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INTRODUCTION

The main idea of personalised medicine is to tailor treatment to the specific traits and needs
of each patient instead of applying traditional, one-size-fits-all methods with the premise of
administering truly effective therapies and minimising adverse side effects. The primary focus
of my dissertation was to review this rightfully popular and rapidly progressing field with no
claim of being exhaustive.

Due to the technological advances of the last few decades, DNA sequencing has become
a routine task in many scientific and clinical approaches. However, the tremendous amount
of data produced this way makes the cooperation of diverse scientific fields crucial. With the
use of a conventional biological toolset, drawing medically meaningful conclusions from a text
of 1011 characters, hindered by the noise of multiple sources is completely futile. In these
situations, a physicist’s point of view provides a great advantage, as statistical methods and
probabilistic models, such as Bayesian inference, Fisher’s exact test, χ2 test, measuring the
information content and entropy of data, dimensionality reduction by matrix factorization and
principal component analysis are all techniques that can be used during big data analysis of any
kind. During my work, I thus attempted to demonstrate how the physicist methodology can be
applied in a seemingly distant scientific discipline, through joint research projects completed in
close collaboration with doctors and biologists.

Many of the currently ongoing biological and medical studies are aiming to identify differ-
ent biomarkers and explore their clinical importance. Merely the various levels of information
available from a given patient make the topic incredibly versatile. In the first part of my disser-
tation, after exploring the changes of general clinical parameters during disease progression, I
have examined specific biomarkers exploited in immune checkpoint inhibitor therapies.

Diseases can be characterized in a far more superior manner by analysing the DNA se-
quences of the affected tissues, albeit these endeavours necessitate computational tools that
make the interpretation of the results possible. Following a brief technical introduction, in a
substantial part of my thesis, I discussed a novel algorithm specifically designed to simultane-
ously analyse samples with similar genetic backgrounds.

In spite of promising clinical success stories, personalised medicine poses considerable eth-
ical, legal and practical challenges concerning the storage and handling of highly sensitive data.
Even though a comprehensive resolution for these questions remains a dilemma of the future, in
the last chapter of my dissertation I proposed a way to analyse anonymised environmental data
to obtain genomic statistics that can be used as an informative guide for realizing region-specific
population-level medicine.
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CLINICAL PARAMETERS AS BIOMARKERS

Using clinical parameters as biomarkers, that physicians customarily record whenever diag-
nosing a disease, has the distinct benefit of providing guidelines about possible further compli-
cations during the course of the illness and also about potentially efficient treatment strategies
without the need for additional costly examinations. In the following studies, performed in col-
laboration with doctors, I have investigated the changes in clinical parameters with the help of
statistical methods in case of patients suffering from lung adenocarcinoma.

To investigate the most frequent metastatic sites in patients with primary lung adenocarci-
noma and to measure interarrival times before and after a metastasis in a specific organ, we have
examined a cohort of patients diagnosed in one of four Hungarian institutes between 2001 and
2014. Previous efforts in this topic have reported conflicting conclusions about how the exact
localisation of the primary tumour might influence the sites and times of metastasis appearance.
Thus one of the main goals of our study was to explore the effects of primary localisation on the
incidence of early and late metastases in various organs. Additionally, we set out to test the hy-
pothesis of metastases appearing independently of each other and to determine the relationship
of the metastatic site and the time it takes for a metastasis to develop.

As one of the most common metastases in patients with primary lung cancer is of skeletal
origin, the treatment of which customarily consists of administering bisphosphonate, a highly
nephrotoxic drug, it is of great importance to monitor renal function during disease progression
in these cases. In our study, I have investigated the time it takes for renal function parameters
to cross over to the pathological range with a survival analysis model.

Besides observing conventional clinical parameters recorded at diagnosis and monitoring
laboratory results, immune checkpoint inhibitor therapies with never seen before advances in
recent years make it essential to examine the changes of immunotherapeutic biomarkers. I
have investigated the changes in the protein expression levels of PD-L1 in tumour- and immune
cells, and PD-1 in immune cells, along with their correlations with clinical parameters using
data obtained by immunohistochemical staining in multiple patient groups.

1. Individual results in clinical studies:

1.1 By examining the metastases of patients suffering from lung adenocarcinoma, I have
shown that primary tumours with a central localisation are more aggressive than peripheral ones
and more likely to promote early metastases. Moreover, within a single patient, bone metastases
are more frequently paired with liver- and adrenal-; and adrenal- with skin metastases than
expected from assuming independence. On the other hand, pleural metastases are more rarely
seen together with brain or adrenal metastases. I have also established that lung metastases tend
to precede brain-, bone- and liver metastases; adrenal metastases usually appear sooner than
brain metastases and pleural metastases predate liver metastases. [1.]
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1.2 I have defined an approximate model to examine the time it takes for the values of
laboratory renal function parameters to cross over into the pathological range for a group of
patients with primary lung adenocarcinoma and bone metastasis. I have shown that initially
normal renal function parameters are likely to deteriorate into the pathological range sooner
in cases of primary tumours in later stages, hypertension and after the appearance of the bone
metastasis. [2.]

1.3 While investigating immunotherapeutic biomarkers, I have established the prognostic
role of the presence of peritumoral immune cells: in case of their absence, the hazard estimated
from survival analysis is 1.5-times higher. I have also shown that the ratio of PD-L1 expressing
tumour cells stays stable in most (68.3%) and decreases in one fourth (24.4%) of the cases
while only rarely increasing (7.3%) during neoadjuvant, platinum-based chemotherapy. I have
demonstrated the negative correlation between lepidic growth pattern and the PD-1 and PD-L1
expression of immune cells, moreover the PD-L1 expression of tumour cells. I have discovered
a strong positive correlation in the PD-L1 expression levels of tumour cells between the primary
lung tumour and its brain metastasis. [3., 4., 5., 6.]

THE ROLE OF NGS TECHNOLOGIES IN BIOMARKER RESEARCH

Even though the past of DNA sequencing is barely longer than 40 years, its history has
been rich in multiple paradigm shifts and technological advances. As an illustration, from
2007 to 2012 the raw cost of sequencing a single nucleobase decreased by four orders of mag-
nitude, shifting the focus of clinical and biological studies to the creation and processing of
next-generation sequencing (NGS) data.

The widespread use of the technique presents a great challenge for scientists less acquainted
with computational methods and analysing a large amount of data. One of the main objectives
is to determine germline genomic mutations characterizing an individual and to find somatic
mutations specific to the diseased tissues with reasonable accuracy. Given that no standard-
ized methods have been established yet that perform reliably in any experimental setup, most
of the publicly available mutation detection tools have been optimized to extremely specific
circumstances.

During my work, I have developed a computational tool which can be used to detect unique
and shared mutations in a group of isogenic samples. When examining homogenous cell popu-
lations produced with single-cell cloning, the algorithm proved to be more precise than the most
popular state of art tool (MuTect2) and could be run more than 100-times faster.

I have demonstrated the efficiency and easy usability of the designed software on the se-
quencing data of cell line experiments performed by the research group of the Institute of En-
zymology of the HAS. Using the mutational patterns I established, we have determined the
consequences of various genomic defects on the statistical properties of the detected mutations.
We have also examined the mutagenic effects of multiple cytotoxic drugs and PARP inhibitor
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therapy. Additionally, we have shown how the genomic imprint of different treatments can be
used to draw meaningful conclusions about the evolution of the tumour and its metastases.

2. Individual results in the analysis of NGS data:

2.1 I have designed a mutation detection algorithm and its software implementation,
named IsoMut that can be used to analyse the sequencing data of groups of isogenic samples.
[7.]

2.1.1 I have established reliable mutational test sets for different sample groups, that
could be used to optimize the filtering parameters of the method. I have artificially tested
multiple experimental setups to access their impact on the performance of the method. [7.]

2.1.2 I have compared the results of the technique with the output of two mutation
detection software, VarScan 2 and MuTect. I found that using the default parameter settings for
each tool, IsoMut outperforms both of the other algorithms when detecting unique mutations.
By manually filtering mutations identified by MuTect, I obtained similar, albeit still less precise
results than those produced by IsoMut. Furthermore, IsoMut was more than 10-times faster
than VarScan 2, almost 50-times faster than MuTect and more than 150-times faster than the
newest version of MuTect (MuTect2). [7.]

2.1.3 I have devised a modified version of the software (IsoMut2py) to be able to
estimate the karyotypes of single samples and to incorporate local ploidy information into the
mutation detection pipeline. The new version can also be used to detect shared mutations, to
automatically optimize the results whenever control samples are available and to post-process
and visualize the list of mutations. We have demonstrated the usefulness of these analysis
steps by investigating the evolutionary pattern of a primary lung tumour and its metastases in
collaboration with the research group of the HAS. [8.]

2.2 I have demonstrated the efficiency of IsoMut and IsoMut2py by analysing real exper-
imental data.

2.2.1 In our study performed in collaboration with biologists, we have shown that the
loss of the BRCA1 and BRCA2 genes causes a significant increase in the spontaneous mutation
rate, but does not selectively affect the triplet spectra of the mutations. On the other hand, the
length distribution of deletions was considerably altered compared to wild type samples: lack of
BRCA1 increased the number of deletions longer than 10 base pairs, while the lack of BRCA2
widened the whole distribution. [9.]

2.2.2 By investigating the effects of common cytotoxic drugs, we have established
that hydroxyurea, gemcitabine, 5-fluorouracil, doxorubicin and paclitaxel cause no detectable
increase in the spontaneous mutation rate. Etoposide elevates the base substitution frequency
but does not significantly alter the triplet mutation spectra. When using cisplatin or cyclophos-
phamide, the number of SNVs increased substantially and specific peaks emerged in the spectra.
By the detailed analysis the mutations I detected, we were able to show that cisplatin-caused

4



Orsolya Anna Pipek Theses of PhD dissertation

mutations appear in the vicinity of bipurine intrastrand crosslinks at GG, AG and GA dinu-
cleotides. [10.]

2.2.3 Examining the mutagenic effect of the PARP inhibitor niraparib, we could de-
tect no increase in the spontaneous mutation rate. During the study, I determined the karyotypes
of the investigated, sometimes highly aneuploid cell lines and the spectra of their spontaneous
mutations. [11.]

POPULATION-LEVEL GENETIC INVESTIGATIONS BASED ON
ENVERIONMENTAL SAMPLES

Even though DNA sequencing is practically unavoidable in the frontline of medical and
biological research and the benefits of the technology can be unequivocally illustrated, the col-
lection, storage and management of these most personal information give rise to many ethical
and legal questions. Considering that the acquired DNA not only characterizes a single individ-
ual but also a broader group of people who are genetically related to them, obtaining informed
consent from the patient is not strictly sufficient. Additionally, with the increasing amount of
available genetic information, it is progressively more likely that employers and insurance com-
panies will seek access to these to filter employees and customers based on genetic statistics.
Genetic discrimination based on the probability of future diseases could create a new group of
disabled people. These problems make it essential to appropriately control access to genetic
data, especially to maintain the faith of the public in new medical and technological solutions.
This is not only crucial to improve the standard of living of individuals, but also to preserve the
general acceptance of scientific research.

However, until such legislative measures are realized, it could prove useful to look at al-
ternatives to individual genetic testing. A possibility is to artificially pool together the genetic
material of multiple people, but this method does not address the difficulties of sample collec-
tion. During our research, we focused on investigating an inherently combined and anonymised
genetic mixture, the donors of which never get identified during sample collection and the subse-
quent analysis. Furthermore, sample acquisition is both cheap and uncomplicated and does not
require informed consent. Based on the results, population genomic conclusions can be drawn
for the investigated group of people without the need for identifying individuals. Admittedly,
the method takes a step backwards from truly personalised solutions, however, surveying the
genomic diversity of the population can be beneficial for public health measures. Many studies
indicate that different mitochondrial DNA haplogroups are variously associated with medical
conditions, such as cardiovascular problems, Alzheimer’s disease and numerous tumour types.
Thus mapping out the local distribution of mtDNA haplogroups in specific geographic regions
could serve as a helpful guide for disease control by allowing for region-specific prevention
strategies and increasing awareness of medical conditions more likely to occur in the local so-
ciety.
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In our study, we investigated traces of human DNA in wastewater samples originating from
different cities and reconstructed the local frequency distribution of mitochondrial DNA hap-
logroups. The research was hampered by the fact that the DNA preparations available to us
were originally collected for metagenomic analysis and thus were cleaned of most fragments
potentially originating from humans before sequencing. In spite of this, our results showed
reasonable agreement with data obtained from the literature, produced with entirely different
approaches of sample collection. We could also demonstrate the robustness of our method by
analysing samples from locations geographically near to each other.

3. Individual results in analysing wastewater samples:

3.1 I was able to show that samples originally collected for metagenomic sequencing
contained trace amounts of human DNA. I also verified that the selected DNA fragments were
indeed human and did not emerge from other sources. [12.]

3.2 Using different approaches (principal component analysis, t-SNE, phylogenetic tree
construction) for clustering the investigated samples, I showed that they do somewhat segregate
based on continental origin, but their inherently mixed nature prevents the drawing of further
conclusions. [12.]

3.3 To overcome the problem of the artificially created mixed consensus haplogroups in
the samples, I used an expectation-maximization algorithm to recover the weights of different
mtDNA haplogroups in the mixture. The results showed good agreement with US census data
and the haplogroup distributions obtained from the literature. Samples collected geographically
near to each other resulted in very similar outcomes, thus I was able to show that the method
produces reproducible and robust results and can be reliably used for the determination of local
haplogroup distributions. [12.]
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