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I. Introduction

The term acute lymphoblastic leukemia (ALL) applies to an immunologically and
genetically heterogenous malignant entity of the lymphopoietic system [1]. Contrary to
most cancer types, ALL predominantly presents in childhood. Due to clinical trials and
first-line chemotherapy over the past few decades, the majority of children with ALL
survive and struggle with the problems of returning to community. However, many
patients have severe acute or late-onset therapeutic side effects, and the survival rate in
some groups (e.g. patients with high-risk tumor genetic features or resistant organ

infiltration) is far below the average.

I.1. Significance of ALL and its clinical management in childhood

Despite extensive endeavors towards risk-directed treatment, acute leukemia remains
the major cause of death and is responsible for the highest number of disability-adjusted
life-years in children and adolescents with cancer [2]. To explore the distribution of the
pediatric cases with malignancy in Hungary, the National Childhood Cancer Registry
(NCCR) was launched by the Hungarian Pediatric Oncology Network in 1971. According
to NCCR data, the incidence of ALL shows a slight elevation year by year [3], which is
in parallel with foreign observations [4]. Data from the United States of America denote
that the treatment of childhood leukemia costs almost five times as much as
hospitalizations for other pediatric conditions, exceeding $50,000 per stay as a financial
burden for families as well as national insurance companies [5]. Hereby, precise disease
monitoring during the treatment and early recognition of resistant malignant cell clones
are prerequisites of advanced leukemia care capable of providing survival rates as high
as 85-90% for most cases [6].

The backbone of childhood ALL treatment is still combination chemotherapy, which
proves to be effective in 4 of 5 patients to reach long-lasting remission [7]. In the 1990s,
the Berlin-Frankfurt-Miinster (BFM) regimen was developed, then, adapted in Hungary
as well. The cytotoxic scheme starts with an induction phase aiming cytoreduction,
eradication of >99% of leukemic blast cells and achievement of complete hematologic
remission [6]. Daunorubicin (DNR), a drug from the group of anthracyclines, is a notable

part of the initial agents, however, its role seems to be controversial. Some studies
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proposed that DNR in induction protocol does not lengthen the duration of remission, but
increases the risk of therapy-associated morbidity, thus, certain centers restrain DNR use
in the early phase of therapy [8]. The second phase of chemotherapy is pre-symptomatic
treatment directed to the central nervous system (CNS) with intrathecal drug
administration in order to prevent meningeal relapse. In the absence of the last phase of
intravenous chemotherapy, the reinduction regimen, most patient would suffer early,
measurable residual disease (MRD)-driven relapse in a few months [9]. The 2 year-long
BFM scheme ends with oral maintenance therapy intended to prevent late bone marrow
(BM) relapse. The application of similar pediatric ALL chemotherapy guidelines place
leukemia care quite far from personalized treatment, but the different intensity of the
therapy according to disease progression risk seems to come to the front [10].
Nowadays, the two major challenges in the clinical management of ALL are (i)
relapsing or refractory disease course and (ii) toxic side effects of chemotherapeutic
agents which limit efficacy of treatment or quality of life. Firstly, patients with acute
leukemia have approximately 10'? neoplastic cells at the diagnosis, but up to 10'° cells
can survive as MRD in the state of clinical and patho-morphological complete remission
[11]. The investigation of clonal evolution processes in childhood ALL samples showed
that the tumor cell population at relapse usually arises from relapse-fated subclones
already existing at the diagnosis [12]. To date, for the follow-up of treatment response
and prediction of relapse-free survival, there is no more specific and sensitive marker than
measuring MRD [9,13,14]. However, methods for MRD evaluation require regular
invasive procedures (e.g. BM biopsy, lumbar puncture) performed under general
anesthesia in children and a dedicated laboratory team and equipment to minimalize inter-
examiner variability of results. Secondly, organ toxicities of high-dose cytotoxic therapy
are inevitable in childhood ALL [7,9,15]. The risk for developing health problems shows
an eight-fold increase in pediatric cancer survivors within 30—40 years after diagnosis
compared to their siblings; 50% of the survivors experience severe, disabling or life-
threatening events, including death by the age of 50 [16,17]. Preventive intrathecal
therapy may cause late-onset intracerebral calcification, cortical atrophy or multifocal
leukoencephalopathy [9]. Survivors of childhood ALL have a two times risk for memory
deficit compared to their healthy siblings [18]. Growth hormone deficiency can also

evolve causing central obesity and dyslipidemia in adulthood. The quarter of survivors
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have to face osteopenia at the age of 30 [19]. It was recognized early that significant
cumulative anthracycline dose causes temporary abnormality in the left ventricular
function in over the half of the childhood ALL patients, however, manifest heart failure
is rare (1-4%). During the first 30 years after cancer diagnosis, pediatric ALL survivors
are nine times as likely to have cerebrovascular events, ten times as likely to have
coronary heart disease, and 15 times as likely to have heart failure as their siblings without

cancer [20,21].

I.2. Methods for following progressive disease course in ALL

Disease monitoring is based on the pathobiology of ALL cells, which opens the door
to tumor cell detection techniques. Exact evolutionary trajectories and leukemia-driving
mutational mechanisms are still not fully understood. Yet, it is known, that genetic and
immunological alterations specific for ALL occur in a typical order and in typical stages
of differentiation, not randomly (Figure 1A) [6,10]. Basically, there are two ways of
residual disease monitoring in ALL exploiting these pathobiological manners: cellular
and subcellular methods. Examinations on cell level include microscopic (e.g. cytospin
preparation or cell counting chamber analysis of cerebrospinal fluid) and cytometric (e.g.
multiparametric flow cytometry [FC] of BM aspirate) techniques, while molecular
genetic methods (e.g. polymerase chain reaction [PCR] and next generation sequencing

[NGS]) take advantage of subcellular information.

I.2.1. Residual disease monitoring

For the last one or two decades, MRD assessment has been part of the routine clinical
practice in the developed world. Also in relapsed or refractory ALL patients and patients
undergoing stem cell transplantation, MRD diagnostics is guiding treatment decisions. If
little residual leukemia is left during childhood ALL treatment, it is most reliably and
abundantly found in the BM [22]. Many countries use FC and quantitative PCR based
MRD estimation methods, with sensitivities of 10°~10~* and 10#-107°, respectively.
The great majority of ALL patients can be examined in a rapid and cost-effective way by
FC, which is based on the identification of leukemia-associated immunophenotype.
However, standardization of FC is difficult and there is a considerable inter-examiner

variability. PCR is a more sensitive and highly reproducible method, which usually shows
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antigen receptor and immunoglobulin gene rearrangements or, uncommonly, gene
fusions. Disadvantages of PCR method in ALL MRD diagnostics include longer
turnaround time (high-cost and labour intensive). False negative results occur with both
techniques: MRD estimation may be weakened by drug-induced immunophenotype
modulation in FC and by oligoclonality or clonal evolution in PCR [23]. Nowadays,
application of high throughput sequencing by NGS methodology is being studied to

increase MRD assessment sensitivity and to improve patient stratification [24].

1.2.2. Detection of central nervous system involvement

Leukemic involvement of the CNS represents an outstanding therapeutic problem [25].
Prophylactic regimens against CNS infiltration have become a prerequisite of successful
treatment: prior to the introduction of CNS-targeted therapy in the 1960s, symptomatic
meningeal leukemia developed in more than 50% of cases and CNS relapse rate was over
65% in childhood ALL [26,27]. Nevertheless, patients who have a history of overt CNS
involvement at the initial diagnosis are still susceptible to relapse with only 15-20% 5-
year survival rates [28]. According to the modern approach, the CNS invasion can be the
ultimate step of the tumor cascade [29], and vice versa, CNS relapse of acute leukemia
constitutes an early manifestation of systemic relapse. Moreover, subclones freely traffic
between leukemic niches of different organs (Figure 1B) [30]. Thus, neural and BM
compartments both need to be monitored to reach proper CNS disease control. As
described above, we have very sensitive laboratory methods to monitor MRD in the BM
let us able to quantify the leukemic cells after a fall by 4 to 6 logs. However, we lack tools
with similar sensitivity regarding the CNS compartment. The most widespread
contemporary methods for the assessment of cerebrospinal fluid (CSF) are the
conventional cytologic examination of a cytocentrifuge smear and flow cytometry [31].
Especially due to the paucity of cells in the CSF, both methods yield a high proportion
(more than 40%) of false-negative reports among patients with proven CNS infiltration
by neuroimaging or autopsy [32]. Consequently, a gold standard method for staging the

CNS involvement in acute leukemia has not been established yet.
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Figure 1. (A) Supposed pathogenesis of the precursor B-cell acute lymphoblastic
leukemia with possible aberrant genes. (B) Way of invading the neuronal niche by
leukemic cells. Abbreviations: CD, cluster of differentiation; HSC, hemopoietic stem
cell; CSF, cerebrospinal fluid; miRNA, microRNA; ctDNA, cell-free tumour DNA; TdT,
terminal deoxynucleotidyl transferase. Gene names are unfolded in ‘List of
Abbreviations’. The figures are self-created, panel A is based on [6].
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I.3. Mechanisms behind and monitoring of permanent side effects of anthracyclines

Anthracyclines (ANTs) are Janus-faced part of chemotherapy regimens against
childhood ALL: they are regarded as one of the most effective anticancer drugs decades
after their discovery [33], but their use has to be limited due to occasionally life-
threatening cardiotoxic side effects. The highly elevated susceptibility of the
cardiomyocytes for the anthracycline-related toxic events compared to any other healthy
tissues can be explained by subcellular mechanisms (Figure 2).

Firstly, anthracycline-induced cardiotoxicity (ACT) is provoked by the mitochondrial
dysfunction of cardiac muscle tissue. Mitochondrial density in cardiomyocytes is high in
order to satisfy the need for oxidative metabolism (especially beta-oxidation of fatty
acids) [34]. ANTs bind to cardiolipin with high affinity, thus, block the respiratory chain
[35]. In addition, fatty acid oxidation is suppressed by ANT-mediated inhibition of
adenosine monophosphate-activated protein kinase (AMPK) as well as peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) [36,37]. Secondly,
the disruption of calcium homeostasis is also a reason of ACT. The myofibrillar calcium
supply is disenabled by the downregulation of sarco/endoplasmic reticulum Ca®"
adenosine triphosphatase-2A (SERCA2A), phospholamban and ryanodine receptor 2
(RyR2) as a response to ANTs [38,39]. The anthracycline-induced cytoplasmatic calcium
overload leads to left ventricular stiffness in diastole, thus, asymptomatic diastolic
dysfunction (weakened relaxation) is supposed to be the earliest sign of ACT [40,41].
GATA-binding protein 4 (GATA4) transcription factor is also downregulated causing the
deficit of contractile proteins (e.g. myosin light chain, alpha-actinin, troponin) [42], which
serves as a basis for secondary systolic dysfunction [43]. Thirdly, the production of
reactive oxygen species (ROS) plays a role in the cellular susceptibility for ACT.
Antioxidant enzyme (e.g. superoxide dismutase, catalase) concentration is relatively low
in cardiomyocytes, which makes these cells susceptible for ROS-induced injury [44].
Hydrogen peroxide and lipid peroxidation products increase myocardial aldo-keto
reductase (AKR) and carbonyl reductase (CBR) levels. These enzymes, besides
detoxifying lipid aldehydes, convert ANTs to secondary alcohol metabolites (e.g.
doxorubicinol), which form long half-life reservoirs in cardiomyocytes and are
responsible for slow progression of ACT [45]. Fourthly, B-adrenergic receptor
dysregulation is an emerging mechanism behind ACT development. In a study by

12
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Bernstein et al, P2-adrenoceptor (f2-AR) knock-out animals died suddenly after ANT
infusion, which was preventable by pl-adrenoceptor (B1-AR) inactivation [46]. These
results suggest the cardioprotective role of B2-ARs and the pro-cardiotoxic effect of f1-
ARs. ANTs probably upregulate both adrenoceptor family [47]. Fifthly, inhibited cardiac
muscle renewal may raise ACT risk at the stem cell level. Cardiac progenitor cells are
destroyed by ANTs, presumably via inhibition of neuregulin-I/ErbB signaling pathway
[41,48]. This effect is particularly relevant in children with physiologically developing
heart.

ACT is a progressive and irreversible disorder. At the end of ANT therapy, a slightly
decreased left ventricular contractility can be measured with damaged ejection, but this
is well-compensated by heart remodeling for years. Later, persistent myocardial stress
from various source causes cell loss with fibrosis and ventricular wall thinning, which
can be quantified by significantly decreased left ventricular fractional shortening (LVFS)
[49]. LVFS reduction seen by echocardiography (ECHO) is related to already necrotized
cardiac muscle volume, so it is considered as a late marker for ACT and is not suitable
for indicating the need for rapid therapeutic interventions due to toxicity [50]. Despite
this fact, LVFS monitoring by ECHO was the standard method for ACT follow-up in
Hungarian pediatric ALL patients in the last two decades in parallel with previous

international convention [51].

I.4. Promising genetic markers in blood cancer monitoring and toxicity prediction
In 2005, a group reported the first study showing the prognostic and diagnostic
importance of micro-ribonucleic acids (miRs) [52], which opened out this field of
biomarker research. MiRs belong to the class of highly conserved small non-coding
RNAs that play key regulatory role in a wide range of biological processes such as
proliferation, differentiation and survival [53]. MiRs regulate more than half of the human
genes [54]. Altered expression patterns of miRs have been increasingly recognized
associating with progression in various types of tumors including acute leukemia [55].
MiRs can act as oncogenes (oncomiRs) or tumor suppressors and are involved in a variety
of pathways disturbed in cancer [56]. The deregulation of miRs in disease conditions can

be harnessed as potential new-generation therapeutics.

13



DOI:10.14753/SE.2023.2721

Cardiomyocyte

AMPK|, PGC1a/B],
MM-CK|, ATP5J|

7D
Q' Mitochondrial | Lipid peroxidation
L S damage

. DOX-
‘_\ semiquinone

._| Fe2+ﬂ \%

Energy depletion

Expression inhibition:

Sarcomere

Adrenergic
dysfunction

Contractile
dysfunction

Figure 2. Molecular mechanisms of cardiotoxic side effect induced by anthracyclines and
salvage points exploited by the cardioprotective agent dexrazoxane. Abbreviations: DOX,
doxorubicin; DRZ, dexrazoxane; ROS; reactive oxygen species; SR, sarcoplasmic
reticulum. Protein names are unfolded in ‘List of Abbreviations’. Own representation
based on [20].

As a very universal phenomenon, malignant cells secrete higher amounts of miRs than
healthy cells or tissues [57]. This, together with the selective over-secretion of some
miRs, their easy distribution among body fluid spaces and their stability makes miRs good
candidates for cancer biomarkers [58]. For miRs, one way to provide protection from
RNases is the encapsulation into extracellular vesicles (EVs). Cells in the human body
continuously discharge large amounts of vesicles 30—-1000 nm in diameter into the
extracellular space. EVs are important factors of intercellular communication: they
transfer DNA, coding and regulatory RNAs, lipids and proteins in the microenvironment
as well as among very distant tissues [59]. It is widely accepted that EV production
increases in the tumor microenvironment, hence, these particles may facilitate proper

'cancer cell biopsy'. In studies performed on different leukemia patients, presence of EVs
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originating from leukemic cells was shown and certain alterations in the EVs correlated
with the hijacking of disease niches and treatment efficacies [60].

Measuring miR and EV miR content of liquid biopsy specimens from leukemia
patients may open new trends in determining the burden and the spatial heterogeneity of
the disease. Previously, we designed a study to establish a miR-based molecular ALL
MRD screen method which indicates post-diagnosis BM MRD by measuring miR levels
in peripheral blood (PB) [61], but MRD in the CNS compartment also have to be
monitored by novel sensitive CSF markers. Generally, eligible MRD markers needs to be
standardizable and identify impending relapse, thus, enable early intervention [62].

Despite the fact that anthracycline-induced cardiac injury is well known, the toxicity
is unpredictable [63—65]. There are patients with cardiac problems who received very low
doses of anthracyclines while others were administered with high doses and escaped the
side effect. The variable development of anthracycline cardiotoxicity suggests that the
genetic background of the patients is important in this side effect [66]. Inherited
differences in DNA sequence contribute to phenotypic variation, influencing an
individual’s risk of disease. Most human sequence variation is attributable to single
nucleotide polymorphisms (SNPs), which may occur every 100 to 300 bases. In contrast
to mutable genetic markers, such as microsatellites, SNPs have a low rate of recurrent
mutation, making them stable indicators [67]. SNPs may influence promoter activity
interfering gene expression, mRNA stability and subcellular localization of mRNAs or
proteins, hence, may produce disease. New, useful SNP markers for medical testing can

force a way of safer individualized medication.
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I1. Objectives

Individualized care is a high-priority endeavour in current clinical management of
childhood ALL. Newly identified genetic markers guiding the physician’s decision in a
progressive disease course or a chemotherapy-induced toxic event may contribute to
better survival rates and/or quality of life after recovery from leukemia. Our studies

searched the answers for dilemmas and questions as follows:

1. High-throughput screening of a selected set of microRNAs (miRs) in cell-free
specimens produced from peripheral blood (PB) and cerebrospinal fluid (CSF)
samples from children with ALL to investigate their expression patterns.

1.1. Can we setup a reliable laboratory workflow to measure the expression of
leukemia-specific miRs in diagnostic PB samples?

1.2. Are there measurable leukemia-specific miRs in CSF samples and can they
show altered expression in patients with central nervous system (CNS)

leukemia compared to cases without CNS disease?

2. The investigation and validation of miRs as novel CSF markers of CNS involvement
in various sample types of children with ALL.
Can we distinguish between CNS-positive (CNS"; unambiguously identified blasts
in CSF) and CNS-negative (CNS™; blast-free CSF) patients by miR expression in
CSF samples of an extended patient cohort? How do CSF miR levels change with
time, in parallel with intrathecal chemotherapy progress? Can we follow the
therapeutic response of CNS compartment this way? Does miR-based CSF
diagnostics of CNS involvement provide advantage in sensitivity and specificity

compared to contemporary cytological methods?

3. Assessment of PB and bone marrow (BM) miR expression as indicator of CNS
manifestation of ALL.
PB sampling and BM aspiration remain routine procedures during childhood ALL
treatment, therefore, a PB- or BM-derived marker of CNS leukemia could pave the

way for a less invasive monitoring of the CNS compartment.

16
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4. Preliminary examination of the CSF small extracellular vesicle (sEV) content in

CNS leukemia.

Can we demonstrate SEVs in CSF samples of children with ALL? Is there any

difference in sEV density between CSF samples from CNS* and CNS™ patients?

5. Pharmacogenetic study of anthracycline-induced cardiotoxicity (ACT) in a

considerable Hungarian pediatric ALL cohort.

5.1.

5.2.

5.3.

What are the trends in long-term left ventricular function changes of
Hungarian ALL survivors who received ANTs during cancer treatment?

Can we identify single nucleotide polymorphisms (SNPs) which predispose
to or defend from a pathological decline in left ventricular function of the
heart established by echocardiography? Are there any haplotype blocks (ie.
combination of SNPs inherited together) of the examined SNPs which
influence left ventricular function in the population of ALL survivors?

How does the interaction network or priority order of SNPs relevant in ACT
look? Can we outline a causality structure between clinical and genetic factors

influencing the risk of ACT?

17
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II1. Results

With an aim of finding novel genetic markers that can help the field of pediatric
leukemia care, we measured the expression level of 47 miRs and genotyped 70 SNPs.
Genetic data was evaluated using regression models, for such analyses the statistical

power exceeded 75%.

I11.1. High-throughput screening of liquid biopsy samples from a discovery cohort
of children with ALL

Between October 2015 and August 2019, we collected PB, bone marrow (BM) and
cerebrospinal fluid (CSF) from 186 consecutive, unselected patients (aged < 18 years)
diagnosed with acute leukemia or concomitant relapse in two Hungarian pediatric
hematology centers (Semmelweis University 2nd Department of Pediatrics and Heim Pal
National Pediatric Institute). Our first aim was to setup a high-throughput miR profiling
method in cell-free liquid specimens (e.g. platelet-free plasma, CSF after cell removal)
produced from the collected biofluids. Expression profiling was performed using Custom
TagMan™ Advanced Low Density miRNA Array (TLDA) cards (Thermo Fisher
Scientific, Waltham, MA, USA) [61]. A set of candidate reference/housekeeping (15) and
leukemia-specific (32) miRs were quantified [61,68]. Only those disease-relevant miRs
were included in miR profiling which were found to be overexpressed in leukemic blasts

in at least two previously published studies from at least two different laboratories.

II1.1.1. Peripheral blood (PB) miR expression pattern of diagnostic ALL samples

Based on our sample bank, firstly, we studied 15 pediatric patients with de novo and 5
independent patients with 1st relapse of precursor B-cell ALL (pB-ALL), detailed in
Table 1. Only three cytogenetic subgroups were included in order to minimize tumor
biological confounders: hyperdiploidy, ETV6/RUNXI fusion, normal karyotype.

The expression of candidate miRs in diagnostic (day 0) PB platelet-free plasma (PFP)
samples is shown in Figure 3. As a quality control of this initial screen, four samples were
measured in duplicates on TLDA cards and these pairs showed a very high correlation
(Pearson’s r = 0.981 [CI 95% 0.974-0.986], p < 107'°). Highest stability miRs were

selected based on average pairwise variation estimation between all candidate miRs using
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geNorm and NormFinder algorithms [69,70]. This way, miR-484 and miR-532-5p were
identified as feasible reference miRs. All of the 32 leukemia-related miRs were
measurably expressed in the samples, but none of them was significantly different
between de novo and relapsed ALL groups. Thus, PB PFP expression levels of this
selected set of miRs is inapplicable to determine what high-burden disease progression
stage (newly diagnosed or relapsing disease) are the patients in. Furthermore, continuing
this study, we analyzed and found association between intra-patient PB PFP miR
expression changes and decreasing leukemic cell burden in the PB and the BM, in parallel
with systemic chemotherapy progress [61]. These 'MRD-indicator’ miRs were
significantly overexpressed in the PB PFP of patients with ALL compared to the PB PFP
of healthy controls. This line of our research was thoroughly demonstrated and discussed
in the doctoral thesis of my colleague, Andrea Rzepiel [71]. Nevertheless, the results of
this first stage of our miR study regarding PB PFP expression patterns took effects on
experiments in the CSF samples with less abundant cell and RNA content: miR
expression in a cell-free specimen produced from a biofluid from children with ALL had

the potential to indicate blast burden in the certain body compartment.

Table 1. Basic characteristics of childhood acute lymphoblastic leukemia patients
involved in high-throughput microRNA study on diagnostic samples. Normal karyotype
(T) means no alteration with FISH (fluorescence in situ hybridization), DNA index is
diploid, and cytogenetics is normal or unsuccessful. Abbreviation: ALL, acute
lymphoblastic leukemia.

Subgroups Median age at diagnosis | Number of patients
in years (range) (% of males)
De novo ALL
Hyperdiploid karyotype 3.1 (2.0-3.7) 3 (33%)
t(12;21) translocation 3.6 (3.1-4.6) 6 (50%)
Normal karyotype' 3.1(1.5-5.3) 6 (67%)
Relapsed ALL 10.4 (6.3-18.8) 5 (60%)

III.1.2. Differences in CSF miR expression between CNS* and CNS- ALL
patients of the discovery cohort found by high-throughput array

Firstly, we examined whether miRs were detectable in frozen and then thawed CSF

samples. Interestingly, in direct measurements with spectrophotometry, the concentration

of unamplified complementary DNA (cDNA) prepared from total miR was slightly
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higher in CNS™ patients than in the CNS" group (mean + standard error: 1222.3 + 19.4
ng/ul in CNS™ group vs. 1126.8 9.1 ng/ul in CNS* group; p=0.002).

TLDA cards was used to screen the miR profile of CSF samples derived from 44
CNS* and CNS™ patients with pB-ALL (Table 2). In 83% of miRs, the standard error (SE)
of the average C; values in sample duplicates remained under 2 (range: 0.05-4.69). All
miRs were quantified at two different treatment checkpoints: (i) at the diagnosis of both
CNS" and CNS™ patients and (ii) on the 15th follow-up day of CNS* patients, see Figure
4A.

Expression fold changes (relative to normalizer miR-532-5p) of each miR in each
sample were evaluated by principal component analysis (PCA) with a goal of identifying
miRs that could potentially influence the classification of the patients by their CNS status.
It was observed that three members of the miR-181-family (miR-181a-5p, miR-181b-5p,
miR-181c-5p) had consistent and considerable positive contributions to all the first three
principal components (PCs) and their aggregated contributions were above the expected
average cut-off value (data shown in [68]). The first three PCs are included to reach a
total sum of at least 70% of the original variation (PC1: 36.8%; PC2: 22.9%; PC3: 16.4%)).
The PCA biplot of PC1 and PC2 (Figure 4B) shows the clusters of CNS* and CNS~
diagnostic samples with clustering performed at a confidence interval of 95%. Small
angles between the miR-181-family members on loading plot of PC1 and PC2 (Figure
4B) imply strong positive pairwise correlations.

A decrease in CSF miR levels by the 15th day of the treatment was also found in CNS*
patients. Among all tested RNAs, levels of miR-181a-5p, miR-181b-5p and miR-181c-
5p showed the strongest reductions, as their expression fold changes (AFC) were 36.2,
299.4 and 39.8 times lower than at the diagnosis, respectively (see more information in
the additional file of [68]). In accordance with the previously mentioned results, miR-

181a-5p and miR-181b-5p were selected for further validation.
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Table 2. Subgroups and case numbers in cerebrospinal fluid microRNA marker study with acute leukemia patients. Abbreviations: CNS,
central nervous system; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; miR, microRNA; MPAL, mixed phenotype
acute leukemia; CSF, cerebrospinal fluid; BM, bone marrow; PB, peripheral blood.

Sample numbers
chsocl(l)(\)’:try Validation cohort
Total number of examined samples 20 138
Control group (sample type, number of individuals) PB, n=10 CSF, n=6
Number of
Diagnosis Treatment guidelines patients CSF CSF BM PB
(% of males)
CNS' patient group
De novo ALL ALL IC BFM 2009, Interfant 2006 7 (71%) 5 18 9 10
Relapsed ALL ALL REZ BFM 2002 2 (50%) 1 3 4 3
De novo AML AML BFM 98 2 (0%) 0 4 3 4
MPAL ALL IC BFM 2009 1 (100%) 0 2 3 3
CNS™ patient group
De novo ALL ALL IC BFM 2009 12 (58%) 4 13 10 9
Relapsed ALL ALL REZ BFM 2002 2 (0%) 0 4 5 5
De novo AML AML BFM 98 2 (50%) 0 3 4
MPAL ALL IC BFM 2009 1 (100%) 0 2 3
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Figure 3. MicroRNA expression in peripheral blood platelet-free plasma of de novo and
relapsed ALL patients at the day of diagnosis. Box: the 2nd and 3rd quartiles; thick line
in the box: median; lower whiskers: minimal value if there are no low outrange values,
or QI-1.5XIQR; upper whiskers: maximum value if there is no upper outlier, or
Q3+1.5%IQR. Abbreviations: Dg, diagnosis; Rel, relapse; IQR, interquartile range. Own
representation, published in [61].
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Figure 4. MiR-181-family has consistent contribution to altered microRNA expression
in cerebrospinal fluid samples in discovery cohort. (A) Heatmap shows the overexpressed
(red) and the downregulated (blue) microRNAs (miRs) in distinct sample types. Gross
divergence in miR pattern of patients with or without initial CNS disease is highlighted
with black frames. Mean relative expression levels were determined by ddCt algorithm,
using miR-532-5p as reference miR and PB samples of control individuals as reference
samples. (B) Biplot derived from principle component analysis shows clusters of CNS-
positive and CNS-negative diagnostic samples at a confidence level of 95%.
Corresponding loading plot (vectors) displays miR-181-family members. The cosine
between two vectors approximates the correlation between miR variables. Position of
vectors indicates considerable positive contributions to first and second principal
component. CNS, central nervous system; CSF, cerebrospinal fluid; ddCt, delta-delta Ct;
miR, microRNA; PC, principal component. Own representation, published in [68].
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I11.2. Diagnosis of CNS leukemia on the basis of miR-181a-5p level in CSF of patients
with ALL

Relying on the TLDA card-based findings (section III.1.2.), two candidate markers
(miR-181a-5p, miR-181b-5p) were tested using 49 CSF samples in a validation cohort
consisted of 24 patients with lymphoid, myeloid and mixed phenotype acute leukemia
(Table 2). We were able to confirm the high expression of miR-181a-5p in diagnostic
CSF samples in a partly independent set of 8 CNS™ ALL patients compared with 10 CNS™
ALL patients by conventional qPCR, see Figure SA. However, similar results were not
found with adding acute myeloid leukemia (AML) or mixed phenotype acute leukemia
(MPAL) patients to the analysis. In ALL patients, miR-181a-5p expression levels
conferred a more than 52-fold increased risk for CNS leukemia (CNS" vs. CNS™ patients:
AFC=52.30, p=1.49E-4). The miR-181a-5p relative expression level in CSF were
independent of B- or T-cell immunophenotypes of ALL. Patients with overt CSF blastosis
(CSF with a cell count of >5/ul and blasts in excess on the cytospin slide) had the most
outstanding miR-181a-5p expressions within the CNS* ALL group. Median miR-181a-
Sp expression in ALL patients without CNS leukemia did not reach the median miR level
detected in a group of spinal muscular atrophy (SMA) patients (n=6) considered as
reference sample cohort (Figure 5A). There were no significant expression differences in
the case of miR-181b-5p in the validation cohort.

Regarding ALL patients in the validation cohort, the diagnostic efficacy of miR-181a-
Sp in CSF was evaluated by receiver operating characteristic (ROC) method. This novel
marker yielded a sensitivity of 90.0% and specificity of 87.5% (area under the ROC curve,
AUC: 92.5%) for CNS disease at a cut-off AFC value of 3.7, as shown in Figure 6. To
compare the clinical applicability of this miR marker with conventional cytomorphology
technique, the latter one was also assessed based on previous reports [72] and signed as a
ROC-curve on Figure 6.

To address the issue of treatment-induced alteration dynamics of miR expression in
time, we determined the miR-181a-5p expression level in CSF samples of ALL patients
during the induction chemotherapy. MiR levels were measured at three time points: at
diagnosis (before any drug administration), on the 15th day of therapy and on the 33rd
day of therapy. We managed to obtain an extra sample from a patient (P2, see Table 1 in

[68]) with massive CNS involvement at 45th day of therapy and samples at exceptional
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therapy days (15th, 26th and 40th) from a patient (P12) with fatal disease course. Figure
5B shows changes in relative expression level of CSF miR-181a-5p in CNS™ and CNS~
ALL groups and, separately, in patient P12. The average level of miR-181a-5p decreased
by 96.7% among CNS” patients (P12 was excluded from this analysis) by the 33rd day
of therapy, while it remained around the expression detected in diagnostic sample at our
later time points in patients without CNS leukemia. Interestingly, patient P12’s miR-
181a-5p expression has risen in parallel with clinically observed disease progression.
Patient P12 could not finish the induction chemotherapy and was treated in the intensive
care unit until death. In a patient with CNS+ relapse (P1, AFC=2.40) we observed a more
than 2-fold rise in miR-181a-5p expression by the 15th treatment day from the initial
level. This change was not seen in relapsed patients with blast-free CSF (P17 and P18;
AFC=0.06 and AFC=0.83, respectively).
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whiskers mark standard errors. CSF, cerebrospinal fluid; CNS, central nervous system;
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published in [68].
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Figure 6. Comparison of receiver operating characteristic (ROC) curves of miR-181a-5p
and conventional cytospin methods. Curve of conventional cytomorphology was
produced based on information found in the literature (reviewed in de Graaf et al. 2011),

where diagnostic efficacy of cytomorphology was assessed being aware of flow
cytometry data. Own representation, published in [68].

I11.3. Assessment of bone marrow and peripheral blood miR-181-family expression
to indicate CNS status in ALL

We studied whether the expression levels of miR-181a-5p and miR-181b-5p in PB and
BM samples could provide diagnostic or predictive information on CNS leukemia
involvement. Initial PB miR-181a-5p level significantly fell down by the 15th and the
33rd day of treatment in ALL patients regardless of CNS status (by day 15: AFC=-6.42,
p=0.02; by day 33: AFC=7.95, p=0.03). However, there was no difference in miR-181a-
5p expression at diagnosis between CNS" and CNS™ ALL groups in PB.

MiR-181a-5p expression levels in BM highly exceeded the corresponding CSF
expression in CNS™ ALL patients at the diagnosis (AFC=21.97, p=0.007), but there was
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no such relation in the CNS™ group. Initial BM expression of miR-181a-5p distinguished
only those patients with CNS" and CNS™ ALL who were characterized by precursor B-
cell immunophenotype (AFC=9.18, p=0.04). However, miR-181a-5p level in PB of
control individuals was lower than in BM of pB-ALL patients in both CNS status groups
(CNS" status: AFC=55.82, p=0.001; CNS" status: AFC=6.08, p=0.04). Decrease in miR-
181a-5p level from the diagnosis of ALL by the 33rd day of therapy was also detectable
in BM samples not only among CNS* patients (AFC=-187.96, p=0.006), but also in the
CNS™ group (AFC=-8.54, p=0.002).

I11.4. Atypical small extracellular vesicles in CSF of ALL patients with CNS
involvement

Whether extracellular vesicle (EV) production from parameningeal leukemic
infiltration can be demonstrated by CSF sampling is not yet known. Immunomagnetic
bead separation technique was applied to compare the number of CD63" particles
(typically endosome-derived small EVs) in CSF samples of CNS™ and CNS™ ALL patients
(n=2 and n=2, respectively). Their measurable amount was very low and no difference
was found in the proportion of CD63" beads (mean+SE: 1.0+0.2% in CNS" group vs.
1.1£0.1% in CNS~ group). Next, from both CNS" and CNS patient groups, a
representative pB-ALL and a representative T-cell ALL (T-ALL) CSF sample processed
by ultracentrifugation (nonselective for cluster of differentiation markers) were
supervised by immunolabelling for CD63 and CD81 markers using transmission electron
microscopy (TEM). Interestingly, a considerable difference was observed in the density
of vesicular elements between CNS* and CNS™ patients, as shown in Figure 7. High
amount of EVs in the CNS" pB-ALL sample mostly showed CD63/CD81-
characteristics (Figure 7A), whilst, there were low number of EVs in the CNS™ pB-ALL
sample (Figure 7B). CSF samples of T-ALL cases showed quite similar pattern, but in
this immunophenotype group we found a CD637/CD81" conglomerate of EVs in the
CNS™ sample as well (Figure 7C-D). Presence of CD63" and CD81"* small EVs in CSF,

even if a low number, were confirmed in both CNS groups and immunophenotypes.
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Figure 7. Atypical extracellular vesicles in the cerebrospinal fluid of patients with
different central nervous system (CNS) status. (A) Transmission electron microscopy
(TEM) images of a cerebrospinal fluid (CSF) sample from a CNS" patient with precursor
B-cell acute lymphoblastic leukemia (pB-ALL) depict several small extracellular vesicles
(EVs). Inserted panels show the absence of CD63/CD81 immunogold labelling which is
a key feature of these EVs. (B) TEM images taken from the CSF sample of a patient with
CNS™ pB-ALL. Appearance of gold particles refer to CD63 (10 nm) and CD81 (5 nm)
positivity of the EVs. (C) Small EVs in a patient with relapsed CNS* T-cell ALL show
mainly the absence of CD63/CD81 immunogold labelling. (D) CD63"/CD81" small EVs
in CSF from a patient with T-cell ALL without CNS involvement. Conversely, inserted
slide shows a conglomerate of EVs without typical markers of exosomes originating from
multivesicular body. Own photographs, published in [68].
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I1L.S. Retrospective pharmacogenetic analysis of anthracycline-induced cardio-
toxicity (ACT) in a considerable Hungarian childhood cancer population

In our pharmacogenetic study, altogether 70 SNPs were genotyped (see more
information in the additional file of [73]). Genotype distributions were in Hardy-
Weinberg equilibrium except for one SNP (4KR1A41 rs2934859) which was excluded
from the analysis. Genotyping was unsuccessful in the case of three SNPs. Thus, the
genotyping results of 66 SNPs were used for the evaluations. Minor allele frequencies
(MAF) in our population were found to be more than 7% for all of the SNPs. The children
with ALL (n=622) involved in this study had undergone chemotherapy between 1989 and
2015 in six treatment centers of the Hungarian Pediatric Oncology Network. To raise a
validation cohort with patients also treated with ANTs according to a different
chemotherapy scheme, this ALL population was extended with a group of pediatric
osteosarcoma (OSC) patients (n=39) in case-control analysis of ACT [73]. Detailed

patient characteristics are shown in [73].

II1.5.1. Tendentious decrease in the heart function in typical time points after
anthracycline (ANT) exposure

Left ventricular fractional shortening (LVFS) measurements by ECHO were
performed before the initiation of therapy, several times during the treatment and annually
after finishing treatment. LVFS data were analyzed in follow-up categories as shown in
Table 3. Not all of the ECHO records were available, because of the retrospective data
collection. Only the latest ECHO of each patient was used in each follow-up category.
Individual LVFS values were followed and the intra-patient alteration was calculated in
every category compared to the individual value at diagnosis. These LVFS differences
were then dichotomized (‘decreased’ or ‘not decreased’) patient by patient (Table 3).
Odds ratios (OR) were calculated from a baseline point of view represented by the second
follow-up category (‘<1 year from diagnosis’). Thus, OR > 1 means an increased odd to
decreased LVFS, while OR < 1 refers to better expected heart function compared to
echocardiographic state in the first year of chemotherapy. As seen in Table 3, active ANT
treatment end point (3™ follow-up category, 'early-onset' ACT) and >15 years from cancer
diagnosis (8" follow-up category, 'late-onset' ACT) seem to pose a statistically non-

significant risk for worsened ejection capacity of the heart.
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Table 3. Follow-up categories with echocardiography parameters. The decrease of LVFS was calculated patient by patient in every category
compared to the individual value at diagnosis if these data were available. ! Number of patients with a decreased LVFS per number of patients
with a not decreased LVFS. 2 Compared to the second category (‘<1 yr from diagnosis’). Abbreviations: CI, confidence interval; LVFS, left
ventricular fractional shortening; OR, odds ratio; n, number; SD, standard deviation.

Patients with ALL |Patients with OSC Total population
Follow-up category n n n

(mean LVFS = SD)|(mean LVFS : SD)| (mean LVFS : SD) ngf;giii‘:! g OR
At the diagnosis 41 .35556.1 39.62 14.4 41 .31816.0 Lves.n | 07D
<1 yr from diagnosis 40.156.1 40.215.3 4031836.1 10483 1o
1-2 yr from diagnosis 41: 616.0 39.9312.3 41.34 915.9 19110 (O-é;§-4)
End of the treatment 40.%)815.6 38.2 i6.3 39.391155.7 105198 (0-2;?3)
2-5 yr from diagnosis 40.1?5.7 38.13 515.2 40.216j5.7 7173 (0-2;?3)
5-10 yr from diagnosis 40.21635.5 40.33 6iS.6 40.310i15.5 70176 (0-211)
10-15 yr from diagnosis 40.11135.4 39.91 15.2 40.;555.3 24136 (0-(3);?-0)
>15 yr from diagnosis 37.62 17.5 40.7816.1 38.3 2i7.2 313 (05;2.7)
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IIL1.5.2. Case-control and haplotype analysis of pathological left ventricular

function induced by anthracycline use in pediatric ALL

The worst heart function of each patient was used to define patients for the case-control
study. Cases were those who had echocardiograms with LVFS < 28% (pathological
LVES) at any time point during the follow-up (n=20). Patients who received the same
chemotherapy but never had LVFS < 28% were regarded as controls (n=641). To assess
the association of the genotypes with the ACT, the genotype and allele frequencies in the
two groups were compared. As multiple comparisons were conducted, we applied the
Benjamini-Hochberg false discovery rate (FDR) method with type I error rate of 10% as
correction of p-values, thus, p = 8.90E-03 was considered as the upper limit of statistical
significance.

Multi-adjusted logistic regression was applied to analyze the full cohort. The analyses
were adjusted for potential confounders, which were age at the time of diagnosis (years),
gender (male or female), chemotherapy protocols (before 2000, after 2000 and OSC
protocols; also reflects radiotherapy), risk groups (standard, intermediate, high risk) and
cumulative dose of ANTSs (< or > 240 mg/m2). The case-control analysis was performed
for ALL patients in case of all SNPs. Risk of pathological LVFS was significantly
influenced by SNPs in CYP345 and SLC28A43 genes. CYP3A45 rs4646450 TT was 17%
among cases and 3% in ALL patients without pathological FS (p = 5.60E-03; OR = 6.94
[1.76-27.39]). SLC28A3 rs7853758 AA was 12% in cases, while only 1% among controls
with ALL (p = 6.50E-03; OR = 11.56 [1.98-67.45]). These two SNPs were analyzed in
the whole population including both ALL and OSC patients.

The genotype distribution of the CYP3A45 rs4646450 differed significantly between
cases and controls in the combined cohort (ALL and OSC patients) as well (p = 4.81E-
03; OR =7.25[1.83-28.78]). Among cases (n=20) 15% had TT genotype while this value
was 2.8% in controls. The genotype distribution of the SLC2843 rs7853758 SNP was not
different between cases (10.5%) and controls (1.3%) in the combined cohort (p = 1.00E-
02; OR =9.837 [1.73-56.02]) if considering the adjusted p value (Benjamini-Hochberg
false discovery rate method).

Subsequently, it was investigated whether CYP3A45 rs4646450 was associated with
cardiotoxicity in various subpopulations determined by clinical characteristics of the

patients (Figure 8). Univariate logistic regression was performed on all of the patient
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subgroups displayed in Figure 8. As a result of this analysis, the CYP3A45 rs4646450 rare
homozygous TT genotype showed an association with cardiotoxicity in patients with
ALL (p = 7.00E-03; OR = 6.56 [1.68-25.71]). Similar association was found when
analyzing only male patients (p = 4.00E-03; OR = 13.45 [2.26-80.1]), intermediate-risk
patients (p = 2.00E-04; OR = 23.34 [4.46-122.07]), patients who received higher ANT
doses (p = 5.00E-03; OR = 20.83 [2.49—174.3]) or patients who suffered relapse (p =
6.00E-03; OR = 48.00 [2.96—778.53]).

Haplotype analyses were carried out to study the association of haplotype blocks of
genes in ACT, in other words, to identify combinations of genetic variations having an
effect on pathological decrease of LVFS greater than SNPs have separately. Estimated
haplotype frequencies in the case and control groups and haplotype-specific OR were
determined by Haploview 4.1 software [74]. One haplotype block (TA) of CYP345
proved to influence the ACT in the ALL cohort (p = 7.71E-2; %* test in Haploview
software). Rs4646450 and rs776746, members of this haplotype block (Figure 9), showed
moderate linkage (D’ = 0.9; r> = 0.48; LOD = 65.03)". The effect of TA haploblock on
cardiotoxic risk was nominally significant when involving clinical confounders and

patients with ALL as well as OSC (Table 4).

* The term of ‘linkage disequilibrium’ (LD) characterizes the odd of two alleles to be inherited together in
apopulation. The ‘linkage disequilibrium’ denomination refers to the non-random distribution of two linked
(not independently descended) loci in the population compared to each other, that is, the loci are said to be
in disequilibrium. Two major coefficients quantifying LD are normalized LD coefficient (D’) and Pearson
coefficient of correlation (r?). Possible values of D* and 12 have to be in a range of [0;1], where 1 refers to
complete linkage of the loci. Logarithm of odds (LOD): is a statistical estimate of whether two loci are
linked in comparison with the odd of the zero linkage between these loci.
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CC|CT|TT T allele frequency
No. of No. of For For Odds ratio (95%CI) for CC vs. TT p
cases controls cases  controls
Diagnosis |
ALL 114i3  409|141|17 0.28 0.15 . 6.56 (1.68-25.71) 0.007
OsC 11|10 29(8|0 0.25 0.11 ) - -
Age at diagnosis :
<10 yr 632 346|121]13 0.32 0.15 : = 8.87 (1.63-48.24) 0.01
>10 yr 621 92|27/4 0.22 0.14 L 3.83 (0.37-39.87) 0.21
Gender :
e Male 5142 269|89|8 0.36 0.14 ' : B > 13.45(2.26-80.1) 0.004
; Female 7111 169|60(9 0.17 0.16 = 1 2.68 (0.3-24.2) 0.38
= Risk group )
> SR 300 1103966 0.00  0.16 ! . .
: IR 4/4)3 249186|8 0.45 0.15 '—-:—.-——) 23.81(4.55-124.51)  0.0002
s HR 5|1]0 69|22|2 0.08 0.14 | - -
k. Chemotherapy protocol :
= Before 2000 71212 214728 0.27 0.15 :I 7.64 (1.37-42.8) 0.02
) After 2000 4211 195|69(9 0.29 0.16 = 5.42 (0.55-53.54) 0.15
OSC protocols 11110 29(8|0 0.25 0.11 : - -
Cumulative ANT dose '
<240 mg/m’ 6/4]1  311]103|15 0.27 0.16 — 1 3.46 (0.39-30.55) 0.27
>240 mg/m’ 6|12 12546/2 0.28 0.14 : = > 20.83(2.49-174.3) 0.005
Recidive occured |
yes 2|12 48241 0.50 0.18 : a» 48.00 (2.96-778.53)  0.006
no 10/4]1  390]125]|16 0.20 0.15 = T 2.44 (0.29-20.22) 0.41
Total cohort of patients 12|53 438|149|17 0.28 0.15 6.44 (1.66-24.97) 0.007
I v v LA LA v L LB LR | v v LA
0.1 10

Figure 8. Odds ratios for cardiotoxicity associated with the CYP345 rs4646450 genotype among subgroups of patients and in the whole
cohort as well. Subpopulations are determined based on the following factors: diagnosis, age at diagnosis, gender, risk group, chemotherapy
protocol, cumulative ANT dose, relapse occurred. Black boxes represent OR, the number of cases is proportional with the width of the boxes.
The lengths of the horizontal lines depict the 95% confidence intervals. Analysis of OR was not accomplished if the number of cases was 0.
Abbreviations: ALL, acute lymphoblastic leukemia; OSC, osteosarcoma; No, number; yr, year; SR, standard-risk; IR, intermediate-risk; HR,
high-risk; OR, odds ratio. Own representation, published in [73].
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Figure 9. D’/LOD diagram resulted
from haplotype analysis of CYP3A45 and
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S ~ & P N each other on human chromosome 7.
4 4 (2 [ [ . . . . g . .
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. Abbreviations: LD, linkage disequilib-
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representation that was not published
before.

Table 4. Risk of anthracycline-induced cardiotoxicity considering the haplotype blocks
of CYP3A45. *Multivariate logistic regression, regression model includes the interaction
of rs4646450 and rs776746. Abbreviations: OR, odds ratio; CI, confidence interval; SNP,
single nucleotide polymorphism.

Incidence EicquCn oyl
% 0, £
Gene SNP Haplotype (%) cases | controls | P value* | OR (95% CI)
rs4646450 o 2.14
776746 CG 84.5% 0.763 | 0.847 0.200 (0.67-6.83)
rs4646450 o 14.26
CYP3A45 776746 TA 8.2% 0.184 | 0.079 | 3.05E-2 (1.28-158.54)
rs4646450 o 6.18
776746 TG 7.1% 0.053 | 0.205 0.107 (0.67-56.68)

I11.5.3. Potential interactions in SNP-SNP and SNP—clinical variable networks
determining ACT risk

Widely known frequentist statistical approaches (e.g. logistic regression used in our

case-control analysis above) are unable to quantify how confident one should be that a

given SNP is truly associated with a phenotype (e.g. cardiotoxicity). Conversely,

Bayesian statistics provides a rational and quantitative way to incorporate biological

information, and it can allow for a range of possible genetic models in a single analysis

[75]. Bayesian methods rely on the interchangeability of cause and effect (antecedent and
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outcome). To date, it is accepted that genetic variations are not independent entities when
determining a phenotype, they are rather parts of a hierarchical network. In our analysis,
we searched for a directed acyclic graph, so called Bayesian network (BN), which
describes the causality structure of pathological heart function and it’s strongly relevant
factors (SNPs and clinical variables). Thus, vertices of the graph are the random variables,
such as SNPs or clinical factors. Based on their probability distribution (a priori
knowledge; e.g. relative frequency of an SNP’s genotypes in the population), Bayesian
statistics can tell us the dependency of variables connected with edges in the graph (a
posteriori knowledge; e.g. an SNP’s genotype frequencies can only be determined when
the genotype is known at another SNP). As an example, a BN is shown in Figure 10. In
our study, the most probable BN with a posteriori probabilities (P) of the vertices and
their connections (edges) was identified using Bayesian network based Bayesian
multilevel analysis of relevance (BN-BMLA) method [76]. Values for posterior
probability of strong relevance (P) range from 0 to 1, where P = 1 means that the
probability of the given variable is 100% relevant with respect to the case-control status.
Then, it was tested whether interactions exist between strongly relevant variables in
respect of ACT as an endpoint. Interaction means that a variable (e.g. an SNP) can only
be part of relevant variables’ set, if another variable is already the part of this set.
BN-BMLA was performed for SNPs in the A4BCBI, ABCCI, ABCC2, ABCG?2,
AKRIAI, AKRIC3, CYP3A44, CYP345, GSTPI, HAS3, NQOI, NQO2, RARG,
SLC22A417, SLC2246, SLC2247, SLC22A8 and SLC28A43 genes along with cofactors.
Our analyses revealed potentially strongly relevant effects of an SNP in gene CYP345
(rs776746, P = 0.42), two SNPs in gene NOO! (rs1043470 and rs1469908, P = 0.42 and
0.34, respectively), two SNPs in gene SLC28A43 (rs7853758 and rs885004, P = 0.55 and
0.36, respectively), and several cofactors (age at the time of diagnosis, P = 0.72; gender,
P = 0.44; risk group, P =0.73; diagnosis [ALL vs. OSC], P = 0.8 and cumulative dose of
anthracycline, P = 0.64). BN structured from these vertices is shown is Figure 11.
Besides, several interaction effects were found between the variables (Figure 12). Among
these, the two SNPs (rs7853758 and rs885004) in gene SLC28A43 showed the strongest
interaction. It may suggest the refinement of the previously reported predisposing role of
SLC28A43 157853758 A allele in ACT by their interaction with the rs7853758 polymorphic

locus.
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Figure 10. Relation types between variables in a Bayesian network (BN). The directed
acyclic graph (DAG) depicted in the figure represents the structure of a BN. Yellow nodes
mark genetic variations (single nucleotide polymorphisms, SNPs), grey nodes are
featured target variables (e.g clinical covariants). Edges connecting vertices represent
linkage between two random variables. Pairwise relation types: (7) direct causal relevance
(e.g. between SNP4 and Y1, having common edges); (if) pure interactionist relevance
(e.g. between Y1 and SNP9, having a common child [Y2]); (iii) strong relevance (e.g.
variable set consisting of Y2's parents, its children, and the other parents of its children is
{Y1,SNP9,Y3,SNP7}); (iv) transitive causal relevance (e.g. between Y3 and SNPS5, as
two directed paths can connect them); (v) confounded relevance (e.g. between SNP3 and
Y2, as they are connected by undirected path); (vi) association (e.g. between SNP3 and
Y2 or between SNP5 and Y3). Markov blanket (MB): a variable’s MB includes those
variables correlate directly with this variable, thus, hide other in-model variable’s effect
from this variable. For example, MB of Y1 incudes variable set
{SNP1,SNP4,Y2,Y3,SNP9,SNP7}. As values of this set are known, Y1 becomes

independent of other nodes of the BN. Own representation based on our research group’s
previous work: [77].
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Figure 11. Relations of pathological left ventricular fractional shortening (LVFES) in the
most probable Bayesian network. Only strongly relevant variables are displayed.
Thickness of arrows is directly proportional to posterior probabilities. Abbreviations:
ANT, anthracycline; Dg, diagnosis. Own representation that was not published before.
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Figure 12. The most probable interactions between strongly relevant variables in
anthracycline-induced cardiotoxicity by BN-BMLA. Red lines connect the members of
and interaction. Thickness of lines is directly proportional to the probability of the
interaction. Abbreviations: ANT, anthracycline. Gene names are unfolded in ‘List of
Abbreviations’. Own representation that was not published before.
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IV. Discussion

Contrary to the overall survival rate of 80-90% among children with ALL, relapsing
disease course, leukemic infiltration of the central nervous system (CNS) niche or
treatment-limiting toxicities during chemotherapy are associated major therapeutic
obstacles. Novel biomarkers (e.g. microRNAs, EVs or SNPs) assisting these challenging
situations can contribute to better clinical care if standardized laboratory workflows are

established.

IV.1. Peripheral blood (PB) miR expression in diagnostic childhood ALL samples
(related to section 1I1.1.1.)

MicroRNAs (miRs) were found to be highly stable in all body fluids, hence, could be
utilized as clinical biomarkers [78]. Platelet-free plasma (PFP) prepared from PB samples
of pB-ALL patients was analyzed, because platelets are the largest source of miRs in the
blood which could have an interfering effect on our study [79,80]. We are not aware of
any previous study which would have evaluated PFP miR expression in pediatric ALL.
According to our results detailed in my thesis, candidate miR expressions did not
differentiate between diagnostic, high blast burden PB PFP samples (de novo and relapsed
disease periods), but their levels were well quantifiable in these cell-free liquid biopsy
specimens. This led our research group to investigate (i) whether PB PFP miR expressions
show MRD-like alterations during ALL treatment [61,71] and (i7) whether other biofluids
(e.g. CSF) from other disease niches (e.g. CNS) also contain these blast-specific miRs
[68].

Previously, based on platelet-containing plasma measurements, it was proposed that
the risk of relapse in childhood ALL can be predicted by miR expression results [81,82].
This group found differences in miR expressions at the diagnosis of de novo versus
relapsed ALL, but most leukemia-relevant miRs showed similar expression in those
groups and differed uniformly from samples collected in complete remission. The set of
examined miRs was partly overlapping with our study. With the use of PFP samples, we
ruled out the influence of abundant platelet-derived miRs in PB plasma. As we could not
separate the blast-rich stages of the patients examined by miR profiles, we rather support

the investigation of treatment-related (chemotherapy-induced) changes in miR levels as
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indicators of the disease course. A longitudinal assessment of expression levels may
correlate with intra-individual treatment response and could be utilized in MRD
estimation or early detection of molecular relapse, as it was scrutinized in ALL cells by

other authors [83].

IV.2. MicroRNAs as markers of CNS involvement of childhood ALL (related to
sections I11.1.2.-111.3.)

We still lack methods to follow up CNS leukemia with appropriate sensitivity. There
are two major clinical enigmas related to CNS disease: (i) how can we better screen occult
meningeal leukemia and thereby prescribe adequate CNS-directed treatment for those
who need it, and (i/) may we apply novel molecularly targeted therapies against CNS
infiltration in the era of precision oncology? Whether the initial CNS leukemia burden or
its dynamics during treatment have more prognostic value is not fully understood. To
date, only one study has reported that miRs can be measured in the CSF collected from
children with leukemia [84].

CSF miR-181a-5p expression levels were unexpectedly high in patients with
cytologically confirmed CNS" ALL, while levels in those lacking meningeal involvement
were similar to the levels of control individuals. MiR-181a serves as a regulator of normal
hematopoiesis and its disruption has been linked to various types of cancer, including
hematological malignancies [85]. It is one of the most abundant miRs in lymphocytes
[86]. In acute leukemia, the exact role of miR-181a is still unclear as contradicting articles
claim its oncogene as well as tumor suppressor effects [87-90]. Besides, several
mechanisms of the spread of ALL cells to the CNS have been revealed recently and can
be influenced by miR-181a regulatory actions. Of particular interest to our findings,
overexpression of vascular endothelial growth factor A (VEGFA), a miR-181a regulated
hypoxia-responsive gene, was shown to provide survival advantage to the CNS-
penetrating ALL cells in the hypoxic, nutrient-poor microenvironment of the CNS. This
phenomenon was described in both primary pre-B ALL cells isolated from the CSF of
children with CNS involvement and a mouse primograft model for CNS™ ALL [91-93].
The positive correlation between the miR-181a expression and VEGFA production in a
non-epithelial tumor tissue was proposed through the scrutiny of human chondrosarcoma

cells [94]. A detailed explanation how miR-181a promotes the SRC/VEGF signaling
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pathway was shown in preclinical models of colorectal cancer [95]. A similar mechanism
might work in ALL, too. Yet, the nature of CNS disease evolution is not fully understood.
While the VEGFA mechanism suggests increased vascular permeability and reduced
barrier function of endothelium to make cell migration possible into the CNS, a novel
study claims that the whole process happens abluminally, along emissary bridging vessels
based on integrin alpha-6 (ITGA6)-laminin interaction [96]. Interestingly, ITGA6 may
interact with miR-181a according to the mirDIP v4.1 integrative miR target predictor
database [97].

Whether the ability to invade the CNS is a generic property of all ALL blasts or only
a subpopulation of cells can selectively enter this compartment is a subject of recent
debate. We found that BM miR-181a-5p expression of CNS-— patients (i) exceeded the
average level of CNS™ CSF and control samples and (i) responded to the chemotherapy
with significant reduction, similarly to the CNS™ BM samples. Thus, our data tend to
support the theory that ALL cells in the BM compartment have a common ability to reach
meningeal surfaces, as previously proposed [98,99]. Also, the seeding of CNS leukemia
may depend on a dynamic relationship between extramedullary microenvironment and
blast cells which is influenced by regulatory elements (such as miR-181a, possibly),
rather than predetermined cell-intrinsic and clone-specific ‘CNS-tropic’ features (e.g. cell
surface protein composition). Basically, it was out of our aims to identify the cellular
origin of miR-181a-5p in this study setting. Yet, there are some factors which suggest the
examination of leukemic blasts as potential miR-181 secretors: (i) miR-181a is a well-
known small RNA produced by lymphoid cells [86]; (ii)) miR-181a was found in
significant amount in blast-rich BM samples, regardless of CNS status; (ii7) in CNS™ CSF
samples, where blasts were absent, the average expression of miR-181a was very low.
However, it is also a possibility that miR-181a originates from non-leukemic cells
communicating with leukemic blasts (e.g. stromal cells in BM or resident cells in CNS
leukemic niche) and this phenomenon might have been found in our samples. There are
plenty of evidence that the miR-181-family plays role in the modulation of tissue
differentiation, remodeling and degeneration in the CNS, moreover, it has anti-
inflammatory effect in the context of neuroinflammation [100].

According to our data, miR-181a-5p may provide about 35% benefit of sensitivity
compared to the cytospin method when diagnosing ALL infiltration in the CNS at the
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initiation of chemotherapy. However, an article described that occult meningeal disease
during therapy resulted in significantly higher rates of relapses and death in pediatric
ALL, while no such influences were found with initial CSF evaluation [101]. Thus, the
alteration of initial miR-181a-5p level might be considered to estimate prognosis.
Candidate miR expression analysis of PB samples identified no benefit of measuring
miR-181-family levels to diagnose CNS involvement. In contrast, we showed the possible
role of diagnostic BM miR-181a-5p expression in determining CNS status, however, it
was demonstrated solely in pB-ALL patients. This finding might propose a less invasive
alternative to lumbar puncture as BM aspiration is also performed at CSF sampling time
points in the clinical routine. However, higher BM miR-181a-5p level may be associated
with general miRNomic disturbance under leukemic conditions as CNS™ patients showed
elevated relative expression as well. We rather suggest the investigation of miR-181a-5p
level alteration in time as it may monitor the capacity of CNS-attacking blasts of the BM
compartment. To indicate subsequent CNS relapse by BM examination, cellular proteins
[102] and miR pattern [103] in BM cells of ALL patients have already been identified,

but venipuncture-based CNS involvement markers have not been published before.

IV.3. Extracellular vesicles (EVs) in CSF of children with CNS leukemia (related to
section 111.4.)

CSF-based EV studies in leukemia are in their early infancy. According to our
information, this is the first time when small EV composition of CSF was assessed in
relation with CNS disease state in acute leukemia patients. Atypical small EVs were
found in unexpectedly high density in CNS" diagnostic CSF samples. The phenotype of
these vesicles is not fully understood. They were negative for CD63 and CD81, which
contradict the multivesicular body origin [104]. Nonexosomal subpopulation of small
EVs was previously demonstrated [105], and most of the EVs in CNS" CSF reached the
lower limit of the microvesicle size range. Otherwise, it is unlikely that these bodies are
lipoproteins with EV-like appearance as CSF lipoprotein content is minimal [106]. In all,

this experiment with CSF sEVs is definitely preliminary and needs further investigation.
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IV.4. CYP3A5 and SLC2843 SNPs in anthracycline-induced cardiotoxicity (ACT)
risk prediction (related to section IIL.5.)

In our joined (patients with ALL or OSC) population the intronic CYP345 rs4646450
SNP’s TT genotype was associated with low LVFS (<28%) with a significantly higher
OR value in males indicating gender related differences. Both the male and female gender
has been already shown as risk factors for developing cardiotoxicity [107-109]. CYP345
gene (7g21.1) is a member of cytochrome P450 proteins involved in drug metabolism,
synthesis of steroids and lipids. CYP3A45 is expressed in the liver and also in extrahepatic
tissues, e.g. in intestines. Genetic variability of CYP3A45 is high; it is not expressed in
20% of African and 80% of Caucasian population. Previous studies in the literature did
not find association of CYP3A45 rs4646450 with cardiac parameters [110]. Currently, the
function of this SNP is not known, however, in a study rs4646450 was in correlation with
reduced protein-expression and activity of CYP3A4 in human liver [111].

Our BN-BMLA analysis revealed potential strongly relevant effect of rs776746 SNP
in gene CYP3A45 with respect to the case-control status of the patients. SNPs in CYP345
(rs776746 and rs10264272) may modify its alternative splicing and protein truncation,
which can result in a less active CYP3A45 [112]. Huang et al. studied the CYP3AS5 enzyme
activity with the presence of its different gene polymorphisms in pediatric ALL patients.
They revealed that patients with rs776746 G allele (CYP345%*3, c.6986A>QG) had lower
enzyme activity. Rs776746 genotype was in association with the mRNA expression,
daunorubicin plasma concentration and adverse drug reactions. In this investigation the
AUC of daunorubicin was higher in children with cardiotoxicity [113]. Interestingly,
contradictory results were seen in diffuse large B-cell lymphoma patients as CYP345
1s776746 AG/AA seemed to increase the risk of grade 2-4 cardiac toxicity compared to
GG genotype [114].

The genotype distribution of the SLC2843 rs7853758 was also significantly different
between cases and controls in our multivariate logistic regression analysis. In many
studies SLC28A43 rs7853758 has been shown to be a very important protective genetic
marker against ACT, its minor allele (A) found more often in controls than in patient
cases [66,115]. This SNP was recommended for clinical use in pharmacogenetic testing
before using doxorubicin or daunorubicin in the treatment of pediatric cancer patients

treatment [116]. This correlation for chronic cardiotoxicity was not significant in another

43



DOI:10.14753/SE.2023.2721

cohort [117], nor the RICOVER-60 trial (elder patients with aggressive B-cell lymphoma)
found association with adverse cardiac reactions [118]. In contrast to these analyses, in
our cohort the SLC28A3 rs7853758 AA genotype was more frequent among cases.
However, not only in the case-control study but also in the BN-BMLA we could confirm

the importance of this variant which needs further validation in larger cohorts.

IV.5. Biases in our genetic marker studies of childhood ALL

Several limitations should be noted when interpreting our results. Lacking standards
regarding normalizing miRs and only partial correlation of various PCR based methods
which are widely known difficulties of RNA and miR laboratory methodologies
contribute to the limitations of our work. Since CNS involvement is a rare condition in
childhood leukemia, the difficulty of obtaining CNS™ samples resulted in low patient
numbers. Our results should be verified in larger cohorts before concluding any practical
benefit. Another bias was the selection of patients with and without the meningeal disease,
as it relied on conventional cytologic assessment tools lacking appropriate sensitivity.

In our pharmacogenetic study, not all of the ECHO records were available due to
retrospective data collection. Therefore, the analysis of ECHO data was not possible for
each year; categories of follow-up had to be generated. Only the data of the latest ECHO
of each patient were used in each follow-up category, the redundant echocardiography
measurements were excluded. Controls have a relatively wide range (1-7 occasions) of
echocardiographic assessments in our cohort (21% of the patients had only one ECHO
and 60% of patients had 3 or more ECHOs). It is also notable that the average LVFS
slightly decreased at the population level during our follow-up time (Table 3), however,
it was still within the normal range. According to former Common Terminology Criteria
for Adverse Events (CTCAE), the left ventricular systolic dysfunction is considered when
LVEFS value is below 30% [116]. Previous studies confirmed that a subclinical change in
LVES has also a prognostic value on later development of heart failure [119,120]. Yet,
we applied a quite low limit value of pathological LVFS (<28%) in our case-control study,
because we tried to find association between manifest systolic function impairment and
SNPs. On the other side, there was a need for the genetic association analysis of
subclinical changes in LVFS as well, which was covered by the next step of our study

[73].
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V. Conclusions

In this thesis, identification of stable nucleic acid-based markers associated with

leukemia severity and treatment-induced toxicity was in the focus. Experiments and

analyses are based on a continuously growing biobank containing more than 800 DNA

and more than 300 RNA samples from children diagnosed with acute leukemia in

Hungary. Our results propose the potential advantage of measuring microRNA (miR)

expression and genotyping single nucleotide polymorphisms (SNPs) in patients with ALL

in order to monitor CNS migration of leukemia cells and to predict cardiotoxic events,

respectively. Conclusions of my work are as follows:

1.

De novo and relapsed ALL at the time of diagnosis, two high-burden disease
states, have similar expression pattern of leukemia-specific miRs in peripheral
blood PFP samples.

MiR-181 family is a measurable leukemia-specific group of miRs in the CSF
showing different expression in CNS" and CNS™ patient groups.

MiR-181a-5p level in CSF may indicate CNS infiltration of ALL with a high
sensitivity at the time point of leukemia diagnosis and might provide a
longitudinal marker for CNS disease monitoring.

Atypical, non-exosome small EVs are highly abundant in CSF samples from
CNS" patients compared to CNS™ cases.

In a substantial Hungarian pediatric ALL cohort, CYP345 rs4646450 TT genotype
was significantly more frequent in those children with pathological LVFS (<28%)
measured on follow-up echocardiography visits.

CYP3A45 rs776746 seems to sit on the same haplotype as CYP3A45 rs4646450, and
rs776746 is part of the strongly relevant factor’s network of anthracycline-induced
cardiotoxicity (ACT).

An interaction between SLC28A43 rs7853758 and SLC28A43 rs885004 polymor-
phisms was observed, which complicates the previously described role of

SLC28A43 1s7853758 in ACT by other authors.
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VI. Summary

Residual disease-based treatment intensity in leukemia-affected body compartments,
such as the central nervous system (CNS), has resulted in improved survival in childhood
acute lymphoblastic leukemia (ALL). However, procedures applied to obtain samples
from patients are mainly invasive and sample analysis techniques are sometimes
unreliable. MicroRNAs (miRs) easily traffic among fluid spaces, thus, can be suitable
candidates for liquid biopsy purposes. Childhood ALL survivors need to face possible
chemotherapy-induced organ toxicities, which may worsen their quality of life. Singe
nucleotide polymorphisms (SNPs) may predict the individual risk for such toxicities.

My thesis focused on identifying nucleic acid-based markers indicating CNS disease
or associating with anthracycline-induced cardiotoxicity (ACT) in childhood ALL.
Expression of more than 40 leukemia-specific miRs were screened on serial cerebrospinal
fluid (CSF), bone marrow (BM) and peripheral blood samples (n=174) with custom
TagMan™ low-density array cards, and results were validated by unique qPCR runs. The
main reservoir of miRs in body fluids, extracellular vesicles (EVs) were then
characterized in CSF samples. Associations between longitudinal heart function data and
genotypes of >60 SNPs determined by OpenArray'™ technology were analyzed in a
substantial cohort (n=661).

The role of miR-181-family was identified in clustering CSF samples from patients
with or without CNS disease (CNS* vs. CNS"). MiR-181a-5p expression was about 52
times higher in CSF samples of CNS"™ ALL patients compared to CNS™ cases,
furthermore, CNS" precursor B cell subgroup also had ninefold higher miR-181a-5p
levels in their BM. CNS" CSF samples showed atypical CD63/CD81" small extracellular
vesicles in high density, which were absent in CNS™ samples. CYP345 rs4646450 TT was
six times more frequent among ALL cases with pathological heart function than in
patients with normal ejection values. SLC2843 rs7853758 and rs885004 are proved to be
interacting SNPs in determining ACT risk.

After validating in extensive cohorts, quantification of miR-181a-5p might provide a
novel tool to monitor CNS disease course and further adjust CNS-directed therapy.
Genetic variants in transporters and metabolic enzymes might modulate the individual

risk to cardiac toxicity after ALL treatment.
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