anical heart valve replacement (international normalized
ratio (INR) 2.5-3.5), the presence of an intraventricular
thrombus, mobile thrombus in the ascending aorta, di-
lated cardiomyopathy, especially in patients under 60 years
of age [16], left atrial myxoma and/or mitral stenosis after
a previous embolic event (INR 2-3).

New oral anticoagulants in the prevention of ischemic stroke

Until 2012, the only option for OA therapy for AF patients
was vitamin K antagonists (VKA), mainly in the form of
dose-adjusted warfarin with an INR of 2-3. Based on
successful clinical studies which proved non-inferiority in
comparison with warfarin in primary and secondary pre-
vention of IS and peripheral embolization in patients with
non-valvular AF—RE-LY [17], ROCKET-AF [18], ARIS-
TOTLE [19] and ENGAGE-AF [20] — new oral anticoag-
ulants (NOAs) were approved in 2012: first dabigatran as
a direct thrombin inhibitor and later the direct Xa inhibi-
tors rivaroxaban and apixaban, and edoxaban in 2013 in

Table 1 Recommended target treatment levels for LDL-C (adjusted according to Catapano et al. [8])

Cardiovascular risk

LDL-C target value

Very high (manifest cardiovascular disease, type 2 DM, type 1 DM with organ impairment,

moderate to severe kidney impairment or cardiovascular score 210%)

High (significantly increased individual risk factor, cardiovascular score 5%-10%)

Moderate (cardiovascular score 1%—5%)

<1.8 mmol/L and/or 250% reduction of LDL-C

<2.5 mmol/L

<3 mmol/L
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Table 2 CHA,DS,-VASc score (adjusted according to
Lip et al. [15])

Risk factor Score
C Congestive heart failure 1
H Hypertension 1
A, Age (275 years) 2
D Diabetes mellitus 1
S» Stroke (CS/TIA in history) 2
\Y Vascular disease (myocardial infarction/peripheral 1
vascular damage)
A Age (65-74 years) 1
Sc Sex category (female gender) 1

the USA. Of all NOAs that have been tested, clinical stud-
ies proved non-inferiority in comparison with warfarin,
with better safety and reduced risk of ICH. This led to an
update in the Guidelines for the Management of Atrial
Fibrillation by the European Society of Cardiology [11],
with NOAs considered more suitable for the majority of
patients with non-valvular AF. Because there is only
limited experience with NOAs, strict adherence to the
approved indications and careful post-marketing monitor-
ing are recommended. Given that there are no direct com-
parative studies among individual NOAs and indirect
comparative analyses do not indicate that there are funda-
mental differences in efficacy, no conclusions can be
drawn regarding preference for individual NOAs [21]. The
advantage of NOAs over warfarin is their fixed dosage
with no need for regular monitoring of anticoagulant
activity. However, when determining the appropriate dos-
age, it is necessary to consider the patient's age and renal
function. Another advantage is the lower quantity of clin-
ically significant drug interactions. The short half-life and
rapid onset and decrease in efficacy are important aspects
that required careful compliance with treatment, as the
anticoagulant effect is insufficient if more than one dose is
skipped. Renal values must be monitored, especially for

Table 3 HAS-BLED score (modified according to
Pisters et al. [12])

Risk factor

Score

H  Hypertension (not controlled, >160 mmHg of systole) 1
A Abnormal renal function or hepatic function

Transplant dialysis, Cr >200 umol/l 1

Cirrhosis, bilirubin >2x normal, AST/ALT/AP >3x normal 1
Stroke (CS in history, especially lacunar stroke) 1
Bleeding (bleeding in history or bleeding diathesis, anemia) 1
Labile INR (unstable or high INR) 1
Eldery (age 265 years) 1

O mr- @™ Ww

Drugs/alcohol (antiplatelet medications, non-steroidal 1
antiphlogistics or excessive use of alcohol)
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dabigatran. In polymorbid patients, these values may rap-
idly change in the course of an intercurrent disease [22].
Unlike warfarin, no haemocoagulation test can be used for
NOAs that would clearly quantify the anticoagulation ef-
fect. Non-specific anticoagulation tests may be used, such
as activated partial thromboplastin time (APTT); throm-
bin time or ecarin clotting time tests are more specific for
dabigatran, plus prothrombin time (PT) or determining
anti-Xa activity for Xa inhibitors. However, these tests are
used more to determine the presence of a medication and
cannot be reliably used to estimate the anticoagulant effect
of the NOA. As yet, no NOAs have a specific antidote. To
rapidly adjust coagulation in case of serious bleeding, in
addition to blood derivatives, specific procoagulant reversal
agents such as prothrombin complex concentrate (PCC),
activated prothrombin complex concentrate (APCC) or
recombinant factor VIla (r-FVIIa) may be administered.
Hemodialysis may also be considered for dabigatran, but
practical experience is still limited [23].

Asymptomatic stenosis of the internal carotid artery

Atherosclerotic stenosis of the extracranial part of the in-
ternal carotid artery (ICA) is associated with an increased
risk of IS [24]. The risk of asymptomatic stenosis progres-
sion rises over time, depending on the presence of add-
itional risk factors such as smoking, arterial hypertension,
DM, the level of stenosis, the composition of the plaque
and contralateral impairment of the ICA [25]. In short-
term monitoring, the risk of ipsilateral IS in patients with
asymptomatic ICA stenosis ranges between 1% and 3%,
depending on the seriousness of the stenosis and the stud-
ied population [24]. As there have been significant ad-
vances in conservative and invasive treatment, no valid
data is available right now that assesses the real risk of
asymptomatic ICA stenosis comparing these two different
management strategies. In a 10-year study monitoring
patients in the ACST trial [26], CEA reduced the risk of
stroke, including perioperative stroke, to 13.4%, compared
to 17.9% in patients with delayed intervention or conser-
vative treatment. The fact that 80% of the patients in the
study were not treated with statins may influence an inter-
pretation of the results. In regard to a comparison of
carotid endarterectomy (CEA) and carotid artery stenting
(CAS), the last extensive study was CREST [27], which
compared these two strategies in symptomatic and asymp-
tomatic patients with significant ICA stenosis. During a
mid-term 2.5-year monitoring study, the 4-year risk com-
posite target (IS, myocardial infarction or death) was
found to be nearly the same for both CAS and CEA (7.2%
and 6.8%), regardless of age or clinical presentation of the
stenosis. Surprisingly, patients over 70 years of age prof-
ited more from CEA, while patients under 70 profited
more from CAS. The risk of CS or death was 6.4% for
CAS and 4.7% for CEA, with the difference nearing
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significance only among asymptomatic patients. Only dif-
ferences in perioperative complications were significant,
with a higher risk of CD in CAS (4.1% vs. 2.3%) and a
higher risk of myocardial infarction in CEA (1.1% vs.
2.3%). The risk was similar in the subsequent period (2.0%
vs. 24%). The results of this study do not fundamentally
change the current guideline that in the case of significant
asymptomatic ICA stenosis (60%-90% according to the
North American Symptomatic Carotid Endarterectomy
Trial -NASCET), intensive drug treatment of the risk fac-
tors (DM, arterial hypertension, dyslipidemia) is indicated.
CEA is indicated only among patients with a high risk of
stroke (men, stenosis >80%, plaque character) and ex-
pected survival greater than 5 years, performed in centres
where the operative risk is less than 3%. Administration of
ASA is indicated before and after CEA. CAS is not indi-
cated for asymptomatic subjects.

Secondary prevention

Secondary prevention aimed at reducing the risk of
another IS must be based on the etiology of the past
ischemic IS and consider the presence of any additional
risk factors. It consists of the optimal compensation of
vascular risk factors—arterial hypertension, hyperlipid-
aemia and diabetes, antiplatelet or anticoagulant therapy
and, in indicated cases, the use of invasive surgical or
endovascular therapy. The patient's regimen, emphasiz-
ing adequate physical activity, elevated body weight loss,
sufficient hydration, dietary changes, quitting smoking
and a reduction in excessive alcohol consumption, is an
integral part of this [2].

Vascular risk factors

As part of optimizing vascular risk factors, after the acute
stroke phase subsides, antihypertensive therapy that ad-
justs BP to normal values is indicated. The BP value must
be individualized with regard to possible haemodynamic
consequences, however, such as in patients with bilateral
stenosis in afferent cerebral arteries or the trunk of the
cerebral artery. In contrast, in patients with small artery
damage, reducing pressure below 130 mmHg SBP [28]
seems suitable. As in primary prevention, individualized
DM therapy is indicated. In non-cardiogenic stroke, statin
therapy with a target LDL value under 2.5 among high-
risk subjects under <1.81 mmol/L is indicated [9]. In
patients with sleep-disordered breathing, respiratory ther-
apy with continual positive pressure in the air passages is
recommended [29].

Atherothrombotic stroke

In most cases, antiplatelet therapy is indicated for second-
ary prevention of atherothrombotic (non-cardioembolic)
stroke. According to the ESO guidelines, ASA should be
administered in combination with dipyridamole (25/
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200 mg 2x daily) or clopidogrel monotherapy (75 mg/day),
alternatively, as an economical alternative ASA mono-
therapy (75-325 mg/day). The efficacy of higher doses
of ASA has not been proven [30]. The combination of
ASA + clopidogrel versus clopidogrel monotherapy and
the combination of ASA + clopidogrel versus ASA
monotherapy have been investigated in MATCH [31]
and CHARISMA [32], respectively. In both studies,
with a long-term administration of ASA + clopidogrel,
the insignificant reduction in the risk of ischemic stroke
was accompanied by a significant increase in bleeding
complications and mortality. The last SPS3 trial of lacunar
stroke came to the same conclusion [33]. The coincidence
of stroke and a recent myocardial infarction or status post
coronary stenting thus remain the indications for using a
combination of ASA + clopidogrel. The new specific indica-
tion for the combination of short-term ASA + clopidogrel
therapy seems to be significant intracranial symptomatic
stenosis in a major artery. The SAMMPRIS study investi-
gated the effect of intracranial stenting and intensive drug
therapy (ASA + clopidogrel + statin) versus intensive drug
therapy alone [34]. It showed a significantly higher inci-
dence of stroke and death in the stented group during the
30-day (14.7% vs. 5.8%) and the 1-year (20.0% vs. 12.2%)
monitoring period. At the same time, the study showed
about a 50% drop in the incidence of IS and death in the
medicated group compared to historical controls—patients
treated with ASA or warfarin in the WASID study [34,35].
In the case of stroke, it is also necessary to consider
possible resistance to ASA or clopidogrel when starting
antiaggregant therapy. It is necessary to evaluate the com-
pensation of other vascular risk factors, especially the
etiology of the stroke with regard to the potential for cardi-
oembolism, especially in the case of paroxysmal AF.

Cardioembolic stroke

According to the ESO guidelines, anticoagulant therapy
with warfarin (INR 2-3) is indicated in the secondary
prevention of IS in patients with AF both paroxysmal and
permanent and also in other cardioembolism or NOAs in
the case of AF. Regarding adherence in the management
of atrial fibrillation, there are the problems of high differ-
ences in the management and compliance [36]. In crypto-
genic stroke, paroxysmal atrial fibrillation should always
be excluded. Its detection rate is dependent on the inten-
sity of ECG monitoring [37,38]. When deciding on the
timing of starting full anticoagulant therapy, one must
consider the risk of the hemorrhagic transformation of
infarction foci with regard to size and location. The bene-
fit of early anticoagulant therapy versus a delayed start has
not been proven [39]. Secondary prevention with ASA
alone has little effect, and the risk of major bleeding is not
significantly different from OA [13]. ASA + clopidogrel
compared to warfarin in patients with AF also shows low
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efficacy and does not bring a significant reduction in the
risk of bleeding complications—ACTIVE W study [40].
Antiplatelet therapy should be restricted to patients who
reject any form of OA therapy. The NOAs discussed
above are an alternative to warfarin.

In the case of concurrent acute myocardial infarction,
concurrent anticoagulant and antiaggregant therapy for a
3-month period is indicated with regard to the size of the
infarction foci and the risk of hemorrhagic transformation.
As in primary prevention, anticoagulant therapy with war-
farin is also indicated in the case of other cardiac sources
of embolism.

Patent foramen ovale

The significance of patent foramen ovale (PFO) is still dis-
cussed and studied in patients with cryptogenic stroke.
The results of three randomized studies were published in
2012—CLOSURE I [41], PC-Trial [42] and RESPECT
[43], comparing the effect of PFO closure with ASA or
warfarin drug treatment. REDUCE, a study comparing
PFO closure with antiplatelet treatment vs. antiplatelet
treatment as monotherapy, is ongoing [44]. Given the low
incidence of target events (stroke, death) and relatively
short period of monitoring (2 years), none of the studies
have shown a statistically significant difference among the
monitored groups, despite a certain trend towards mech-
anical closure of PFO. Subanalyses and meta-analyses of
these studies may provide further data. In contrast, data
from observational studies with a longer period of moni-
toring report a statistically significant difference in favor
of invasive vs. drug therapy, and in the case of drug ther-
apy, there is a significant benefit of anticoagulant therapy
vs. antiplatelet therapy [45]. Although for the reasons
described above there is still not enough clear clinical
evidence, it is appropriate to consider PFO closure only in
patients with embolic-type stroke with a significant shunt
in the transesophageal echocardiogram exam and if other
risk factors are absent. In other cases, anticoagulant or
antiplatelet therapy is indicated.

Thrombophilia

In patients with ischemic stroke of unclear etiology or
who are under 40 years of age, testing for thrombophilia is
indicated. Anticoagulant therapy is normally indicated in
the case of a proven deficiency of antithrombin III, protein
C and protein S; resistance to activated protein C (factor
V Leiden), especially in the case of deep vein thrombosis,
is also detected. Patients with positive antiphospholipid
antibodies with no other signs of antiphospholipid syn-
drome are indicated to only take antiplatelet therapy; anti-
coagulant therapy is indicated for patients meeting the
criteria for antiphospholipid syndrome [46].
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Major extracranial arterial stenosis

As is the case for other atherothrombotic IS, intensive drug
treatment of the risk factors and antiplatelet therapy are in-
dicated for secondary prevention in patients with major ex-
tracranial arterial stenosis [2,46]. In the question of using
CEA or CAS in patients with significant ICA stenosis,
there have not been any fundamental changes to the ESO
guidelines; there is still a lack of data comparing these
strategies with current intensive drug therapy. Early CEA
within 2 weeks after the stroke is indicated for patients
with small-scale infarction who do not have a high risk of
hyperperfusion syndrome with potential hemorrhagic
transformation of the infarction foci. The benefit of CEA at
an interval of 3 months is minimal compared to conserva-
tive treatment. In addition to the seriousness of the sten-
osis, the characteristics of the plaque also plays a role in
indicating CEA/CAS, with the presence of ulcers being an
indication to operate even lower-level stenosis (50%—69%)
while adhering to the principles of low perioperative mor-
bidity and mortality (<3%). Even in the perioperative
period, patients should be left on antiplatelet therapy. CAS
is recommended only for patients in whom CEA is contra-
indicated, the location of the stenosis is not surgically ac-
cessible, with restenosis following CEA and post-radiation
stenosis. After CAS, dual antiplatelet therapy with ASA +
clopidogrel for a period of 1 month is indicated.

Intracranial arterial stenosis

Dual antiaggregant therapy with ASA and clopidogrel in
combination with optimal compensation of vascular risk
factors was compared against the effect of stenting symp-
tomatic intracranial large artery stenosis (50%—-99%) in the
SAMMPRIS study [34]. Enrolment in the study was
halted after 451 patients were included in the study,
due to a significantly higher incidence of early stroke/
death after stenting compared to conservative treat-
ment (14.7% vs. 5.8%).

Conclusions

Stroke management is a great challenge. Stroke preven-
tion remains the object of intense medical research. Based
on new information provided in this review, management
strategies of stroke prevention should be personalized,
even if general guidelines exist. The management of arter-
ial hypertension, diabetes, dyslipidemia, atrial fibrillation
and the other causes of cardioembolic stroke in the
primary and secondary stroke prevention, search for
thrombophilia in younger patients and the management
of extracranial arterial stenosis and the indication and use
of new oral anticoagulants are of cardinal importance. An
update to the current guidelines can also be expected.
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Vitamin D a neurologicka onemocneni
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Predneseno na odborném pracovnim setkdn( Vitamin D (projekt OPVK CZ 1.07/2.3.00/09.0182), konaném dne 22. ¢cervna 2011 v Plzni
a organizovaném LF UK a FN Plzeri ve spoluprici s Ceskou spolecnosti klinické biochemie Ceské lékarské spolecnosti). E. Purkyné, sekci imuno-
analyzy Ceské spolecnosti nukledrni mediciny Ceské lékar'ské spolecnosti J. E. Purkyné a Endokrinologickym ustavem Praha

Souhrn: Je podén pFehled o vztahu vitaminu D a nékterych neurologickych onemocnént, kde je korelace opakované popisovéna. Nejvice
literdrnich udaji je z oblasti cerebrovaskuldrnich nemoci, dale u roztrousené sklerézy a kognitivnich poruch. Hypovitaminéza D muze
souviset s nemocemi pfimo, miZe se uplatiovat u rizikovych faktor nemocf (typicky u mozkovych cévnich ptihod). Hypovitaminéza D se
muze dél uplatnit u osob s rezidudlnim funkénim postizenim v diisledku neurologické nemoci (poruchy hybnosti, nesobéstaénost) a déle
zhorSovat funkénf stav v diisledku svalové slabosti, instability a padd.

Kli¢ova slova: vitamin D - cerebrovaskuldrni onemocnéni - roztrousend skleréza - kognitivni poruchy

Vitamin D and neurological diseases

Summary: We provide an overview of the association between vitamin D and some neurological diseases where the correlation has
repeatedly been described. The majority of literature refers to cerebrovascular diseases, followed by multiple sclerosis and cognitive dis-
orders. Vitamin D hypovitaminosis might be associated with the diseases directly or it might contribute to the disease risk factors (typi-
cally in cerebrovascular events). Vitamin D hypovitaminosis may also play a role in patients with residual functional involvement due to
a neurological disorder (movement disorders, lack of self-sufficiency) and worsen functional status owing to muscle weakness, instability
and falls.

Key words: vitamin D - cerebrovascular disorders - multiple sclerosis - cognitive disorders

Uvod

Vitamin D je oznacovan za prohor-
mon a v posledni dobé mu je vé-
novdna znacnd pozornost. Za-
kladni metabolizmus vitaminu D je
del3i dobu zndam stejné jako jeho
role v udrzovéani kalciové a fosfa-
tové homeostdzy. S rozvojem po-
znani déji na bunééné a moleku-
larni drovni byly objeveny bunééné
receptory (VDR) aktivni formy vita-
minu D - 1,25-dihydroxyvitaminu D,
ve vétdiné tkani:
nich ledvin, stfeva a kosti také v T-
a B-lymfocytech, svalech, v burikach

kromé tradié-

nervového systému i v nadorovych
bunkach [1,26], v hladkych svalo-
vych bunkach cév ¢i v epitelu [12].
Velkd pozornost je vénovéana nedo-
statku vitaminu D v lidské popu-
laci [15]. Uloha hypovitaminézy D
je studovédna i u fady neurologickych
onemocnéni.

Vitamin D a cerebrovaskularni
onemocnéni

Cerebrovaskularni onemocnénf jsou
3. nejcastéjsi pricinou mortality a nej-
Castéjsi pricinou dlouhodobé funkéni
neschopnosti ve vyspélych zemich.
V 80 % jde o mozkové ischemie, jejichz
nej¢astéjsi pFicina je ateroskleroticka.
20 % iktd je hemoragickych. Hypovita-
minéza D se podili na vzniku iktd z né-
kolika pFicin.

Vztah vitaminu D a arteridlni hyper-
tenze byl prokazan nékolika studiemi
tykajicimi se geografické variability
krevnihotlaku[8,35,45]isezénnivaria-
bility krevniho tlaku dle ro¢nich obdobf
u téze populace [17,48]. Jednd se o in-
verzni vztah mezi hladinou 25(OH)D
a hodnotami krevniho tlaku. Arteri-
alni hypertenze je jednim z rozhodu-
jicich rizikovych faktord ischemickych
i hemoragickych mozkovych cévnich
pfihod [42].

Je prokézana souvislost hypovitami-
nézy D se vznikem diabetu 2. typu ex-
perimentdlné u zvitat i u lidi [30]. Je
popséno nékolik cest, které se v této
souvislosti uplatiuji [1,29,43]. Me-
taanalyza prokazala inverzni vztah
mezi hladinou 25(OH)D a prevalenci
diabetu 2. typu [31]. Diabetes mellitus
2. typu je jednim z nejvyznamngéjsich ri-
zikovych faktort aterosklerézy a moz-
kovych cévnich p¥ihod [42].

Role zanétu v rozvoji ateroskle-
rotického procesu je dostatecné
znama [9,21]. Bylo prokézano, Ze su-
plementace vitaminu D zvy3uje hladinu
protizanétlivého cytokinu IL-10 a sni-
zuje hladinu prozénétlivych cytokint
IL-6, IL-12 a TNF-a. [22,36].

Je sledovéna role vitaminu D v roz-
voji aterosklerézy a jejich subklinic-
kych projevil, jako je tloustka intimy-
medie karotické cévni stény [27]. Byl
prokazan jednoznacny inverzni vztah
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mezi nizkou hladinou vitaminu D
a rozvojem subklinické ateroskle-
rézy [41]. Deficit vitaminu D je pova-
Zovén za vyznamny nezavisly faktor ve
vztahu k ateroskleréze [16]. Reis pro-
kazal souvislost deficitu vitaminu D
a zvydené hladiny parathormonu s rizi-
kem kardiovaskularnich nemoci véetné
mozkovych cévnich piithod a karotické
aterosklerdzy [34].

Anderson zkoumal prospektivné hla-
diny vitaminu D v elektronickych za-
znamech vice nez 41 000 pacientd ve
staté Utah [2]. Zjistil normalni hladiny
(vice nez 30 ng/ml) u 36,4 % osob,
nizké hladiny (16-30 ng/ml) u 46,9 %
osob a velmi nizké hladiny (méné nez
16 ng/ml) u 16,7 % osob. Nizké a velmi
nizké hladiny vitaminu D korelovaly
s vyskytem mozkovych cévnich pf¥i-
hod (p = 0,003). Obdobné tomu bylo
u kardiovaskularnich nemoci a one-
mocnéni perifernich tepen. Jejich vy-
skyt byl az dvojndsobné vy3si. Za hlavni
mechanizmus autor povazuje sekun-
darni hyperparatyroidizmus [20,46],
ktery se uplatriuje 3 zplsoby: zvydenou
inzulinovou rezistenci, predisponujici
metabolickému syndromu a diabetu,
aktivaci systému renin-angiotenzin,
pusobici zvy3ovani krevniho tlaku,
a stimulaci systémového zadnétu a za-
nétlivych zmén cévni stény. Zanétlivé
zmény cévni stény a rozvoj ateroskle-
rotickych zmén v cévni sténé a vztahu
k vitaminu D sledoval Brewer [4].
Vztah hypovitaminézy D a vyskytu
mozkovych cévnich p¥ihod proka-
zali i jini autofi [23,25]. Hypovitami-
néza D ma vyznamnou roli i u osob po
mozkové cévni ptihodé. Osoby s rezi-
dualnim postizenim zejména hybnosti
po iktu jsou méné mobilni, maji vy3si
riziko padud. Jsou ve srovnani s ostatni
populaci stejnych vékovych katego-
rif méné vystaveni slunenimu zafen,
mohou mit problémy s vyZivou. Cas-
téji maji hypovitaminézu D, sniZenou
kostni denzitu, osteopenii nebo oste-
oporézu. Carda to vysvétluje uplatné-
nim endokrinnich faktort (inhibice se-
krece parathormonu) a porusenim osy
vitamin D-parathormon v dasledku

iktu, nutricnimi faktory, pfipadné far-
makologickymi faktory [7]. Hypovi-
taminéza D zpUsobuje svalovou sla-
bost zejména kofenového svalstva,
instabilitu a pady [3,11]. Osoby s re-
ziduem po mozkové cévni prihodé tak
maji zfetelné zesilené riziko padu, zpa-
sobenych horsi mobilitou a svalovou
slabosti. Pady zhorsuji déle kvalitu Zi-
vota, pisobi bolest a v terénu osteope-
nie a osteopordzy jsou ¢astou pFicinou
zlomenin, zejména stehenni kosti.

Vitamin D a roztrousend skler6za

Vitamin D pat# mezi vysoce zkoumané
latky v problematice roztrousené skle-
rézy (RS). RS je autoimunitni onemoc-
néni, u kterého se uplatriuji komplexni
interakce mezi genetickou ndchylnosti
a faktory zevniho prostiedi [10]. Vita-
min D je davan do vztahu k RS z toho
davodu, Ze RS ma typické geografické
rozloZeni incidence a prevalence v zé-
vislosti na zemépisné 3ivce [18]. Cim
vétsi je vzddlenost od rovniku, tim je
vyskyt RS vy33i [49]. Rovnéz je popsana
sezénni fluktuace nemoci [50]. Ackoli
pFicin maze byt vice, je mensi expozice
sluneénimu zafenf a nizi hodnota vita-
minu D jednou z téch moznych a nabizi
plausibilni vysvétleni, zejména v nékre-
rych oblastech se specifickymi popula-
cemi [13]. Deficience vitaminu D se jevi
v korelaci se zavaznosti funkéniho defi-
citu, hodnoceného skalou Expanded
Disability Status Scale (EDSS) [19].
U pacienti s ¢astéjsimi atakami byla
popséna hladina vitaminu D niz3i ve
srovnani s pacienty, ktefi méli ataky
nemoci méné asté [23,24]. Nizsi hla-
diny vitaminu D byly zjistény i u pa-
cientd s primdrné progresivnim pribé-
hem onemocnéni [37,38,40]. Uskalf
tohoto mechanistického piistupu je
v3ak v tom, Ze pacienti s téz3im pribé-
hem nemoci jsou méné hybni a sobé-
stacni, maji nizsi expozici slune¢nimu
zafeni nez pacienti méné postizeni
a niz8i hladina vitaminu D je dusled-
kem tohoto stavu [10,13]. Hypovita-
minéza D je jednou z moznych pficin
i z diivodu ovlivnéni imunitniho sys-
tému [39]. Vitamin D inhibuje pro-

liferaci T-lymfocyt a indukuje jejich
apoptézu, plsobi na né imunosupre-
sivnim Gcinkem. Byl prokazan vliv vi-
taminu D na diferenciaci CD4'CD25"
FoxP3* T bunék, schopnych zastavit
rozvoj autoimunitni odpovédi. Jak-
koli se zda vliv vitaminu D na vznik
a prabéh nemoci vyznamny, chybi do-
state¢né validni data, kterd by cer-
pala z validniho srovndni homogen-
nich skupin pacient(i [44]. Totéz plati
i pro dosud probéhlé intervenéni stu-
die suplementace vitaminu D. Néahled
na dlohu vitaminu D je 3iroky, od velmi
rezervovaného pfistupu az k charak-
teru panacea. Ukazuje se, Ze vitamin D
muzZe byt jednim z faktord, podilejicich
se na vzniku a pribéhu nemoci, aviak
jeho niz3i hladina maze byt zaroven
jejim duasledkem. Zkoumanf role vita-
minu D je nadale vhodné.

Vitamin D a kognitivni poruchy

Kognitivni poruchy, demence, zejména
Alzheimerova nemoc, jsou oznaco-
vany za epidemii 21. stoleti. Predsta-
vuji mimofadnou zdravotni, socidlni
i ekonomickou zatéz Jsou hleddny
nové strategie vcasné diagnostiky
a mozného ovlivnéni progrese dege-
nerativniho procesu, vedouciho k ne-
vratné ztrdté neuronti. Receptory vita-
minu D jsou zastoupeny v oblastech
asto postizenych Alzheimerovou ne-
moci, jako je hippocampus a pfilehlé
struktury. Je popisovédn pozitivni Gci-
nek vitaminu D na kognitivni funkce,
zplsobeny inhibici syntézy oxid du-
siku, regulaci enzymatickych déjd
v metabolizmu glutationu a neurot-
rofinu a v regulaci buné¢ného kalcia.
Byly zjistény niz3i hladiny vitaminu D
u pacientti s kognitivnim deficitem ve
srovnani s béznou populaci. Rovnéz
zde v3ak miiZe byt hypovitaminéza D
i disledkem nesobéstaénosti, mensi
mobility a nizsi expozice slune¢nimu
zafeni a zhorSeni nutrice u pacientd
s demenci. Vitamin D mize u téchto
pacienti pomoci ovlivnit komorbi-
dity, které dale zhor3uji pribéh za-
kladni nemoci, jako jsou kardiovas-
kuldrni a cerebrovaskularni nemoci,
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zénéty, rovnéz svalova slabost, pady
a zlomeniny [5,6,28,33,47].

Zavér

Pasobeni vitaminu D prolina celym or-
ganizmem, tedy i nervovym systémem.
Nedostatek vitaminu D se primarné
uplatriuje v rozvoji a priabéhu nékte-
rych typl vy3e uvedenych neurologic-
kych onemocnéni, ¢astéji je jednim
z mnoha faktord a velmi ¢asto je za-
roven dlsledkem téchto nemoci, pre-
deviim zhorsené sobéstacnosti a ome-
zeni bézného stylu Zivota. Jsou nutné
dalsi vyzkumy problematiky.
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This chapter reviews the current knowledge on healthy and pathological hepatic circulation and microcirculation in animal
models used in biomedical research and in human histopathology. To demonstrate the clinical importance of this topic, we
focus on blood vessels (particularly microvessels) in liver surgery and in hepatic metastases of colorectal carcinoma.
Histological techniques of assessment of healthy and tumourous microvessels are reviewed with focus on the
immunohistochemistry on the endothelium, basal lamina and lectin immunohistochemistry. The role of angiogenesis and
vascularisation in colorectal cancer and liver metastasis is linked to recent knowledge on proliferation, tumour invasion,
metastasis formation, prognostic factors. and scoring systems. In addition to histopathological methods, the three-
dimensional imaging of hepatic microvessels using corrosion casts is shown using X-ray microtomography. Stereological
methods are demonstrated to quantify the volume, surface, length, numerical density and tortuosity of the microvessels.

Keywords liver: quantitative histology: immunohistochemistry; micro-computed tomography: colorectal carcinoma

1. Hepatic circulation

1.1  Hepatic circulation in humans and in laboratory animals

The main animal models for experimental studies on the liver are the pig, dog, rat, and mouse (for reviews see, ¢.g.,
|1,2]). Similar to humans, these mammals have a nutritive as well as a functional hepatic circulation. Oxygenated blood
enters the liver by the hepatic artery, a branch of the cocliac artery. Nutrient enriched blood is collected from the
digestive organs of the abdominal cavity and enters the liver via the portal vein. The main branches of these vessels
differ between animal species, as well as inter-individually |3-5]. The primary branches give rise to the lobar and
segmental vessels of increasing orders until the interlobular arteries and veins are formed within the so-called portal
area between liver lobules |3,6]. The interlobular portal venules comprise smaller branches, which form the axis of the
liver acinus |7]. Short inlet venules arising from these smaller branches distribute the blood directly (o the sinusoids. In
contrast, most of the blood from the interlobular arteries enters a peribiliar capillary plexus within the portal areas. Only
a very small portion of the arterial blood reaches the sinusoids directly. From the liver sinusoids, the blood leaves the
lobules via the central (terminal) veins of the lobules, sublobular veins and collecting veins of decreasing order, which
eventually enter the hepatic vein [6.8.9]. Interestingly, a certain competition exists between the hepatic artery and the
portal vein blood flow [10]. and the hepatic arterial blood flow can become the primary supply of sinusoids if the blood
flow through the portal vein is impaired [11]. Comprehensive reviews on hepatic vascular bed and intrinsic regulation
of hepatic blood flow are provided by Lautt and Greenway [12] and Lautt [13].

In general, liver surgery requires a detailed knowledge of the complex vascular anatomy of this organ [14.4.15]. For
interventions in human liver pathologies, a number of pre- and perioperative imaging approaches have been developed
to visualise individual variations in branching of hepatic vessels, including the portal vein [16,15,17]. Similar studies in
experimental animals remain limited [18]. Our understanding of the physiological and pathological implications of
microvascular blood flow in the liver as described above is mainly based on the concept of liver acini developed by
Rappaport [7]. Hepatic lobules, which are arranged around a central vein and—particularly in the adult pig model—are
defined by surrounding connective tissue, which can readily be identified in histological sections. However, they do not
represent the functional unit of the liver. Portal lobules—virtual triangular parts of the parenchyma centred proximally
(o a bile ductule in a portal area—emphasise the exocrine function of the liver [6].
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Gradients of metabolic activity. the dissemination of tumours or parasites and the influence of toxins on the liver can
be explained by differences in the dynamics of blood flow and pressure in Rappaport’s [7] acinus. An acinus is
a diamond-shaped area comprised of two adjacent lobules that are supplied by a “backbone™ of terminal branches of the
interlobular portal veins and hepatic artery as described above [6.8]. The cells around the virtual backbone have the
highest metabolic activity, but they are also the first cells to be affected by toxins within the circulation. In contrast,
insufficient oxygen supply first affects the cells proximal to the central veins at the ends of the “diamond™ [6.8.19,20].
A detailed knowledge of hepatic microcirculation is necessary to explain hepatic ischemia-reperfusion injury [21] and
hypothermic hepatic perfusion [22].

1.2 Surgical consequences of hepatic microcirculation

The blood supply of the liver is unique in comparison to the blood supply of other organs in the human body. It is
supplied by two vascular systems that are connected immediately before the network of liver sinusoids. The blood from
all of the inner organs of the abdominal cavity, including the pancreas, is carried by portal vein that divides into the left
and right lobular branches. Arterial blood is delivered by the hepatic artery, which exhibits the same branching pattern
as the portal vein. The portal and hepatic arterial blood streams branch many times up until the portal venules and
hepatic arterioles, which are within the septa among particular liver lobules. The blood from portal venules and hepatic
sinusoids flows into the hepatic sinusoids that lie between the hepatic plates and then into central vein. The central vein
empties into the sublobular veins and then into the branches of liver veins and the inferior caval vein [23].

The liver parenchyma is unique in its ability to regenerate after any loss of its functional volume. whether by trauma,
liver resection or any type of toxic insult. The remaining liver is able to restore its previous functional capacity by
producing more liver cells (hepatocytes, cholangiocytes and undifferentiated stem cells) [24]. The resulting liver
remnant volume does not correspond (o total liver volume before liver injury, but it is influenced by the status of the
hepatic parenchyma (liver cirrhosis, steatohepatitis, steatofibrosis, etc.) [25,26]. Renewal of the functional capacity
tends to occur through the establishment of new liver microcirculation. Several studies have demonstrated that the
portal vein flow before injury and after restoration is consistent with this notion. Our [urther understanding of the liver
microcirculation is important in light of the development and increasing [requency ol more complicated surgical
resections of liver parenchyma for liver lesions, whether benign or malignant. The techniques and skills required for
current liver surgical procedures are constrained by a resection limit of approximately of 70% of the healthy functional
liver parenchyma. As mentioned previously, in cases of diffuse liver parenchymal disease, it is important to reduce the
resected volume [27]. We are able (o increase the post-resection liver remnant volume by procedures that precede liver
resection, such as portal vein embolisation (PVE). However, currently, we are unable to predict the results of liver
regeneration after resection or PVE [28]. For these reasons, many patients are precluded from the possibility of radical
surgical treatment of their malignancy and are indicated only for palliative oncological treatment. The results of radical
and palliative treatment are not comparable. A deeper understanding of the alterations of liver microcirculation during
liver regeneration might provide insight into strategies for increasing post-resection liver remnant volume to improve
current liver resection procedures.

2. Histological techniques for assessment of healthy and tumourous microvessels

Detection of microvessels in histological sections is still a state-of-the-art technique for generating quantitative data
such as vessel density. Independent of the actual quantification method, the first step is detection and visualisation of
blood vessels within the sections. It is generally not possible to distinguish the complete vascular tree in routinely
stained histological sections because capillaries, as well as tumourous and newly formed vessels, might not exhibit
a visible volume or might be otherwise deformed [29.30]. Different strategies can be used to visualise these vessels.

In general, detection of endothelial cells by immunohistochemistry or lectin immunohistochemistry is preferred. In
human, rat and mouse material, the pan-endothelial markers CD31/PECAMI (platelet endothelial cell adhesion
molecule) and CD34 are used. Unfortunately, most of the commercially available anti-CD31 and anti-CD34 (Fig. 1A.B)
are limited in interspecies immunoreactivity and therefore often cannot be applied in studies using animals other than
those for which they were designed. Recently, monoclonal anti-pig and anti-sheep antibodies for use on cryosections
have been developed: additionally, single polyclonal antibodies may react with antigens in the tissues of different
species [31]. The expression of CD31 and CD34 in endothelial cells has been reported to depend on the vessel and
organ type [32].

As an alternative endothelial marker, vVWF (factor VIII-related antigen, von Willebrand factor. Fig. 1C) can be used.
However, it must be noted that vWF is a functional molecule that is not distributed uniformly in endothelial cells of all
vessels [33]. Capillaries of the brain and other organs with limited requirements of coagulation, e.g.. lymphatic organs,
are not easily detected using anti-vWF antibodies.
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Fig. 1 Microvessels in the human liver can be detected by immunohistochemical staining against the CD34 antigen (A.B).
In porcine liver, von Willebrand factor is a usable endothelial marker (C). When counting the microvessel profiles per
section area, a projection of unbiased counting frame [34] with admittance (green) and forbidden (red) borders can be
used. The filling of hepatic microvessels with the Mercox resin for preparing the corrosion casts can also be confirmed
histologically (D). Immunohistochemical detection of CD34 (A B.) and von Willebrand factor (C). and counterstaining
using Gill's haematoxylin (A.B.C). Mallory s trichrome stain (D). The scale bars indicate 50 pm (A.B) and 100 pm (C.D).

The detection of the glycocalyx of endothelial cells in histological sections using appropriate lectins represents
an interesting alternative for the visualisation of blood vessels when immunohistochemistry is not a suitable option. The
classical lectin for this purpose is UEA (Ulex europaeus agglutinin) for human material [e.g.. 35]. For animal tissues, it
is necessary to test different lectins for the specific species and the organ under study. Good results are often attained
using SBA (Soy bean agglutinin), LEA (Lycopersicon esculentum agglutinin), GSL-1 (Griffonia simplicifolia lectin-I)
or WGA (Wheat germ agglutinin) [c.g.. 36-38, own unpublished results|. The usc of Iectin histochemistry for vesscl
detection is limited in organs containing other cells with a prominent glycocalyx (e.g.. kidneys) or internal
accumulations of carbohydrates (c.g.. liver). Organs with large amounts of connective tissuc (c.g., skin) often cxhibit
a promincnt “background” staining duc to the glycoproteins surrounding their collagen fibres.

In experimental systems, these limitations can be circumvented by injecting solutions of conjugated lectins into the
vessels [39-40]. Lectin binding is robust, can survive fixation and embedding and can be detected subscquently using
appropriate staining kits, according to the respective conjugate (Iectin perfusion-labelling technique: [41,42]. However,
the use of this method in large organs, in organs or regions with diffusc afferent vesscls (c.g., subcutancous tumours)
and for organs or animals that cannot be injected (c.g., archival material or material that has to be divided for different
methods, etc.) can be cost-prohibitive and possibly either non-uniform or insufficient for the perfusion of small vessels.
Leakage of the lectin solution from permeable vessels within tumours might produce unwanted artifacts [43].

Detection of the basal lamina of blood vessels rather than endothelial cells is an alternative way (o visualise arteries,
veins and capillarics. Histochemical methods of detecting glycoproteins from the basement membrane include
methenamine silver staining and periodic acid-Schiff-staining (PAS). which is based on a similar mechanism. These
methods are still used where glycoproteins and other carbohydrates of the tissue do not interfere (e.g., in the brain or
parenchyma of lymphatic organs) [44,38]. These methods are relatively cheap and give good results in the appropriate
settings. Whereas thickening of the basement membrane may cause better visibility of the capillaries stained using this
method, newly formed vessels appear to lack a prominent glycoprotein component within the basement membrane [45].

Immunohistochemical detection of the basal lamina using anti-laminin and anti-collagen IV antibodies [46-49.37] is
a more common approach and represents a robust method for nearly all tissues. The composition of newly formed basal
laminae, such as during angiogenesis in organ development, organ remodelling or cancer, differs from that in vessels of
homeostatic organs [50-54]. This phenomenon can be used to distinguish young or invasive (tumour) vessels from
normal ones. Appropriate anti-laminin antibodies are commercially available. It is necessary to consider that tumour
vessels might lack basal laminae [55]. In some organs, basal laminae of other cells (e.g.. muscle cells, tubular
epithelium of kidneys. or pneumocytes of the lung) might hamper automatic recognition and likely even the
segmentation of the vessels by a researcher in immunohistochemically stained sections.

Another classical method used for the detection of microvessels is the injection of the vascular tree with appropriate
reagents prior to sectioning [e.g., 56,57]. For this approach, the same limitations apply as listed above for the injection
of lectin solutions. Moreover, the artificial filling of vessels might produce artifacts attributed to the interplay of
injection pressure and vessel wall elasticity. Quantitative parameters such as vessel luminae should be evaluated with
care in these cases. On the other hand, injection techniques allow for the detection of microvascular leakage [58].
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Moreover, in some experimental settings. injection of the vascular tree might be advantageous, particularly if other
types of examinations (scanning electron microscopy) are planned with parts of the material.

A universal method for the detection and the visualisation of blood vessels does not vet exist. For each specific
experimental system (species, organ under study, method of segmentation), an appropriate method has to be developed
and tested. particularly when material other than that from human, mouse and rat organs are to be used. If the vessel
morphology is expected to be severcly perturbed, as is the case in certain tumours, transmission clectron microscopy (if
necessary. after immunohistochemical staining) can be helpful in the identification of uncertain structures.

3. Prognostic role of vascularisation in colorectal carcinoma and its liver metastases

3.1 Colorectal cancer and liver metastasis

Colorectal cancer (CRC) is one of the most common malignancies, with an annual incidence rate of approximately 1.2
million new cases worldwide [59]. CRC is also the third leading cause of cancer mortality, with a general 5-year
survival rate of approximately 65% (and of only 11% if there are distant metastases) [60]. Between 15-25% of patients
present with hepatic metastases at the time of initial diagnosis [61,62]. Moreover, 29% of patients develop liver
metastases within the 3 years after the diagnosis of primary CRC [63]. The resection of liver metastases provides the
only potentially curative treatment with a 5-year survival between 37-58% [64.65]. However, 60% of patients develop
recurrent disease after primary hepatectomy. and only one third of these benefit from repeated resection of liver
metastases, with a S-year survival ranging from 26-41% [66]. Some of the novel treatment strategies. such as portal vein
embolisation, two-stage hepatectomy and preoperative downsizing chemotherapy, actually increase the number of
patients with resectable liver metastases [67.68].

The standard-of-care treatment for the metastatic colorectal cancer (mCRC) is systemic chemotherapy that involves
the antimetabolites 5-[luorouracil and its oral pro-drug capecitabine, combined with the DNA-damaging drugs
oxalplatin and irinotecan. Despite the therapeutic advances, the overall survival (OS) for mCRC patients remains
between 18 and 21 months [69]. Over the past few years, novel targeted therapeutics were introduced into the mCRC
therapeutic regimen. Two monoclonal antibodies (moAb) against the epidermal growth factor receptor (EGFR),
cetuximab and panatimumab, as well as one moAb against the vascular endothelial growth factor (VEGF),
bevacizumab. These agents have demonstrated limited clinical benefit in monotherapy or in combination with
chemotherapy [70]. Despite these recent advances, the effects of the mCRC treatment are often transient, and the
tumour drug resistance remains the prominent problem. Recent research has focused on the identification of novel
biomarkers, which can be used as prognostic factors for the aggressiveness of the disease, the probability of recurrence
or the response to the chemotherapy for each patient. The more individualised approach represents significant progress
in the cancer management and the new era of (ruly personalised medicine.

3.2 Prognostic factors and scoring systcms for the colorectal cancer liver metastascs

Because the resection of liver metastases remains the only potentially curative treatment for patients with mCRC, the
efforts of many research groups have focused on the identification of prognostic biomarkers to ensure the maximum
treatment benefit after hepatic resection. Some clinicopathological factors were identified to elicit a strong prognostic
role in the case of resection of hepatic metastases, such as the staging of the primary tumour, the time to diagnoses of
hepatic metastases, the number and size of metastases or the pre-operative carcinoembryonic antigen (CEA) level.

For more than 30 years, simple prognostic factors and more complex scoring systems have been developed and
employed to help to stratify patients into risk categories that can improve the selection of candidates for hepatic surgery
or to predict tumour recurrence. Fifteen independent prognostic models for the clinical outcome after liver resection for
colorectal cancer metastases have been identified using a multistep process by the systemic literature reviews [71,72].
Tn these prognostic models, 25 different factors were found to influence the prognosis. and 11 were identified by two or
more studies. The number of liver metastases was a negative predictive factor in twelve studies. Cancer that spread to
the lymph nodes counted for worsening prognosis in ten models. The maximum size of metastases was a predictive
factor in six studies. five of which used a cut-off diameter value of 5 cm. The strong independent prognostic factor was
the time between the primary CRC surgery and the onsct of liver metastases, which was identificd by five study groups
with a cut-off valuc of 12 months. In five different studics, the pre-operative CEA levels were identified as another
determinant. The positive resection margin and poor differentiation of the CRC were identificd as negative prognostic
factors in three studies. The scrosal invasion of the cancer, hepatic lymph node metastases and bilobar spread of liver
metastases were identified by only two models, whereas the other markers were found only by one model. Therefore,
the most important prognostic factors were the number of liver metastases, cancer spread to lymph nodes, maximum
size of metastases, pre-operative CEA level and non-radical resection |72]. The scoring systems could be used to predict
survival and the recurrence risk for patients who undergo hepatic resection or to help clinicians with the sclection of
patients for resection or for adjuvant therapy. However, there is no consensus over these systems and their application
in clinical practise. Moreover, there is a general problem with the validation and applicability of these systems. In one
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study, three independent scoring systems were examined for the outcome predictions of the Mayo Clinic patients with
mCRC and hepatic resection. The scoring models were only marginally better than chance alone for the overall survival
and disease recurrence prediction [73]. These results suggest that the clinical and pathological factors alone are
insufficient for accurate individual prognostication and that the scoring systems using only these markers are not widely
applicable. Furthermore, patients with identical clinicopathological variables might have significantly different
outcomes [74]. It is apparent that increcased understanding of the specific aspects of tumour biology, the tumour
microcnvironment and novel molecular markers will improve the predictive power of such prognostic scoring systems.

3.2 The role of angiogenesis and vascularisation in colorectal cancer and its liver metastases

Angiogenesis is an essential part of the multistep carcinogenesis process of many cancers that facilitates the
establishment of new blood supply to the tumour that is established from pre-existing blood vessels [75]. Without
angiogenesis. tumours are unable to growth and are limited in size to approximately 1-2 mm. Angiogenesis is crucial
for the metastatic spread of the primary tumour, as well as the disease recurrence from residual micrometastatic
deposits. such as those found after hepatic resection of mCRC. This complex process depends on the balance between
stimulatory and inhibitory factors.

Among many pro-angiogenic factors that initiate the cascade of new microvasculature formation, the VEGF family is
considered as the most important group of molecules. The VEGF family comprises seven different molecules classified
as VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F and platelet-induced growth factor (PIGF) [76]. The
family of VEGF receptors (VEGFR) includes VEGFR-1, VEGFR-2 and VEGFR-3. which is presented mainly on the
lymphatic endothelial cells [77]. The expression of VEGF can be assessed by the immunostaining of postoperative
specimens or by the measurement of circulating or urinary levels of this angiogenic growth factor. Similarly, there are
the soluble VEGF receptors (VEGFR-1, -2 and -3) that are currently under investigation in various cancers for their
utility as biomarkers ol angiogenesis, as well as for responsiveness to anti-angiogenic therapies [78,79]. Another
approach to the study of tumour vascularisation and angiogenesis and evaluation of the efficacy of anti-angiogenic
therapies is based on the measurement of microvascular density (MVD) by immunohistochemical staining of
endothelial cells [79]. CD31, CD34, von Willebrand factor, CD105 (endoglin), CD146 and other endothelial cells
antigens are suilable for such staining analysis [80]. There are, however, also some drawbacks (o this approach, such as
invasiveness and the lack of standardisation.

The correlation between MVD, VEGF and clinicopathological factors, together with the clinical applications of these
findings. remains controversial. High VEGF-A expression is correlated with increased metastatic spread and poor
prognosis of patients with primary CRC in some studies [81,82]. VEGF-C expression at the deepest invasive sites has
been correlated with worsening histological grade, depth of invasion, lymphatic invasion and lymph node metastases,
venous invasion, Dukes’ stage and liver metastasis [83]. One study has also reported that the overexpression of VEGF
mRNA was associated with the progression, invasion, metastasis and the poor prognosis of CRC patients [82,84].
Conversely, one recent study found no correlation among MVD, VEGF and clinicopathological factors [85]. and
another study found that VEGF-D expression did not correlate with the MVD, tumour differentiation or Dukes” stage:
instead, it was associated with lymphatic metastases [86]. In two studies of colorectal cancer liver metastasis resections,
VEGEF expression has failed to show any correlation with survival [87.88].

The role of MVD as a prognostic factor for CRC patients remains unclear. The vessels stained with anti-factor VIII
polyclonal antibody showed a significant correlation between MVD and tumour size, depth of invasion and lymph node
metastasis [89]. CD34-labelled tumour vascularisation was linked to poor prognosis in overal survival and recurrence of
liver metastases [90]. The association of MVD with the so-called hot spots of the primary tumour, with the presence of
lymph node infiltration, as well as with distant metastases and shorter survival, was identificd in some studies [91-95].
However, lack of correlation of MVD with metastases or with survival has also been reported [96.97]. One study found
no corrclation of MVD with the Dukes’ classification or clinicopathological factors [98]. Intcrestingly, other studics
have observed improved prognosis together with the higher microvessel counts [99-101]. The role of MVD as
a prognostic factor for patients after the resection of colorectal liver metastases was examined as well. Lower survival
after hepatic resection was correlated with high MVD, which was associated with a 4.9-fold increased risk of death
[87.102]. Another study found an association of MVD in hepatic resection with poor clinical outcome [103].
Nonetheless, there are studies that failed to reveal any association between MVD and patient prognosis [104,105].
There are substantial inconsistencies among these studies. The methodological variations in the assessment of MVD
might contribute significantly to the lack of any consensus. Standardised methodology. together with larger studies, is
needed to confirm the prognostic roles of MVD and of VEGF expression in colorectal cancer and its liver metastases.
The preclinical results from a recent and complex study have revealed the different expression profiles of 44
angiogenesis-related cytokines that were assessed by antibody array using primary and metastasis-derived CRC cell
lines. The primary CRC cell lines expressed higher levels of interferon gamma, insulin-like growth factor-1, IL-6 and
other cytokines in contrast to the metastatic CRC cell lines, which cxhibited higher expression of diffcrent factors such
as angiogenin-2. macrophage chemoattractant proteins-3/4. matrix metalloprotcinasc-1 and other distinct cytokines. The
cxpression of VEGF exhibited no differences during normoxic conditions, but during hypoxic conditions, the primary
CRC ccll lincs responded with higher up-regulation of cxpression than the metastatic oncs. This study has shown that
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there are many more factors other than VEGF that are related to angiogenesis and to metastatic spread and that could be
used as prognostic markers or therapeutic targets for mCRC in the future [106].

Another approach to increase our functional understanding of microvasculature and quantifying the angiogenesis of
tumours is the usage of novel imaging methods such as perfusion-computed tomography (perfusion CT). This technique
could be used in the overall management of CRC, from the diagnosis and prognosis to the monitoring or metastasis and
treatment [107]. In the ficld of angiogenesis. the perfusion CT reflects the tumour physiology and can be used as an
indircct imaging biomarker. It might be a more valid method of asscssing tumourigencsis in CRC compared to the
measurement of MVD [108]. For example, increased hepatic arterial perfusion is an indicator of CRC with liver
mctastascs, whercas progressive discasc is correlated with a reduction in the portal perfusion [109]. Perfusion CT could
also be uscd for the monitoring of therapeutic responsc after chemoradiation, as well as after the antiangiogenic drugs
[110.111]. In onc clinical trial with rectal cancer paticnts treatcd with bevacizumab, the angiogenic changes were
monitored by CT perfusion and corrclated with the decrease of tumour MVD and other angiogenic markers [112].
Perfusion CT has become the preferred functional imaging technique in the management of CRC and can be uscd for
the monitoring of trcatment responsc as well as for the asscssment of discasc prognosis.

A number of other factors influence the complex process of tumour angiogenesis that might represent prognostic
biomarkers in CRC. For cxample the cndothclial growth factors angiopoictins were cxamined in colorcctal
adenocarcinoma, where the increasced expression of angiopoictin-2 and decreased expression of angiopoictin-1 might be
responsible for blood vesscl formation. The overexpression of VEGF and angiopoictin-2 was corrclated with
adenocarcinomas with a diameter of more than 5 cm and with lymph node metastases |113]. Another angiogenic factor,
trombospondin-1, was analysed in both primary CRC [114] and in mCRC with the hepatic resection, where
thrombospondin-1 expression correlated with the poor survival [115].

There is a strong evidence to support the notion that not only do basic clinicopathological factors influence the
prognosis of primary and metastatic colorectal cancer, but that many recently identified novel biomarkers might help in
the future of personalised management of this type of cancer. As angiogenesis is one of the most important aspects of
tumour progression and metastasis, the identification of novel pro-angiogenic and anti-angiogenic biomarkers will
undoubtedly guide the future prognostic models of many human cancers and their therapies.

4. Three-dimensional reconstruction of hepatic microcirculation

4.1 Vascular corrosion casts

In addition to histological methods, three-dimensional imaging of hepatic microvessels can be performed using
microvascular corrosion casts. The recent advances in X-ray microtomography (micro-CT) has introduced resolution
similar to that of routine histopathology, now allowing for the application of ex-vivo micro-CT to bridge the gap
between the macroscopic imaging of liver vasculature and the histopathology of hepatic microcirculation. Tomographic
modelling of vascular corrosion casts provides quantifiable three dimensional (3D) data on the vascular bed [10,116],
whereas micro-CT is currently the only structural modality that can reflect angiogenesis [117].

Table 1 Recently published studies on hepatic corrosion casting.

Material and vasculature described Vessel diameter  Casting media used

differentiated
dissected porcine liver, resin injected into the segmental Epoxy Resin R180 (Fibreglass
portal vein, hepatic artery and inferior vena cava  branches International, Adelaide. Australia)
|118]
dissected bovine liver, resin injected into portal ~ sub/segmental ~ Technovit (Heracus Kluzer,
system, hepatic arteries and hepatic veins [119]  branches Hanau, Germany)
porcine liver, in situ vascular cast of portal vein 0.5 — 12 mm Technovit 7143 (Heraeus Kluzer,
[18] Hanau, Germany)
human liver, resin injected into hepatic artery liver sinusoids ~ Batson's™ #17 Corrosion Kit
and portal vein [116] (Polysciences, Warrington, USA),

25% BaS0, added

Vascular corrosion casts offer 3D replicas of vascular trees. The procedure in general includes the following: initial
exsanguination to prevent intravascular blood clotting, injection of the casting media, its polymerisation in the fully
filled vascular bed and the subscquent maceration of the surrounding tissues by a highly aggressive corrosive solution.
Every step of this procedure, particularly the choice of resin, the preparation of the organ and the manner of injection
may dramatically influence the final quality of the cast. As for the casting media, it must be of adequate viscosity (o
pass through the vessel but not to penetrate the wall. It must also be capable of even and fast polymerisation with
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minimal shrinkage. and it must exhibit chemical resistance to the subsequent corrosion procedures. Methylmethacrylate
(MMT) resin embodies all of these properties. Table 1 shows the casting media, methods and the results of several
recent publications on liver vascular corrosion casts. Mercox is another widely used. low-viscosity acrylic resin
[120,121]. Mercox allows for optimal permeability through the entire vascular bed, optimal infiltration properties,
minimal shrinkage. high chemical resistance. and short preparation [122]. For the high volume of the liver vascular bed,
quick polymerisation (curc time is approximatcly 5 minutes for the lowest concentration) appeared to be a disadvantage
of using Mecrcox. Another critical factor for the microvascular hepatic corrosion cast is the air cmbolism, which must be
prevented during any handling, both during the surgery and while injecting the corrosion media.

Fig. 2 Snapshots from a micro-CT-based 3-D reconstruction (A.B) of a vascular corrosion Mercox cast of porcine hepatic
microcirculation. Due to the resolution of 36.26 pum, minor blood vessels (some of the interlobular blood vessels. sinusoids
and central veins) are not distinguished. The scale bar indicates 600 pm.

For our corrosion casts, we used Mercox IT (Ladd Research, Williston, Vermont, USA). which is commercially
offered in two colours (blue and red). The kit contains the MMT resin and catalyst (benzoyl peroxide). To obtain the
corrosion cast of the vasculature in a porcine liver, we first rinsed the liver with 5 1 of saline solution containing 50,000
TU of heparin before sacrificing the animal. Before the hepatectomy, the portal vein, hepatic artery proper and inferior
vena cava were clamped. During the entire casting procedure. the liver was immersed in the lukewarm water. To extend
the time necessary to cast a larger amount of Mercox (Fig. 1D). we used the highest possible dilution of 0.4 g of catalyst
per 20 ml resin with a stirring time of 4 minutes. As the hepatic artery was too small to be cannulated. Mercox was
injected only into the portal vein. The injected fluid polymerised at room temperature for 12 h. Afterwards. the liver
was macerated in 10 % KOH for 48 h. MicroCT scans showed low Mercox opacity for differentiation of vessels with
diameters below 40 pm (Fig. 2-3). Because the smallest capillaries have lumens that are approximately 6 pum in
diameter. higher resolution with a sufficient radiopacity is required. The choice of the contrast agents is also a critical
factor for the micro-computed tomography imaging because it should not change the rheological properties of resin.
Debbaut et al. [10] successfully added 25% barium sulphate into the resin to preserve its permeability through the
microvascular bed. Another contrast agent used to study microvasculature ex-vivo is a radio-opaque silicone rubber
Microfil (Microfil, Flow Tech, Carver, MA) [122]. However, Microfil is not suitable for subsequent corrosion casting.

Fig. 3 Two-dimensional micro-CT section (A) of a vascular corrosion Mercox cast of porcine hepatic microcirculation.
A large piece of the cast is visualised. however. the limits of the resolution (pixel size 36.26 pm) are obvious upon
zooming in to assess image in detail (B). The scale bars indicate 5 mm (A) and 1 mm (B).

4.2 Quantitative stercological techniques

When deriving large three-dimensional data sets from the micro-CT, several unbiased stereological methods can be
used that are already acknowledged in quantitative light or confocal microscopy.
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The volume of the microvessels can be expressed as their volume fraction 77- within a spatial region of interest. This
fraction can be determined using thresholding, which requires high-contrast images, without artifacts and shadows that
might result in false positivity of the thresholded microvessels. Optionally, the volume occupied by the microvascular
corrosion cast can be easily estimated using the stereological Cavalieri principle [124]. This estimate is achieved by
counting points of a stereological grid superimposed on the profiles of the microvessels while the area corresponding to
cach point and the distance between the sections arc known constants.

When cstimating the surface of microvascular casts (often cxpressed as their surface density S, within a spatial
region of interest), cither thresholding or stercological methods can be used. Whenever the methods based on antomatic
thresholding might introduce bias (c.g., duc to a high scnsitivity of the threshold scttings, duc to non-homogencous and
unbalanced images), we can usc virtual isotropic spatial grids of orthogonal lincs with a random initial oricntation for
the same purposc. The latter method is more laborious becausc it relics on counting intersections between three scts of
test lines (the fakir probe [125,126]) and the profiles of microvesscls on a scrics of scctions.

When cstimating the length of the microvesscls (often expressed as their length density Z;- within a spatial region of
interest), the profiles of microvessels arc to be cither connected and skeletoniscd automatically or, traced manually to
provide a unidimensional representation of the vascular trec. With a known length, the tortuosity can be calculated as a
ratio between the true Iength and the shortest distance between the endpoints of cach microvessel. When detecting the
branching nodes, the valence of each node » is defined as the number of vessel segments joined at the node. Provided
that a capillary is defined as a loop between two nodes of the vascular network, the numerical density of capillaries
within a reference volume N;{cap/ref) can be estimated with the optical disector [44], see Equation 1:

n-2 n-2

;\.'(Cal,)_Z(T'I’,,)*_l_Z( 7 ‘P”)+1‘ )
Viref) Y w(dis) ~ S h-a(fra)

where N {cap/ref) is the number of capillaries N(cap) per reference volume I'(ref); P, is the number of nodes of valence
n (number of vessel segments joined at the node): the v(dis) is the volume of the disectors: / is the height of the
disector; and a(fra) is the area of the counting frame. Once the microvessels are represented as oriented lines within a
reference space, it is also possible to assess their orientation using a spherical coordinate system. Each microvessel can
be represented by a vector with a known length and a combination of azimuth (longitude) and elevation (latitude) when
connecting the centre of the coordinate system with the surface of a virtual sphere. Moreover, the preferential
orientation and degree of anisotropy of the microvessels can be calculated as well [127]. Such a description of the
vascular tree can be uselul, for instance, when devising advanced models of hepatic circulation [128,129]. Computer
simulations of liver tissue perfusion should be at least statistically similar to real microvessel networks.

N,-(cap/ref)=

5. Conclusion

Our current knowledge of healthy and pathological hepatic microcirculation in animal models used in biomedical
research and in human histopathology is of great clinical importance because it is linked to the role of vascularisation
and angiogenesis after liver surgery and in hepatic metastases of colorectal carcinoma. Histological techniques of the
assessment of healthy and tumourous microvessels rely mostly on endothelial markers, such as CD34 in humans and
von Willebrand factors in some animals. Quantitative assessment of microvessels in colorectal cancer liver metastases
is linked to our recent knowledge on proliferation, tumour invasion, metastasis formation, prognostic factors and
scoring systems. In addition to histopathological methods, three-dimensional imaging of hepatic microvessels has been
achieved using corrosion casts visualised by X-ray microtomography. Stercological methods represent a favourable
option when quantifying volume, surface. length, numerical density and tortuosity of the microvessels.
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AKTUALNI POHLED NA MOZNOSTI
PRIMARNI A SEKUNDARNI PREVENCE
ISCHEMICKYCH CEVNICH MOZKOVYCH

PRIHOD

Souhrn

Lécba a prevence ischemickych cévnich mozkovych pfihod jsou predmétem intenzivniho medicin-
ského vyzkumu, na jehoz zakladé jsou s uritym zpozdénim modifikovany i doporucené lé¢ebné po-
stupy slouzici jako opora pro Klinickou praxi. Toto sdéleni prinasi prehled aktualnich informaci na poli
prevence ischemickych cévnich mozkovych pfihod, které by mély byt zohlednény v klinickém rozhodo-
vani jesté pred zaclenénim do oficialnich doporucenych postupt. Shrnuje aktualni informace prede-
vsim v oblasti kardioembolickych iktd, uziti novych antikoagulancii a pfistupu ke karotickym stenozam
na podkladé vysledka klinickych studii v primarni i sekundarni prevenci cévnich mozkovych pfihod.

Klicova slova

ischemické cévni mozkové prihody — primarni prevence — sekundarni prevence — antikoagulacni
lécha — protidestickova lécba

Abstract

Current approach to the options of primary and secondary prevention of ischemic cerebro-
vascular accident. The treatment and prevention of ischemic cerebrovascular accidents are subject
to intensive medical research based on which the recommended treatment procedures used as a sup-
port in clinical practice are modified with a certain delay. This paper provides an overview of current in-
formation about the prevention of cerebrovascular accidents, which should have been reflected in the
clinical decision-making before incorporation into the official recommended procedures. It summarizes
the latest information primarily regarding cardioembolic strokes, use of new anticoagulants, and an ap-
proach to carotid stenoses based on the results of clinical trials in primary and secondary prevention of
cerebrovascular accidents..

Keywords
ischemic stroke — primary prevention — secondary prevention — anticoagulation therapy — antiplatelet
therapy

V. Rohan, J. Polivka, P. Sevéik, J. Polivka ir.

Cévni mozkové piihody (CMP) jsou jednou
z hlavnich pficin morbidity a mortality ze-
jménav rozvinutych zemich. Ischemické CMP
predstavuji 865-90 % vsech CMP. | pres po-
kroky v prevenci Ize predpokladat, Ze v souvis-
losti se starnutim populace bude trend v pre-
valenci a incidenci CMP vzristajici [1]. Byla
vypracovana fada doporuceni pro lécbu a pre-
venci ischemickych CMP a tranzitornich is-
chemickych atak (TIA). Zatim posledni dosud
platna doporugeni Ceské neurologické spo-
lecnosti pochéazeji z roku 2008 [2]. Dopo-
ruéni European Stroke Organization (ESO)
rovnéz z roku 2008 (dopInéna 2009) [3] po-

drobné rozebiraji danou problematiku. Jejich
zkracena verze byla publikovana i v asopise
Neurologie pro praxi [4]. Vzhledem k tomu,
Ze od té doby doslo na tomto poli k dalsimu
vyvoji, pfinasi toto sdéleni aktualizovany
pohled na problematiku.

Primarni prevence

Cilem primarni prevence je snizeni rizika
CMP u dosud asymptomatickych osob. Je
zaméfena na ovlivnéni a lécbu znamych rizi-
kovych faktord, jako je arteridlni hypertenze
(AH), diabetes mellitus (DM) &i porucha me-
tabolizmu tukl. Zahajeni a intenzita léceb-

nych opatfeni zavisi na stanoveni celkového
kardiovaskularniho rizika (CVR). U asympto-
matickych jedincl se k jeho stanoveni po-
uziva nomogrami vychazejicich z projektu
The Systematic Coronary Risk Evaluation
(SCORE) [56] hodnoticich vék, pohlavi, hod-
notu systolického krevniho tlaku (STK), ku-
facké navyky a hodnotu celkového chole-
sterolu. Hodnota >6 % je povazovana za
vysoké riziko (pravdépodobnost umrti na
kardiovaskularni onemocnéni v nasleduji-
cich 10 letech). U symptomatickych jedinct
s jiz manifestnim onemocnénim kardiovas-
kularnim, diabetem 2. typu, pfipadné 1. typu
s mikroalbuminurii nebo chronickym onemoc-
néni ledvin se jedna o riziko vysoké (= 5 %)
nebo pfi kombinaci faktor( riziko velmi vysoké
(= 10). Dirraz je kladen primarné na nefarma-
kologické postupy a tpravu Zivotniho stylu ve
smyslu zdravé vyzivy se zvydenim podilu zele-
niny a ovoce, omezenim soli, ddle na zvy3eni
pravidelné aerobni fyzické aktivity, redukci
zvysené télesné hmotnosti, omezeni konzu-
mace alkoholu a zanechani koufeni [2-5].

Arterialni hypertenze

V pipadé AH, ktera je prokazanym nezavislym
rizikovym faktorem, trva doporuceni korekce
STK na hodnoty systoly < 140 mm Hg s vy-
jimkou stargich pacienti do 80 let véku, kde
byl prokazan prospéch pfi snizeni STK = 160
na hodnoty 150-140 mm Hg. U pacientd
starsich 80 let nutno postupovat individualné
v zavislosti na fyzickém a psychickém stavu.
Prospéch korekce hodnot STK < 140 mm Hg
nebyl prokézan. Je indikovéna cilova hodnota
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diastoly <90 torr, u diabetikl < 85 torr. U pa-
cientl s nizkym rizikem zaciname primarné
nefarmakologickymi postupy, v pfipadé na-
sazeni antihypertenzni terapie nutno hodnoty
krevniho tlaku snizovat postupné. Volba an-
tihypertenziv zavisi na véku a komorbiditach
pacienta, u pacientd vy3siho véku (> 80 let)
se voli blokatory kalciovych kanald nebo thia-
zidova diuretika [6,7].

Diabetes mellitus

U pacientd s DM je kromé kontroly gly-
kemie kladen vy3si dlraz na kontrolu TK s ci-
lovou hodnotou < 140/80 mm torr, v |écbé
jsou preferovany inhibitory angiotenzin-kon-
vertujiciho enzymu nebo antagonisté angio-
tenzinovych receptorl [6,7]. Soucasna hy-
percholesterolemie by méla byt korigovana
jiz pfi hodnotach LDL-cholesterolu (LDL-C)
> 3,0 mmol/I primarné pomoci statind [7,9].

Dyslipidemie

Dyslipidemie jako dalsi rizkovy faktor by méla
byt korigovana v primarni prevenci s ohledem
na celkové kardiovaskularni riziko. Lécebnym
cilem je ovlivnéni hodnoty LDL-C Gpravou Zivot-
niho stylu, pfipadné Iécbou statiny (tab. 1) [7].

Fibrilace sini

Doporuceni pro prevenci CMP u pacientd
s fibrilaci sini (FS) doznala v souvislosti se
zavedenim novych perorélnich antikoagu-
lancii (NPA) a dostupnosti dat od pacientd
s implantovanymi pfistroji nejvyznamnéjsi
wvoj [11]. U pacientl s nevalvularni FS byla
prehodnocena stratifikace rizika CMP reflek-
tujici hlavni a vedlejsi klinicky relevantni ri-
zikové faktory za pouziti CHA DS -VASc
(tab. 1). Antitromboticka lé¢ba neni dopo-
rucovana pacientim s FS bez dalSich riziko-
vych faktorli ve véku < 65 let bez ohledu na
pohlavi. Pacienti s tézkou renalni insuficienci
maji rovnéz vysokeé riziko CMP, ale zaroven
vysoké riziko smrti, korondrnich pfihod a krva-
ceni, proto byli vylu€ovani z klinickych studii.

Hodnoceni prospéchu antitrombotické lécby
je zde proto obtizné a neni v uvedeném skore
zarazeno. Pfinos antitrombotické 1écby v pre-
venci CMP musi prevysit riziko zévazného kr-
vaceni, zejména intracerebralniho krvaceni
(ICH), nejobavanéjsi komplikace této lécby.
Jeho stratifikace je mozna pomoci HAS-
-BLED skére (tab. 2), které dobfe koreluje
s rizikem ICH [12]. Zajimavym poznatkem je
to, Ze u pacientd lécenych ASA je riziko ICH
a velkych krvaceni pfi stejném HAS-BLED
skore podobné [13]. U vsech pacientd s FS
je tedy doporu¢ovano formalni stanoveni
rizika krvaceni. Pfi HAS-BLED 2 3 je nutna
opatrnost, nejedna se ale o vyluCujici krité-
rium z lécby PA, nebot i u pacientt s vysokym
HAS-BLED skére prevysuje benefit antikoa-
gulaéni lécby nad rizikem krvaceni [14]. Je
vdak nutna maximalni kompenzace potenci-
alné reverzibilnich rizikovych faktord krvaceni
jako nekontrolovana arterialni hypertenze,
soucasné uzivani ASA nebo nesteroidnich an-
tiflogistik. V prevenci CMP u pacientd s neval-
vularnifibrilaci sini by méla byt ASA podavana
pouze tém pacientdm, ktefi jakoukoli formu
lécby PA odmitaji [11].

Jind srde¢ni onemocnéni
Antikoagulaéni lécba warfarinem v primarni
i sekundarni prevenci CMP je indikovana pfi
mechanické nahradé srdecni chlopné ( INR
2,6-3,5), pfi pfitomnosti intraventrikular-
niho trombu, mobilniho trombu v ascendentni
aorté, pfi dilatacni kardiomyopatii zviasté
u pacienti do 60 let véku [15], myxomu levé
siné a u mitralni stendzy po jakékoli pfedchozi
embolizacni pfihodé (INR 2-3).

Nova perordlni antikoagulancia
v sekundarni prevenci

Do roku 2012 byly jedinou moznosti PA lécby
pacientd s FS antagonisté vitaminu K (VKA)
prevazné v podobé warfarinu s Upravou dav-
kovani v rozmezi INR 2-3. V roce 2012 na
zakladé uspésnych klinickych studif prokazu-

Tab. 1. Doporucené cilové Iécebné hodnoty LDL-cholesterolu (LDL-C).

Kadiovaskularni riziko

velmi vysoké (manifestni kardiovaskularni one-
mocnéni, DM 2. typu, DM 1 typu s organovym
postizenim, stredni az tézké postizeni ledvin
nebo kardiovaskularni skére = 10 %)

vysoké (vyrazné zvySeny jednotlivy rizikovy faktor,

kardiovaskularni skore 510 %)
stredni (kardiovaskularni skore 1-5 %)

Cilova hodnota LDL-C
< 1,8 mmol/I

a/nebo

250 % redukce LDL-C

<2,6 mmol/I

<3 mmol/|

jicich noninferioritu ve srovnani s warfarinem
v primarni a sekundarni prevenci CMP a pe-
rifernich embolizaci u pacientl s nevalvularni
FS - RE-LY [16], ROCKET-AF [17], ARIS-
TOTLE [18] byla schvalena nova peroralni
antikoagulancia (NPA) - nejdfive dabiga-
tran jakoZto pfimy inhibitor trombinu, z pfi-
mych inhibitort faktoru Xa pak rivaroxaban
a apixaban, ve stadiu klinickych zkousek je
edoxaban [19]. U vSech dosud zkousenych
NPA byla v Klinickych studiich prokézana no-
ninferiorita ve srovnani s warfarinem s lepsi
bezpecnosti a snizenim rizika ICH. To vedlo
i k aktualizaci Doporuceni pro management
FS Evropskeé kardiologické spolecnosti [11]
a recentné i Ceské kardiologické spolec-
nosti JEP [20], kdy jsou NPA u vétsiny pa-
cientl s nevalvularni FS povazovana za vhod-
néjsi. Protoze jsou zkudenosti s NPA zatim
omezené, doporucuje se striktni dodrzo-
vani schvalenych indikaci a peclivy postmar-
ketingovy dohled. Vzhledem k tomu, ze neni
pfima srovnavaci studie mezi jednotlivymi
NPA a nepfimé srovnavaci analyzy nesvédci
pro zésadni rozdily v G€innosti, nelze ucinit
zavér o preferenci jednotlivého NPA [21].
Vyhodou NPA oproti warfarinu je fixni dav-
kovéani bez nutnosti pravidelné monitorace
antikoagulacni aktivity. Je vdak nutno zo-
hlednit pfi volbé davky vék a rendlni funkce
pacienta. Dalsi vyhodou je nizsi mnozstvi kli-
nicky vyznamnych Iékovych interakei. Dile-
zitym aspektem je kratky polocas s rychlym
nastupem a poklesem G€inku vyzadujici pec-
livé dodrzovanilécby, nebot pfi vynechanivice
nez jedné davky léku je antikoagulacni efekt
nedostatecny. Zvlasté u dabigatranu je nutné
monitorovani renalnich parametrd, které se
mohou u polymorbidnich pacientd rychle
zménit napf. v pribéhu interkurentniho one-
mocnéni [22]. Na rozdil od warfarinu neni
pro NPA pouzitelny zadny hemokoagulagni
test, ktery by jednoznacné kvantifikoval anti-
koagulacni ucinek. Lze pouzit nespecifické
antikoagulacni testy jako aktivovany parcialni
tromboplastinovy ¢as (APTT), specifictéjsi je
trombinovy ¢as nebo ekarinovy test u dabiga-
tranu, dale protrombinovy ¢as (PT), pfipadné
stanoveni anti Xa u inhibitorG Xa. Tyto testy
viak slouZi spiSe ke zjisténi pfitomnosti me-
dikace, nelze je spolehlivé pouzit k odhadu
antikoagulagniho G&inku NPA. Zadné z NPA
nemé zatim specifické antidotum, k rychlé
Upravé koagulace v pfipadé zavazného krva-
ceni |ze pouZit kromé krevnich derivétd speci-
fické prokoagulaéni reverzni latky, jako je kon-
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centrat protrombinového komplexu (PCC),
aktivovany koncentrat protrombinového kom-
plexu (APCC) nebo rekombinantni faktor
Vlla (-FVlla). V pFipadé dabigatranu lze jesté
zvazit pouziti hemodialyzy, praktické zkuse-
nosti jsou ale dosud omezené [23].

Asymptomaticka stenéza vnitfni
krkavice

Ateroskleroticka stenéza extrakranialni casti
vnitfni krkavice (ICA) je spojena se zvysenym
rizikem CMP [24]. Riziko progrese asympto-
matické stendzy stoupa s casem v zavislosti
na pfitomnosti dalsich rizikovych faktord jako
koufeni, arterialni hypertenze, DM, stupen
stendzy, slozeni platu a kontralateralni posti-
zeni ICA [25]. Riziko ipsilateralni CMP pa-
cientll s asymptomatickou stenozou ICA se
v zavislosti na tiZi stendzy a studované popu-
laci pfi kratkodobém sledovani pohybuje mezi
1a3%[24]. Vzhledem k tomu, Ze doslo k vy-
raznému pokroku v konzervativni i intervencni
|éEbé, nejsou zatim k dispozici validni data po-
suzujici pfesnéji rediné riziko asymptomatické
stendzy ICA srovnavajici tyto odlisné lécebné
postupy. V desetiletém sledovani pacientt ze
studie ACST [26] CEA redukovala riziko iktu
véetné peroperacnich iktl na 13,4 % oproti
17,9 % u pacientd s odlozenym vykonem
nebo lé¢enych konzervativné. Interpretaci vy-
sledkll véak mize ovlivnit fakt, ze 80 % pa-
cientl studie nebylo léEeno statiny. Pokud jde
o srovnani karotické endarterektomie (CEA)
a stentingu (CAS), je zatim posledni rozsahla
studie CREST [27] srovnavajici tyto dva po-
stupy u symptomatickych i asymptomatic-
kych pacientl s vyznamnou stenézou ICA.
Pri stfedni dobé sledovani 2,5 roku bylo shle-
dano ctyfleté riziko kompozitniho cile (CMP,
infrakt myokardu nebo smrt) témér stejné
u CAS i CEA (7,2 % a 6,8 %) bez ohledu na
vék nebo klinickou manifestaci stenozy. Pre-
kvapivé vice profitovali z CEA pacienti starsi
70 let, naopak pacienti mladsi 70 let vice pro-
fitovali z CAS. Riziko CMP nebo smrti bylo
6,4 % u CAS a 4,7 % u CEA, kdy se rozdil
blizil vyznamnosti pouze u asymptomatickych
pacientll. Viyznamné byly pouze rozdily v pe-
riproceduralnich komplikacich, kdy u CAS
bylo vys3i riziko CMP (4,1 vs 2,3 %), u CEA
naopak prevysovalo riziko infarktu myokardu
(1,1 vs 2,3 %). V dalsim obdobi bylo riziko po-
dobné (2,0 vs 2,4 %). Vysledky této studie
tedy nijak zésadné neméni stavajici doporu-
ceni, ze v pfipadé vyznamné asymptomatické
stenozy ICA (60-90 %) dle North American

Tab. 2. CHA,DS,-VASc skére (upraveno podle Lip et al, 2010).

Rizikovy faktor Skére
@ congestive heart failure — méstnavé srdecni selhani 1
H hypertension — arterialni hypertenze 1
A2 age — vék =75 let 2
D diabetes mellitus 1
S2 stroke — CMP/TIA v anamnéze 2
\ vascular disease — infarkt myokardu/ periferni onemocnéni cév 1
A age — vék 65-74 let 1
Sc sex category — Zenské pohlavi 1

Symptomatic Carotid Endarterectomy Trial
(NASCET) je indikovana intenzivni medika-
mentozni lécha rizikovych faktort (DM, arte-
ridini hypertenze, dyslipidemie). CEA je indi-
kovana pouze u pacientl s vysokym rizikem
iktu (muzi, stenéza > 80 %, charakter platu),
s predpokladanym prezitim > 5 let, prove-
deni wkonu v centrech, kde je operacni riziko
<3 %. Je indikovano podavani ASA pred a po
CEA. U asymptomatickych osob neni prove-
deni CAS indikovéno.

Sekundarni prevence

Sekundarni prevence s cilem snizeni rizika
vyskytu dalsi ischemické CMP musi vy-
chazet z etiologie probéhlé ischemické CMP
a zohledfovat i pfitomnost pfipadnych dal-
Sich rizikovych faktord. Sklada se z opti-
malni kompenzace vaskularnich rizikovych
faktorl - arterialni hypertenze, hyperlipi-
demie a diabetu, protidestickové nebo an-
tikoagula¢ni 1é¢by, pfipadné v indikovanych
pfipadech z pouziti intervencni Iécby ope-
raéni nebo endovaskularni. Nedilnou sou-
Casti jsou rezimova opatfeni s diirazem na
pfiméfenou fyzickou aktivitu, redukei zvy-
Sené télesné hmotnosti, dostatec¢nou hydra-
taci, Upravu stravovacich navyk(, abstinenci
koufeni a redukci nadmérné konzumace
alkoholu [2,3].

Cévni rizikové faktory

V ramci optimalizace cévnich rizikovych fak-
torl je indikovana po odeznéni akutni faze
iktu antihypertenzni lécba s korekei TK do
normalni hodnoty. Jeji vyse vsak musi byt in-
dividualizovana s ohledem na mozné hemody-
namické konsekvence napf. u pacienti s bila-
teralni stenézou pfivodnych mozkovych tepen
nebo kmene mozkové cévy. Naopak u pa-
cientli s postizenim malych tepen se zda vy-
hodné snizovani hodnot tlaku i pod hranici
130 mmHg STK [28]. Je indikovéna indivi-
dualizovana lécba DM stejné jako v primarni
prevenci. U nekardiogenich iktli téz Iécba sta-
tiny s cilovou hodnotou LDL < 2,5, u velmi ri-
zikovych < 1,81 mmol/I [9]. U pacientl s po-
ruchami dychani ve spanku je doporucovana
|é¢ba respiratory s kontinudlnim pozitivnim
tlakem v dychacich cestach [29].

Aterotrombotické CMP

V pfipadé sekundarni prevence aterotrom-
botického (nekardioembolického) iktu je
ve vétsiné pripadl indikovana protidestic-
kova lécba. Dle doporuceni ESO by méla
byt podavana ASA v kombinaci s dipyrida-
molem (25/200 mg 2x denné ) nebo sa-
motny klopidogrel (75 mg/den), alternativné
jako ekonomicka varianta ASA samostatné

Tab. 3. HAS-BLED skore (modifikovano podle Pisters et al, 2010).

Rizikovy faktor

H  hypertension — hypertenze (nekontrolovana, >160 mmHg systoly) i
A abnormal renal function — abnormalni rendlni funkce (dialyza transplantace, 1
Cr >200 pmol/L) nebo jaterni funkce (cirhdza, bilirubin >2x normy, AST/

ALT/AP >3% normy)

eldery — vék = 65 let

o mirr W W;

uzivani alkoholu

stroke — CMP v anamnéze, zvlasté lakunarni
bleeding — krvaceni v anamnéze nebo hemoragicka diatéza, anemie
labilni INR — nestabilni nebo vysoké INR

drugs/alcohol — protidestickové léky, nesteroidni antiflogistika nebo nad-
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(75-326 mg/den). ASA je zdivodu soucas-
nych indikacnich omezeni pouzivana nejcas-
1&ji, v nadich podminkach v déavce 100 mg/den.
Efektivita vySsiho davkovani ASA nebyla pro-
kazana [30]. Opakované byla zkoumana kom-
binace ASA + klopidogrel oproti monoterapii
klopidogrelem - studie MATCH [31] i kom-
binace ASA + klopidogrel oproti monoterapii
ASA - studie CHARISMA [32]. V obou stu-
diich pfi dlouhodobém podavani ASA + klo-
pidogrel bylo nesignifikantni snizenf rizika
ischemického iktu provazeno vyznamnym
zvydenim krvéacivych komplikaci a morta-
lity. Posledni studie SPSS3 u lakunarnich
iktG dosla ke stejnému zavéru [33]. Indikaci
uziti kombinace ASA + klopidogrel tedy za-
stava koincidence iktu a recentniho akutniho
infarktu myokardu nebo stav po koronarnim
stentingu. Novou specifickou indikaci pro
kombinaci ASA + klopidogrel v kratkodobém
podavani se zda byt vyznamna intrakranialni
symptomaticka stenoza velké tepny. Studie
SAMMPRIS zkoumala efekt intrakranialniho
stentingu a intenzivni medikamentézni lécby
(ASA + klopidogrel + statin) oproti intenzivni
medikamentozni [é¢bé samotné [34]. Pro-
kézala vyznamné vyssi vyskyt iktu a smrti ve
stentované skupiné pfi 30dennim sledovani
(14,7 vs 5,8 %) i rocnim sledovani (20,0 vs
12,2 %), pficemz byla prokazana zhruba po-
loviéni redukce vyskytu CMP a smrti v medi-
kamentézni skupiné oproti historickym kon-
trolam - pacientdm lé¢enym ASA nebo
wafarinem ze studie WASID [34,35]. V pri-
padé iktu pfi zavedené antiagregaéni lécbé
je nutno pomyslet také na moznost rezis-
tence na ASA nebo klopidogrel. Nutné je
zhodnoceni kompenzace dalsich cévnich ri-
zikovych faktor(, ale predevsim etiologie iktu
s ohledem na moznost kardioembolizace ze-
jména pfi paroxysmalni FS.

Kardioembolizacni CMP

V sekundarni prevenci ischemické CMP pfi
FS, paroxysmalni i permanentni, i vétsiné
ostatnich kardioembolizaci je dle doporuceni
ESO indikovana antikoagulacni lécba warfa-
rinem (INR 2-3) nebo NPA v pfipadé FS. PFi
rozhodovani o nacasovani zahajeni plné anti-
koagulacni lécby je nutné zvazit riziko hemo-
ragické transformace infarktového loZiska
s ohledem na jeho velikost a lokalizaci. Zatim
nebyl prokézan benefit ¢asné antikoagu-
lacni |écby oproti odlozenému zahajeni [36].
Sekundarni prevence samotnou ASA je malo
U¢inna a riziko velkého krvéaceni se vyznamné

nelisi od PA [13]. ASA + klopidogre! ve srov-
nani s warfarinem u pacientd s FS je rovnéz
méné U¢inna a nepfinasi vyznamné snizeni
rizika krvacivych komplikaci — studie ACTIVE
W [37]. Protidestickova lé¢ba by méla byt
omezena na pacienty, ktefi jakoukoli formu
PA odmitaji. Alternativou warfarinu jsou NPA
diskutovana vy3e.

Pfi soucasném akutnim infarktu myokardu
je indikovan tfimésicni soubéh antikoagulacni
a antiagregacni 1écby s ohledem na velikost in-
farktového loziska a rizika hemoragické transfor-
mace. Antikoagulacnilécba warfarinem je téz in-
dikovana v pfipadé ostatnich kardidlnich zdrojfi
embolizace stejné jako v primarni prevenci.

Foramen ovale patens (PFO)

U pacientt s kryptogenim iktem je stale dis-
kutovan a studovan vyznam PFO. V roce
2012 byly publikovany vysledky tfi ran-
domizovanych studii - CLOSURE | [38],
PC-Trial [39] a RESPECT [40] - porovna-
vajici efekt okluze PFO s medikamentézni
|éEbou ASA nebo warfarinem. Probiha studie
REDUCE porovnavajici uzavér PFO s pro-
tidestickovou lé¢bou oproti protidestickové
16¢bé samotné [41]. Zadna ze studii nepro-
kazala vhledem k nizkému vyskytu cilovych
udalosti (iktus, smrt) a relativné kratkému
sledovani (dva roky) statisticky vyznamny
rozdil mezi sledovanymi skupinami i pfes
urgity trend ve prospéch mechanického uza-
véru PFO. Dalsi data by mohly poskytnout
subanalyzy a metaanalyzy téchto studii. Data
z observacnich studii s delSim sledovanim
oproti tomu pfinaSeji statisticky vyznamny
rozdil ve prospéch intervenéni |éEby oproti
medikamentozni a v pfipadé medikamentézni
|éEby vychazi vyznamny pfinos antikoagulaéni
1é¢by oproti protidestickové [42]. | kdyz zatim
chybi z vySe uvedenych divodu jasna klinicka
evidence, uzavér PFO je vhodné zvazit pouze
u pacient s iktem embolizaéniho typu s vy-
znamnym zkratem pfi transezofagedlnim
echokardiografickém vysetfeni a pfi absenci
jinych rizikovych faktorl. V ostatnich pfipa-
dech je indikovana |é¢ba antikoagulacni, pfi-
padné protidestickova.

Trombofilni stavy

U pacientd s ischemickym iktem nejasné etio-
logie nebo mladsich 40 let je indikovano vy-
Setfeni trombofilnich stavl. Antikoagulaéni
|écba je obvykle indikovana pfi prokazaném
deficitu antitrombinu I, proteinu C a pro-
teinu S, pri rezistenci k aktivovanému proteinu

C (Faktor V Leiden), zvlasté pfi soucasném
prikazu hluboké Zilni trombézy. Pacienti s po-
zitivnimi antifosfolipidovymi protilatkami bez
jinych znamek antifosfolipidového syndromu
jsou indikovani pouze k protidestickové lé¢bé,
pacienti spliujici kritéria antifosfolipidového
syndromu pak k lé¢bé antikoagulacni [43].

Vyznamna sten6za
extrakranialnich tepen

V sekundérni prevenci u pacientl s vyznamnou
stendzou extrakranialnich tepen je stejné jako
v pfipadné ostatnich aterotrombotickych CMP
indikovana intenzivni medikamentdzni lécba
cévnich rizikovych faktord a lécba protidestic-
kova [2,3,43]. V otézce uziti CEA nebo CAS
u pacientli s vyznamnou stenézou ICA zatim
nedochazi k zasadnim zménam oproti doporu-
¢enim ESO, stéle chybi data porovnavajici tyto
postupy se soucasnou intenzivni medikamen-
téznilécbou. Casna CEA do dvou tydnd po iktu
je indikovana u pacientd s infarktem men3iho
rozsahu, u kterych neni velké riziko hyperper-
fuzniho syndromu s eventuaini hemohagickou
transformaci infarktového loziska. Prinos CEA
v odstupu tfi mésici je jiz oproti konzervativni
|é&bé minimalni. V indikaci CEA/CAS hraji roli
kromeé tize stendzy i charakteristika platu, kdy
pritomnost ulcerace je indikaci k operaci ste-
zasad nizké perioperacni morbidity a mortality
(<8 %). Pacienti by méli byt i perioperacné po-
nechani na protidestickové lécbé. CAS je do-
porucen pouze u pacientll s kontraindikaci
CEA, chirurgicky nepfistupnou lokalizaci ste-
nozy, restendzou po CEA a poradiacni ste-
nézou. Po CAS je indikovana dudlni protides-
tickova lécba ASA + klopidogrel minimalné po
dobu jednoho mésice.

Stendza intrakranialni tepny
Efekt stentingu vyznamné symptomatické
stendzy intrakranidlni tepny (60-99 %) byl
srovnavan s dualni antiagregacni lécbou
ASA + klopidogrel v kombinaci s optimalni
kompenzaci vaskularnich rizikovych faktord
ve studii SAMMPRIS [34]. Nabor byl za-
staven po zafazeni 451 pacientd z divodu
podstatné vyssiho vyskytu casného iktu/
/umrti po stentingu ve srovnani s konzerva-
tivni lécbou. (14,7 vs 5,8 %).

Zaveér

Lécba a prevence CMP jsou stéle objektem
intenzivniho medicinského vyzkumu. Na za-
kladé novych informaci, jejichz pfehled uvadi
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toto sdéleni, Ize individualizovat lécebny
postup. Lze také oCekavat aktualizaci sou-
casné platnych doporucenych postupt.

Pouzité zkratky
AH arterialni hypertenzeAPTT — aktivovany
parcialni tromboplastinovy ¢as

APPC  aktivovany koncentrat protrombinového
komplexu

ASA kyselina acetylosalicylova

CAS karoticky stenting

CEA karoticka endarterekiomie

CMP cévni mozkova pfihoda

DM diabetes mellitus
ESO European Stroke Organization
FS fibrilace sini

ICH intracerebralni krvaceni
INR international normalized ratio
NPA nova peroralni antikoagulancia

NASCET North American Symptomatic Carotid En-
darterectomy Trial
PA peroralni antikoagulancia

PCC koncentrét protrombinového komplexu
PFO patentni foramen ovale

PT protrombinovy ¢as

rVila  rekombinantnifaktor Vila

STK systolicky krevni tlak

TIA tranzitorni ischemicka ataka
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Hematopoietic Stem Cell Transplantation in Patients
with Normal Karyotype AML in Complete Remission
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Abstract. Background: Minimal residual disease (MRD) in
patients with acute myeloid leukemia (AML) before
allogeneic  hematopoietic  stem cell transplantation
(alloHSCT) can influence the results. With the aim of
evaluating the potential role of pre-transplant MRD, we
studied the impact of pre-transplant MRD level on the
outcome of alloHSCT in patients with AML in complete
remission (CR). Patients and Methods: From 2/2005 to
9/2014, 60 patients with a median age of 54 years
(range=30-66 years) with normal karyotype-AML harboring
nucleophosmin 1 (NPM1) mutation [53% Fms-related
tyrosine kinase receptor 3 internal tandem duplication
(FLT3/ITD)-positive] in first (n=45) or second (n=15) CR
underwent myeloablative (n=16) or reduced-intensity (n=44)
alloHSCT (27% related, 73% unrelated). The MRD level was
determined from bone marrow samples using real-time
polymerase chain reaction for detection of NPM1 mutations
before starting the conditioning regimen. Results: The
estimated probabilities of 3-year relapse, event-free survival
(EFS) and overall survival (OS) for the whole cohort were
28%, 54%, and 59%, respectively. Statistical analysis
showed that only age over 63 years and high MRD level
affected alloHSCT outcome. Pre-transplant MRD level of 10
mutant copies of NPM1 per 10,000 Abelson murine leukemia
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viral oncogene homolog 1 (ABL) copies had the strongest
statistical significance, and detection of higher MRD level
(>10 NPM1-mutant copies) before alloHSCT was associated
with increased overall mortality (hazard ratio=3.71; 95%
confidence interval=1.55-9.06; p=0.004). The estimated
probabilities of 3-year relapse, EFS, and OS were 6%, 72%,
and 75% for patients with a low level of MRD and 48%,
35%, and 40% for patients with a higher level. Conclusion:
Our data show that the pre-transplant level of MRD in
patients with normal karyotype AML harboring NPMI
mutation in CR provides important prognostic information,
which as an independent prognostic factor predicts
transplant results.

Acute myeloid leukemia (AML) is currently curatively
treated using an intensive induction chemotherapy treatment,
which generally achieves complete remission (CR) in about
60-80% of cases. However, without further consolidation
treatment, relapse would occur in most patients.
Consolidation treatment options essentially consist of either
further chemotherapy or allogenic hematopoietic stem cell
transplantation (alloHSCT), and a range of prognostic factors
are important for the choice of consolidation therapy (1-5).
While the strategies and methods of curative treatment of
AML have undergone no major changes over the last 20
years, the past decade has seen an improvement in treatment
results owing to more detailed insight into AML biology and
improvements in supportive treatment, which make it
possible to manage once-fatal complications of intensive
chemotherapy or alloHSCT. AlloHSCT is currently the most
effective treatment for AML. Mainly due to improvements
in supportive treatment and transplant procedures, mortality
from transplant (TRM) has fallen significantly, and a wider
spectrum of patients can now undergo alloHSCT (6, 7). At
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the same time, a number of studies have investigated the role
of alloHSCT in AML treatment (8-12). With TRM
decreasing, AML relapse after alloHSCT remains the
principal limitation to transplant outcomes, especially
because the prognosis of AML relapse after alloHSCT is
highly unfavorable (13). For this reason, efforts are
underway to identify additional prognostic factors that may
help to determine which patients are at increased risk of
AML relapse after alloHSCT.

In recent years, the importance of the detection of minimal
residual disease (MRD) for the prediction of AML treatment
outcomes has been rising. With regard to chemotherapy of
AML, the published data seems to indicate that treatment
response evaluation based on MRD detection is among the
independent prognostic factors relevant to risk of relapse and
therefore to AML treatment results (14-26). In alloHSCT,
where the efficacy of treatment is significantly influenced by
the graft-versus-host disease (GVHD) effect and which has
proven effective even in the case of chemoresistant AML,
with reported long-term survival of 20-30%;, it is important
to ask whether a finding of MRD before alloHSCT has an
impact on transplant outcome (27, 28). Moreover, most
patients with AML undergo alloHSCT in CR, i.e. at a time
when any potential residual disease is generally lower than
in resistant AML. Considering the importance of the GvL
effect, it is a key question whether determining MRD in
AML in CR before alloHSCT can offer prognostic
information about the treatment outcome, as it does with
intensive chemotherapy. The importance of determining
MRD before alloHSCT is thus the subject of intensive
research; findings published so far, which mostly used
multiparametric flow cytometry to detect MRD, indicate that
determining MRD before alloHSCT may carry prognostic
information about the transplant outcome. However, the
existing research is frequently limited by a small number of
studied patients, inclusion of heterogeneous AML types,
different diagnostic methods for MRD determination, as well
as the fact that support for MRD importance is not universal
among these studies (29-35).

With the aim of evaluating the importance of determining
the level of MRD levels before alloHSCT in patients with
AML in CR, we analyzed alloHSCT outcomes in patients in
first or second CR of normal karyotype AML (NK-AML)
with NPMI gene mutation. AML with normal karyotype
represents the largest group of patients with AML and most
common molecular lesion in this group is a mutation in the
gene encoding nucleophosmin (NPM1). NPM 1 mutation was
also previously found to be a suitable and stable marker of
MRD in a number of published studies (16-19). We used the
relative expression of the mutated NPM/ gene, evaluated
using real-time polymerase chain reaction (RT-PCR), as a
marker for MRD monitoring immediately prior to the start
of the conditioning regimen.

Patients and Methods

Study group. Our study group was made up of all patients aged 18
and above diagnosed with NK-AML with an NPM/ gene mutation
(types A, B, and D) at the Department of Hematology and Oncology
of the University Hospital in Pilsen and who underwent alloHSCT
in first or second CR between January 2005 and September 2014.
AML was diagnosed according to the World Health Organization
(WHO) classification (36).

Cytogenetic examination by G-banding was performed on all
AML samples at the time of diagnosis. NPMI gene mutation
presence and type were determined by DNA sequencing and
quantitative examination of initial relative expression of mutated
NPMI was also performed. As part of the molecular genetic marker
assay, presence of Fms-related tyrosine kinase receptor 3 internal
tandem duplication (FLT3/ITD) was also determined for all patients
at the time of diagnosis. Complete remission of AML was evaluated
according to standard recommendations (37).

Human leukocyte antigen (HLA) typing of donors and recipients
was performed according the European Federation for
Immunogenetics/European  Society for Blood and Marrow
Transplantation (EFI/EBMT) recc dations (accessible at
www.efiweb.cu/efi-committees/standards-committee.htlm) in an
EFI-accredited laboratory. Acute and chronic GVHD was diagnosed
according to published criteria (38, 39).

All patients were evaluated post-transplant for overall survival
(0S), event-free survival (EFS), TRM, and incidence of relapse. All
patients were treated according to protocols approved by the Quality
Control Boards of a Joint Accreditation Committee-ISCT and
EBMT accredited facility and all patients provided consent for
monitoring and data processing in accordance with the Declaration
of Helsinki.

Detection of MRD. Bone marrow sample collection for MRD
detection was performed no later than 1 week before the start of the
pre-transplant conditioning regimen. RNA was isolated from bone
marrow samples using the commercial QIAamp RNA Blood Mini
Kit (Qiagen, Hilden, Germany). cDNA was synthesized from 500
ng of RNA using SuperScript III First Strand Synthesis SuperMix
commercial kit (Invitrogen, Carlsbad, CA, USA).

Quantitative real-time PCR was performed on the samples using
the NPMI1Quant kit (Ipsogen SA, Marseille, France). The
calibration curves for the quantitative assessment of the number of
copies of the mutated NPMI gene and the control gene ABL were
determined based on the standards supplied with the kit for all
analyses. All samples were analyzed in duplicate, using the average
of the two analyses in further calculations. If the threshold cycle
(Ct) discrepancy between the two samples exceeded 0.6 cycles, the
analysis was repeated. The minimum required expression for the
ABL gene control was set at 3,000 copies. The results of the
expression analysis of the mutated NPM/ gene are given as the
number of copies of mutated NPM/I per 10,000 copies of ABL.
Amplification and data analysis were performed on Light Cycler
version 1.5 or version 2.0 devices (Roche Applied Science,
Mannheim, Germany). The assays were performed at the accredited
Molecular Genetics Laboratory of Department of Hematology and
Oncology, Faculty Hospital, Plzen, Czech Repblic and the method
of relative quantification of mutated NPM1 was regularly verified,
validated and monitored as part of external inter-laboratory quality
control processes.
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Table 1. Characteristics of the study group of patients with acute
myeloid leukemia (AML).

Characteristic Value
Median of age (range), years 54 (30-66)
Gender, n (%)

Male 32 (53%)

Female 28 (47%)
AML status, n (%)

CR1 45 (75%)

CR2 15 (25%)
FLT3/ITD positivity, n (%) 32 (53%)
Conditioning protocol, n (%)

Myeloablative 16 (27%)

Reduced-intensity 44 (73%)
Type of donor, n (%)

Related 16 (27%)

Unrelated 44 (73%)
Gender recipient/donor, n (%)

Male/female 12 (20%)

Other 48 (80%)
CMV status recipient/donor,n (%)

Negative/negative 6 (10%)

Other 54 (90%)
Source of stem cells, n (%)

Bone marrow 12 (20%)

PBSC 48 (80%)
WHO status, n (%)

0-1 60 (100%)

) 0 (0%)

CR: First complete remission; CR2: second complete remission;
FLT3/ITD: Fms-related tyrosine kinase receptor 3 internal tandem
duplication; CMV: cytomegalovirus; PBSC: peripheral blood stem cells.

Statistical analysis. Patient characteristics were summarized using
frequency tables and standard descriptive statistics, Pearson chi-
square test, Fisher’s exact test, and r-test.

OS was calculated from the date of alloHSCT until death from
any cause, and surviving patients were censored at the last follow-
up. The EFS was calculated from the date of alloHSCT until death
or relapse, and patients who were alive and discase-free were
censored at the last follow-up. Probabilities of OS and EFS were
estimated using the Kaplan-Meier method. TRM was defined as
death due to any cause unrelated to disease. Probabilities of TRM
and relapse were summarized using cumulative incidence estimates.
Cumulative incidence of TRM and relapse were adjusting for
competing risk. TRM was a competing risk for relapse, while
relapse was a competing risk for TRM. Univariate analyses to
evaluate differences in survival between groups of patients were
performed using the log-rank and Wilcoxon tests. The Cox
proportional hazards model was considered for the survival
modeling to specify the role of individual prognostic factors in
assessing the OS and EFS. The multivariable Cox proportional
hazards model (stepwise regression) was used for identification of
the significant prognostic factors in OS and EFS. The level of
statistical significance of «=0.05 was used in all analyses. All

Table I1. Transplant results of the entire study group.

Characteristic n (%)
Acute GVHD 36 (609%)
Acute GVHD TII-1V 8 (13%)
Chronic GVHD 24 (40%)
Mild chronic GVHD 12 (20%)
Moderate chronic GVHD 8 (13%)
Severe chronic GVHD 4 (7%)
3-Year cumulative relapse 28%
3-Year cumulative TRM, % 21%
3-Year EFS 54%
3-Year OS 59%

GVHD: Graft-versus ase; TRM: transpl
EFS: event-free survival; OS: overall survival.

hnat-dic

lated mortality;

computations were performed using SAS software (SAS Institute
Inc., Cary, NC, USA) and STATISTICA software (StatSoft, Inc.,
Tulsa, OK, USA).

Results

Patient characteristics. The group of patients consisted of 60
individuals (32 women, 28 men), with a median age of 54
years (range: 30-66) with NK-AML and NPM1 mutation.
FLT3/ITD was found in 32 patients (53%) at the time of
diagnosis. All patients underwent alloHSCT, most (73%)
from an unrelated donor. More patients underwent alloHSCT
after reduced-intensity conditioning (RIC) (73%) than after
myeloablative conditioning (MAC). The RIC consisted of a
combination of fludarabine (30 mg/m2/day for 4 days) and
melphalan (140 mg/m?/day for 1 day); the MAC consisted
of a combination of busulfan (3.2 mg/kg/day i.v. for 4 days)
and cyclophosphamide (60 mg/kg/day for 2 days). In
unrelated alloHSCT, ATG Fresenius S (15 mg/kg dose) was
used as part of the conditioning regimen. The source of the
hematopoietic stem cells was mainly peripheral blood stem
cells (80%).

At the time of transplant, the WHO performance status of
patients was between 0 and 1. The median follow-up of
surviving patients was 55 months (range=6-101 months).
Cyclosporine A and methotrexate were administered to all
patients as GVHD prophylaxis. Patient characteristics are
summarized in Table I.

Transplant outcomes of entire study group. All patients
underwent transplant and were in CR at day 30 post-
transplant. Although many patients developed acute GVHD
(60%), only eight developed acute GVHD grade ITI-IV.
With a median follow-up of 55 months (range=6-101
months), 36 patients (60%) remained alive. Out of the entire
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Table I11. Univariate analysis of factor affecting event-free survival (EFS) and overall survival (OS).

EFS os

Variable HR 95% C1 p-Value HR 95% CI p-Value
Age >63 years 3.40 1.24-9.62 0.0341 5.40 1.82-16.02 0.0071
High vs. low MRD* 3.69 1.60-8.51 0.0021 3.50 1.40-8.47 0.0034
FLT3/ITD positivity 1.29 0.60-2.78 0.51 1.05 0.47-2.34 0.90
CR2 vs. CR1 1.72 0.77-3.87 0.19 1.92 0.82-4.49 0.13
RIT vs. MAT 1.14 048-2.71 0.76 1.71 0.63-4.58 0.29
Unrelated vs. related donor 0.98 042-2.32 0.97 1.22 0.45-2.83 0.81
BM vs. PBSCs 1.18 0.50-2.81 0.70 1.09 0.43-2.74 0.86
Recipent M/donor F vs. other 1.00 0.38-2.66 0.99 1.77 0.53-5.95 0.35
CMYV donor/recipient positive vs. other 2.16 0.97-4.83 0.06 1.75 0.76-3.99 0.18
HR: Hazard ratio; CI: confidence interval; CR1: first complete remission: CR2: second pl ission; RIT: reduced-intesity transpl; ion;

MAT: myeloablative transplantation; BM: bone marrow; PBSC: peripheral blood stem cells; M: male; F: female. *High level of minimal residual
disease (MRD): nucleophosmin 1 (NPM1) >10 copies/10000 copies Abelson murine leukemia viral oncogene homolog 1 (ABL).

Table IV. Multivariate analysis of factors affecting event-free survival (EFS) and overall survival (OS).

EFS oS
Variable HR 95% CI p-Value HR 95% CI p-Value
Age >63 years 3.40 1.24-9.62 0.0341 6.23 1.99-19.48 0.0017
High vs. low MRD* 3.69 1.60-8.51 0.0021 37 1.52-9.06 0.0040

*High level of minimal residual disease (MRD): nucleophosmin 1 (NPM1T) >10 copies/10000 copies Abelson murine leukemia viral oncogene

homolog 1 (ABL).

group, 16 patients experienced relapsed. The median time
from transplant to relapse was 4 months (range=3-13
months). Thirteen patients died as a result of relapse, two
patients achieved a subsequent CR lasting 51 and 61 months,
respectively, and one patient was alive in relapse.

Eleven patients (18%) had died due to TRM. The most
common cause of death (64% of TRM cases) was infectious
complications related to acute or chronic GVHD. One 1-year
TRM was 13%. Estimated 3-year EFS, OS, cumulative
incidence of TRM, and cumulative incidence of relapse
were, for the whole group, 54%, 59%, 18%, and 28%,
respectively. Transplant outcomes for the entire study group
are summarized in Table II and Figure 1.

Importance of pre-transplant prognostic markers for
transplant outcome. In univariate analysis of the listed pre-
transplant prognostic factors, only age over 63 years and the
pre-transplant MRD level (most significant for those above
10 mutated NPM1 copies per 10,000 ABL copies) had a
statistically significant negative impact on EFS and OS. A
negative trend in EFS and OS was found for alloHSCT

having been performed in the second (as opposed to first)
CR and for positive serological cytomegalovirus (CMV)
status of donor and recipient, but these trends were not
statistically significant. Univariate analysis of factors
affecting EFS and OS is summarized in Table III.

Multivariate analysis of the listed pre-transplant factors
confirmed a statistically significant negative prognostic
impact on EFS and OS for age over 63 years and the level
of pre-transplant MRD (most significant for levels above 10
mutated NPM1 copies per 10,000 ABL copies). Multivariate
analysis results are summarized in Table IV.

Importance of pre-transplant residual disease level for
transplant outcome. As the relative expression of mutated
NPM1 was known at the time of AML diagnosis
[median=38,245 (range=14350-144,707) mutated NPM]
copies per 10,000 ABL copies], it was possible to evaluate
pre-transplant MRD with two different methods: (i) as solely
the pre-transplant relative expression of mutated NPM1, and
(ii) as the decrease in relative expression of mutated NPM/
between initial AML diagnosis and immediately before the
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Figure 1. Probability of relapse (a), transplant-related mortality (b), event-free survival (EFS) (c) and overall survival (OS) (d) for the entire group

of patients.

transplant procedure. Higher levels of statistical significance
were achieved using the first method, i.e. measuring only the
pre-transplant level of relative expression of mutated NPM 1.
We set the cut-off point at 10 mutated NPMI copies per
10,000 ABL copies, as this division of the patient group
produced the most statistically significant difference in EFS
and OS, although statistically significant differences were
also found for several other cut-off values (see Figure 2).
The division of the patient cohort by pre-transplant MRD
level (more or less than 10 mutated NPM copies per 10,000
ABL copies) reveals a marked difference in the results of the
alloHSCT. Considering the entire patient group, 16 patients
(28%) experienced relapse. However, in the low-MRD group
there were only two patients with relapse (6% of the low-
MRD group), while in the high-MRD group there were 14
(48% of the high-MRD group). A total of 11 patients (18%)
died due to TRM, five (17%) in the high-MRD group and
six (19%) in the low-MRD group. Estimated 3-year EFS and
OS for the entire study group were 54% and 59%,
respectively. Risk of relapse or death was 3.69 times higher
in the high-MRD group than in the low-MRD group [hazard
ratio (HR)=3.69; 95% confidence interval (CI)=1.60-8.51,
p=0.0021). Estimated 3-year EFS was 35% in the high-MRD

Table V. Outcome probalities s ified by | residual disease
(MRD) status whereby a high level of MRD was defined as
nucleophosmin 1 (NPM1) >10 copies/10000 copies Abelson murine
leukemia viral oncogene homolog 1 (ABL).

3-Year endpoint Low MRD High MRD
CIR 6% 48%
EFS 72% 35%
0s 75% 40%

CIR: Cumulative incidence of relapse; EFS: event-free survival; OS:
overall survival.

group — significantly lower than the 72% found in the low-
MRD group (p=0.0021). This is presented in Figure 3a.

Risk of death was 3.71 times higher in the high-MRD
group than in the low-MRD group (HR=3.71; 95% CI=1.52-
9.06, p=0.0040). The estimated 3-year OS rate was 40% in
the high-MRD group - significantly lower than the 75%
found in the low-MRD group (p=0.004). This may be seen
in Figure 3b.
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Figure 2. Probability of event-free (EFS) (a) and overall (OS) (b) survival for transplanted patients stratified by pre-transplant minimal residual
disease (MRD) level [mutated nucleophosmin 1 (NPM1) copies/10000 copies Abelson murine leukemia viral oncogene homolog 1 (ABL)].

The transplant outcomes for the patients according to pre-
transplant MRD level are summarized in Table V.

Discussion

We investigated the importance of pre-transplant MRD level
for alloHSCT outcome in patients with NK-AML with a
mutation of the NPM1 gene in first or second CR of AML.
While our sample is somewhat small, it has the virtue of
being homogeneous in both diagnosis and treatment. We
determined MRD according to the relative expression of
mutated NPM/, evaluated using standardized RT-PCR.
NPM]1 mutation was previously found to be a suitable and
stable marker of MRD in a number of published studies (16-
19, 40-42). Our sample is among the largest of studies of
patients with AML examining the impact of pre-transplant
MRD quantified by the expression of mutated NPM/ on
transplant outcome. Thanks to a distinct molecular genetic
marker, the use of RT-PCR eliminates certain limitations of
multiparametric flow cytometry — in particular, its lower
sensitivity and the risk of antigenic shifts in the leukemia
cells (33, 43-45). MRD was determined immediately (less
than 1 week) prior to the start of conditioning regimen. This
approach reduces the risk of error in MRD measurement
arising from potentially fast changes in MRD in patients with
AML (46, 47). Other published studies either do not disclose
the time interval between MRD assessment and the
transplant procedure, or this interval was longer than in our
study (34, 48).

The results of our analysis show that in our sample
population, the pre-transplant MRD level in patients with
NK-AML and NPMI gene mutation in CR was an
independent prognostic factor for alloHSCT outcome. In our

study group, determining the pre-alloHSCT relative
expression of mutated NPM1 proved to be a superior method
of predicting alloHSCT outcome compared to the evaluation
of the decrease of mutated NPM/ expression between
diagnosis and the transplant procedure. We assume this is
due to a large range of expression levels of mutated NPM]
in the AML diagnostic samples. In our study group, these
results were statistically significant for several levels of pre-
transplant mutated NPM 1 expression (negative vs. positive;
more vs. less than 1; more vs. less than 10; more vs. less than
100 mutated NPM1 copies per 10,000 ABL copies). which
suggests that alloHSCT outcomes (EFS, OS) deteriorate with
increasing pre-transplant MRD. This finding is not
completely in line with some prior published studies, where
a difference in alloHSCT outcomes had been documented
only between MRD-positive and MRD-negative patients, and
the impact on transplant outcome of different levels of
positivity among MRD-positive patients was not further
documented (29, 31). This might be explained by the fact
that these studies used a less sensitive method of MRD
detection (multiparametric flow cytometry), as well as by
their lower number of enrolled MRD-positive patients which
might have caused further sample divisions to fall short of
statistical significance.

In our study, we chose a cut-off point of 10 mutated
NPMI1 copies per 10,000 ABL copies (0.1% mutated NPM1
to ABL ratio); this cut-off value divided the entire patient
cohort into two groups between which the statistical
significance of the difference in EFS and OS was highest, in
univariate as well as multivariate analysis. Patients with an
NPM 1 mutation in CR and higher pre-transplant MRD level
(>10 mutated NPMI copies per 10000 ABL copies)
exhibited higher incidence of relapse and lower EFS and
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Figure 3. Probability of event-free (EFS) (a) and overall (OS) (b) survival for patients with acute myeloid leukemia (AML) with negative/low level
vs. high level pre-transplant minimal residual disease (MRD) status [defined by cutoff of 10 mutated nucleophosmin 1 (NPM1) copies/10000 copies

Abelson murine leukemia viral oncogene homolog 1 (ABL)].

overall survival, while TRM was not significantly different
between the two groups. Our results thus provide further
support for the importance of MRD determination in
alloHSCT prognosis among patients with AML, in line with
the majority of previously published research (29-34, 48,
49).

An interesting finding is that FLT3/ITD positivity had no
adverse effect on the transplant outcome in our group of
patients with NK-AML with an NPM/ mutation in CR. In
other published research, diagnostic FLT3/ITD positivity had

a negative impact on the prognosis of such patients (19, 46,
50, 51). From our results it would seem that as long as the
MRD level is taken into account, diagnostic FLT3/ITD
positivity or negativity among patients with AML harboring
NPMI] mutations in CR has only minimal impact on
alloHSCT outcome. Certain other researchers’ results also
support this conclusion (42). The status of CR of AML also
had no impact on transplant outcomes in our population
when pre-transplant MRD levels were taken into account,
outcomes were not significantly different between patients
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in first and second CR. Similar results are also reported by
other researchers who took pre-transplant MRD levels into
account for transplant outcome evaluation (29, 31, 33).
However, we cannot rule out the influence of sample size on
our results. We noticed a trend towards poorer transplant
outcomes in patients in second CR, but this trend was not
statistically significant. This ambiguity is also in line with
the results of a recent study of alloHSCT outcomes in
patients with AML with mutated NPM/ which also found
worse outcomes in patients in second CR compared with
those in the first; however, it did not evaluate pre-transplant
MRD level (52).

It is also important to mention the role of the intensity of
pre-transplant conditioning regimen in alloHSCT outcomes
— especially since, unlike other potential pre-transplant
factors (donor type and gender, etc.), we are able to influence
this. In our study group, we did not find a statistically
significant difference between patients transplanted after
MAC and those after RIC. This is supported by the results
of several other published studies, where alloHSCT
outcomes in AML in CR were also not influenced by the
conditioning regimen, but rather were only influenced by
pre-transplant MRD positivity (29-32). In general, however,
the published data suggests that reduced-intensity pre-
transplant conditioning is associated with a higher risk of
post-transplant AML relapse when compared to a MIC; this
includes several studies which also evaluated pre-transplant
MRD (35, 53-55). In our study group, other potentially
prognostic factors (donor type and gender, graft type, donor
CMV status) did not significantly influence alloHSCT
outcomes, with the exception of age over 63 years, where the
3-year EFS and OS were 38%. However, this last result was
impacted by higher TRM (38%) among these older patients.

From a practical standpoint, our sample includes a group
of patients with low MRD whose 3-year OS was 75%,
especially due to low incidence of relapse (only 6%). Similar
results may be found in other published studies — pre-
transplant MRD-negative patients were reported across
several studies to have 3-year OS of 62-77% and relapse
incidence rates of 0-21% (29-31, 34). Thus, this patient
group has an overall low risk of AML relapse, leaving TRM,
morbidity and quality of life as the key factors for alloHSCT
outcome. Therefore, for these patients we can preferentially
choose an RIC regimen to reduce transplant toxicity. We can
also use more potent GVHD prophylaxis and slower tapering
of immunosuppression to reduce the risk of GVHD, which
is the principal cause of morbidity and mortality after
alloHSCT. However, such approaches should be verified in
further research. A bolder question is whether alloHSCT is
necessary at all in the treatment of these patients, with regard
to some recently published data (42).

On the other hand, our study group also included the high
pre-transplant MRD group, whose prognosis was notably

worse. In our study, these patients had a 3-year OS of 40%
and a relapse incidence rate of 48%. Similar results are again
found in other published studies, where 3-year OS in pre-
transplant MRD-positive patients were in the range of 18-
47% and relapse incidence rates were 41-70% (29-31, 34).
The outcomes for pre-transplant MRD-positive patients are
thus worse than for MRD-negative patients at a statistically
significant level. MRD positivity has been shown to be an
independent negative prognostic factor for AML treatment
outcomes of patients treated with only standard
chemotherapy in a fairly large body of research (15-18, 20-
22,26, 42, 56). Therefore, MRD positivity can be considered
an independent negative biological characteristic of the
disease in the context of standard chemotherapy of AML.
Outcomes in MRD-positive patients where chemotherapy
treatment is used alone are highly unfavorable. One of the
most recent larger published studies on patients with AML
with NPMI mutation gives 3-year OS of only 24% for
patients with persistent positive NPM1 expression after two
treatment cycles (42). Combining our results with other
published research, pre-transplant MRD-positive patients
with AML in CR achieve 3-year OS of around 40%; we can
thus infer that alloHSCT partially improves their unfavorable
prognosis compared to chemotherapy alone. At present, it
remains unclear whether the outcome of alloHSCT in
patients with MRD-positive AML in CR can be improved.
In this potentially high-risk group, several ways to influence
alloHSCT outcomes can be contemplated. In cases where
MRD positivity persists during chemotherapy, there is the
possibility of attempting to achieve MRD negativity through
further cytostatic treatment; however, based on published
data, the efficacy of this approach is debatable (26, 57).
Another option is to try to influence MRD positivity with a
more intensive pre-alloHSCT regimen, but based on our
results as well as the results of several other published
studies, this approach also does not guarantee an
improvement in transplant outcomes (21, 35, 53-55).
Furthermore, more intensive pre-transplant conditioning can
increase the risk of TRM; this may offset any potential
decrease in the risk of relapse, so that OS among alloHSCT
patients with an MAC regimen might not change
significantly (58). Other options for influencing alloHSCT
outcomes in patients with MRD-positive AML in CR include
an attempt to increase the graft versus leukemia effect by
early post-transplant tapering of immunosuppression or by a
pre-emptive infusion of donor lymphocytes (59, 60). In
recent years, it has also become attractive to combine the
abovementioned graft versus leukemia potentiation with
other treatments, either standard cytostatics or newer targeted
therapy (hypomethylating agents, antibodies, tyrosine kinase
inhibitors, erc.). Certain recent publications have shown
azacytidine and deoxyazacytidine to be effective in post-
transplant pre-emptive relapse treatment (61-63). However,
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the studies published so far are not large and no standard
post-transplant pre-emptive treatment is currently being
generally recommended for AML.

The results of our study show that any potential post-
transplant therapeutic intervention should be initiated in a
timely manner, as our patients with AML in CR and high
MRD levels experienced relapse after a fairly short median
period of 4 months. In general, we can say that the inferior
alloHSCT outcomes found in patients with MRD-positive
AML in CR open the field for further research that would
identify additional negative prognostic factors for this patient
group, as well as for prospective intervention studies which
would attempt to further investigate the benefits of the
discussed therapeutic options with regard to improving the
prognosis of these patients.
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