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Von Strahlenspuren zu DNA-Schäden
Die Biophysik hinter α– and β−–Emittern
in der gezielten Radionuklidtherapie

Metastasierende Krebserkrankungen stellen eine zentrale Herausforderung dar
und erfordern innovative Behandlungsansätze wie die gezielte Radionuklidther-
apie (TRT). Zur Optimierung von TRT und Bekämpfung von Radioresistenzen ist
ein grundlegendes Verständnis der radiobiologischenMechanismenentscheidend,
welche vom Radionuklidtyp, der Aktivität sowie der zellulären Lokalisation des Ra-
diopharmazeutikums abhängig sind. Anhand des zielgerichteten Radiopharma-
zeutikums PSMA-617 für Prostatakrebs wird untersucht, wie die physikalischen
Unterschiede des klinisch-erprobten α-Emitters 225Ac und β−-Emitters 177Lu die
strahlenbiologische Wirksamkeit und den Therapieerfolg beeinflussen. Die Aus-
wertung von DNA-Doppelstrangbrüchen (DSB) mittels γH2AX-Immunfluoreszenz-
färbung und Zellproliferationsassays zeigte eine Überlegenheit des α-Emitters ge-
genüber dem β−-Emitter, welcher mit nur einem Prozent der Aktivitätsmenge
eine vergleichbare Anzahl an DSB induzierte. Durch gezielte Internalisierung kon-
nte die therapeutische Wirksamkeit der α-Strahlung mit kurzer Reichweite (47–
85 µm) signifikant verbessert werden, jedoch nicht bei β−-Strahlung mit längerer
Reichweite (1,5–1,7mm). Die Anzahl an DSB blieb nach α-Exposition bis zu 72 Stun-
den auf einem hohen Niveau, während sie nach β−-Exposition und externer Pho-
tonenbestrahlung zurückging. TRT in Kombination mit DNA-PK-Inhibitor Nediser-
tib® zeigte erhöhte Wirksamkeit und wies sogar bei niedrigen Inhibitorkonzentra-
tionen ein Potenzial zur Reduzierung der eingesetzten Aktivität und Überwindung
von Radioresistenzen auf. Diese Ergebnisse unterstreichen die Bedeutung der
Strahlenbiologie in TRT und heben dabei die Relevanz von α-Emittern sowie Kom-
binationsstrategien für effektivere und verträglichere Krebstherapien hervor.
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From Radiation Track to DNA Damage
The Biophysics Behind α– and β−–Emitters

in Targeted Radionuclide Therapy
Metastatic cancer remains amajor challenge, necessitating innovative treatments
like Targeted Radionuclide Therapy (TRT). Understanding the underlying radiobi-
ological mechanisms influenced by radionuclide type, administered activity, and
cellular localization is of utmost importance for optimizing TRT effectiveness and
combating radioresistance. This study uses the prostate cancer-addressing ra-
diopharmaceutical PSMA-617 to investigate how the physical differences between
clinically-used α-emitter 225Ac and β−-emitter 177Lu affect radiobiological efficacy
and therapeutic outcome. Immunofluorescent γH2AX staining of DNA double-
strandbreaks (DSBs) and cell proliferation assays demonstrated that theα-emitter
outperformed the β−-emitter, achieving a similar amount of DSBs with only 1 per
cent of the activity. Notably, targeted internalization significantly enhanced thera-
peutic efficacy of short-rangeα-emitters (47–85 µm), while having negligible impact
for longer-range β−-emitters (1.5–1.7mm). Furthermore, the amount of α-induced
DSBs remained high for up to 72 hours, while it decreased for β−-exposure and ex-
ternal photon irradiation. Combining TRT with the DNA-PK inhibitor Nedisertib®
further enhanced treatment efficacy and demonstrated resistance-overcoming
potential, allowing for a reduction in activity even at low inhibitor concentrations.
These findings underscore the importance of radiobiology in TRT and highlight
the relevance of α-emitters as well as combination strategies for more effective
and well-tolerated cancer treatments.
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1 Introduction

1.1 Motivation

What disease do you fear the most?

Is your answer Cancer?
Then you are not alone.

Most people know someone who has been or is battling cancer, making it a per-
sonal matter and a very present reality for many. A cancer diagnosis often evokes
feelings of helplessness and uncertainty, along with drastic changes to everyday
life - not only for patients, but also for their relatives. Furthermore, cancer does
not discriminate by age or social status and can emerge suddenly and unpredict-
ably. These personal experiences contribute to widespread fear throughout soci-
ety.
This is reflected in numbers as well, according to a survey conducted by DAK-
Gesundheit, a major German statutory health insurance provider, 73% of Ger-
mans named cancer as the disease they fear the most [1]. Yet, statistically, car-
diovascular diseases remain the leading cause of death in Germany [2]. Why then
is cancer fearedmore? Because fear is not just about statistics and rationality, it is
about uncertainty and the unknown. The emotional stress, the exhausting treat-
ments, the unpredictability of treatment outcomes, as well as the looming threat
of recurrence all contribute to the deep fear surrounding cancer.
To overcome this fear, cancer treatments must not only be effective but also well-
tolerated. These efforts must be complemented and reinforced by a deeper un-
derstanding of cancer biology, effective early detection methods, and accessible,
widely available screening programs. This need becomes evenmore urgent as the
number of cancer cases is expected to rise significantly in the coming years. The
International Agency for Research on Cancer (IARC) projects that approximately
one in five individuals will develop cancer during their lifetime [3], with a stagger-
ing 21.3 million new cancer diagnoses anticipated worldwide by 2025 [4].
As cancer is as diverse as humanity, it is nearly impossible to find a universal “one
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Chapter 1. Introduction

to fit them all” treatment. Despite this challenge, significant progress has been
made in recent decades, with overall survival rates steadily increasing over time.
Moreover, since 1995, the EuropeanMedicines Agency (EMA) has approved almost
200 new cancer medications [5], reflecting the rapid advancement of cancer re-
search and treatment options.
However, what constitutes an ideal cancer treatment? An effective cancer treat-
ment should ideally fulfill the following key criteria:

HighSpecificity: selectively targeting cancer cellswhile sparing normal, heal-
thy cells
High Efficacy: completely eliminating all cancerous cells, even in advanced
disease stages with metastatic spread
Minimal Toxicity: inducing few ormanageable side effects that do not com-
promise quality of life

This is what targeted radionuclide therapy (TRT) and targeted alpha therapy (TαT)
aim for. As endoradiotherapy - internal radiotherapy - they are both systemic and
cancer-specific targeted treatments. The underlying concept involves conjugating
a (DNA) damaging agent - a radionuclide - with a target-specific vector, typically a
small molecule or antibody, which enables the selective differentiation between
tumor cells and healthy tissue. This targeted approach allows for the precise de-
livery of a lethal dose directly to the tumor site. Furthermore, due to its systemic
nature, this therapy can simultaneously treat both the primary tumor and meta-
static sites. As a result, TRT and TαT, demonstratemostlymild side effects, leading
to improved quality of life and prognosis for patients.
Notably, the treatment ofmetastatic castration-resistant prostate cancer (mCRPC)
with prostate-specific membrane antigen (PSMA)-targeting radioligands, namely
[177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA-617, has emerged as a highly effective plat-
form for managing advanced disease [6, 7]. The radiopharmaceutical [177Lu]Lu-
PSMA-617 received FDA (U.S. Food and Drug Administration) and EMA approval
in 2022 as Pluvicto®(Novartis, Basel, Switzerland), marking a significant milestone
in TRT. This achievement was made possible through a huge effort of multiple
disciplines, as TRT requires the collaboration and synergy of radiochemistry and
-pharmacy, physics, biology, and medicine. To enumerate just some of the chal-
lenges that needed to be overcome in developing TRT: synthesizing and optimiz-
ing pharmacophores for specific binding, developing suitable chelators for the
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1.1. Motivation

radionuclide coordination and optimizing labeling procedures, evaluating com-
pound’s stability, considering and identifying radionuclides with desirable prop-
erties for therapy and potential imaging applications, producing and delivering
high-purity radionuclides, estimating and calculating absorbed dose and biolo-
gical effectiveness of the compound, and immaculately translating these findings
into clinical practice and securing marketing authorization.
With the first approval of TRT as a treatment option, new challenges and opportun-
ities arise. A comprehensive understanding of radiobiology and the optimization
of dosimetry are crucial aspects for successful therapy planning, optimization, and
outcome prediction. While these aspects are well understood in the established
standard of care (SoC) treatment of external beam radiation therapy (EBRT), the
mechanisms unique to TRT present a more complex landscape and comprehens-
ive studies have only recently begun [8]. Furthermore, the mechanisms in TRT
affecting DNA damage induction and therefore radiation dose delivery and bio-
logical effectiveness are more complex and multi-parameter-dependent. The in-
terplay of various factors influences DNA damage and biological effectiveness in
TRT. These factors include radionuclide distribution, delivery, and cellular localiz-
ation, as well as the specific properties of the radionuclide, such as emitter type
and half-life. Additionally, activity concentration and exposure time play a crucial
role for the total delivered dose.
The complexity of these interactionsmakes it difficult to predict the biological out-
come and effectiveness of TRT. Furthermore, the principles governing DNA dam-
age induction and repair may differ from those observed in EBRT, since TRT con-
tinuously introducesDNAdamage over an extended period of time, whereas EBRT
delivers the dose inducing DNA damage in a short burst during the irradiation
treatment, allowing cells undisturbed time for repair afterwards. Therefore, the
relationship between absorbed dose and tissue damage needs to be redefined
for TRT and compared to current knowledge from EBRT. As illustrated in Figure
1.1, solving this complex, multidisciplinary puzzle is crucial to advancing TRT to the
next level.
This thesis aims to contribute to a profound understanding of the fundamental
principles behind DNA damage induction and repair, with a focus on the unique
characteristics of TRT. By closely evaluating the different physical parameters of
TRT, this work will additionally provide essential knowledge to enhance the accur-
acy and effectiveness of TRT dosimetry. The key research questions driving this
work are outlined in Section 1.2.
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Chapter 1. Introduction

Figure 1.1: The puzzle of Targeted Radionuclide Therapy: the field of TRT presents acomplex and multidisciplinary puzzle, with each piece relying on input fromvarious disciplines. The therapeutic outcome depends on precise understand-ing and management of factors such as biological distribution, specific target-ing capabilities, cellular uptake, and the unique properties of the radionuc-lide itself, including emitter type, half-life, activity concentration, and expos-ure time. This intricate interplay between these variables shapes the deliveryand effectiveness of radiation-induced DNA damage, requiring careful optim-ization for effective therapy planning and outcome evaluation. By contribut-ing a part in unraveling this complex puzzle, we aim to unlock the full poten-tial of TRT, improving treatment optimization and outcomes for patients whorequire innovative therapies for challenging diseases. Created in Biorender
https://BioRender.com
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1.2. Research Questions

1.2 Research Questions

This thesis addresses four key researchquestions that aim tobridge existing know-
ledge gaps in the field. The subsequent paragraphs will elaborate on each ques-
tion, highlighting its relevance to current research deficits and the potential bene-
fits of finding answers.

Q1How do physical parameters such as activity concentration, emitter
type, and exposure time impact the biological effectiveness of TRT?

As outlined in the previous Section 1.1, the outcome of TRT depends on multiple
physical parameters influenced by the used radionuclide. Notably, α- and β−-
emitters exhibit distinct characteristics in terms of their range in tissue, with α-
particles having a limited range of 20 µm to 80 µm and β−-particles exhibiting a
significantly longer range of 2mm to 11.5mm. Due to their relatively short range, α-
emitters selectively damage primarily targeted cells expressing the corresponding
receptor, making them very suitable for TRT due to their high specificity. In con-
trast, β−-radionuclides may be more suitable for treating heterogeneous tumors,
as their extended range facilitates damaging of non-target-expressing tumor cells
as well [9, 10]. The distinct physical properties of these particle types can lead to
unique damage patterns in DNA that must be taken into account for accurate do-
simetry and optimal biological effectiveness. A thorough understanding of these
distinct properties is crucial for optimizing dosimetry andmaximizing therapeutic
efficacy. However, a major challenge in current TRT studies is the multitude of
variables that can be manipulated, resulting in a scarcity of consistent comparis-
ons between different emitters under uniform experimental conditions. This lack
of standardization hinders the quantitative evaluation of their biological effective-
ness and the impact of specific physical parameters. Furthermore, existing stud-
ies often suffer from methodological limitations, such as using only one activity
level or exposure time and inconsistent reporting of applied activities. This makes
it challenging to compare the properties and effects of different radionuclides
evaluated in various experimental setups. This knowledge gap in understanding
the specific impact of radionuclide physical properties on DNA damage patterns
is addressed with this research question.
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Chapter 1. Introduction

Q2How can a single-cell simulation be designed to estimate absorbed
dose as a function of subcellular radionuclide localization and to

model DNA damage induction?

The different physical properties of various radionuclides necessitate the use of
distinct activity ranges to achieve comparable biological effectiveness. For instance,
100 kBq can lead to complete different biological response, depending on the em-
ployed radionuclides. Consequently, activity alone is not a suitable parameter
for quantitative comparison between radionuclides. As the biological effective-
ness is strongly correlated with the absorbed dose, the absorbed dose would
be a valuable parameter for comparing studies. However, determining the ab-
sorbed dose experimentally in TRT is extremely challenging, if not impossible,
and thus requires accurate and reliable modeling within a simulation framework.
To accurately predict the biological response to TRT, it is essential to understand
how the localization of the radionuclide (whether membrane-bound or internal-
ized) affects the absorbed dose distribution and subsequent DNA damage. Match-
ing experimental data with sophisticated simulations can help to understand the
complex relationship between radionuclide distribution and biological effect, ul-
timately leading to the development of a robust simulation framework for im-
proved dosimetry. To simulate the complex physical and biological processes in-
volved in TRT, Monte Carlo modeling is a critical computational approach. Monte
Carlo methods rely on the use of random sampling techniques to simulate the
stochastic nature of radiation transport. One of the most widely used platforms
for such simulations is Geant4 (Geometry and Tracking), an open-source Monte
Carlo simulation toolkit developedbyCERN. For radiobiological applications, Geant4-
DNA, an extension of Geant4, provides the tools necessary to simulate radiation
interactions at the molecular and cellular levels. It includes dedicated models
for simulating track structures, direct and indirect DNA damage, and subsequent
biological endpoints such as strand breaks and complex DNA lesions. Although
several simulation studies have attempted to model the effects of TRT, there is
substantial variability in their scope and design. Differences in geometry, cellu-
lar models, radionuclide distribution assumptions, physics models, and biological
endpoints (e.g., DNA damage types) contribute to a fragmented understanding.
A comprehensive simulation framework that integrates all relevant parameters -
particularly the precise subcellular localization of radionuclides - is needed to bet-
ter quantify how localization influences absorbed dose and resulting biological
outcomes.
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1.2. Research Questions

Q3 What biological differences exist in the induction (e.g., size, struc-
ture) and long-term repair of DNA damage caused by α- and β−-

emitters?
Thorough comparison of biological effectiveness and characteristics of α- and β−-
emitters in regards to DNA damage is crucial for tailoring TRT to individual patient
needs. Notably, it is crucial to gain a deeper understanding of the repair mechan-
isms following TRT, as theymaydiffer significantly from those observed after EBRT.
In particular, in TRT DNA damage induction and repair occur concurrently due to
the continuous decay of radionuclides, which can lead to a complex biological re-
sponse. To facilitate repair, cells must unwind their densely packed chromatin,
which makes them more vulnerable to further DNA damage by the next emitted
particle. This presents a unique challenge to cellular repair pathways andmay res-
ult in increased frequency of clustered DNA damage ormisrepair, potentially lead-
ing to distinctly different biological outcomes compared to EBRT. Moreover, the
high linear energy transfer (LET) of α-emitters versus the lower LET of β−-emitters
likely results in qualitatively different DNA damage structures - such asmore com-
plex double-strand breaks - that may engage distinct repair pathways or differ in
repair efficiency. While direct DNA damage responses to TRT have been more
frequently studied, fewer investigations have focused on the long-term dynamics
of DNA repair following exposure to TRT. This underscores the need for more
comprehensive studies that specifically examine the differences in long-term re-
pair processes between α- and β−-emitters, alongside comparative analyses with
the gold standard of EBRT, to better understand where and how these treatment
modalities differ in their biological responses. Understanding these differences in
both the induction (e.g., size, complexity, spatial distribution) and long-term repair
of DNA lesions is vital not only for elucidating the biological effects of various emit-
ters but also for identifying optimal combination therapies that can radiosensitize
or inhibit DNA repair to overcome radioresistance [11].
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Chapter 1. Introduction

Q4Can combination therapy with a DNA repair inhibitor improve treat-
ment outcomes by enhancing efficacy, reducing required activities,

and potentially overcoming radioresistance?
Despite the efficacy of [177Lu]Lu-PSMA-617 as a therapeutic agent for mCRPC, ap-
proximately 30% of patients develop resistance to this treatment [12]. In such
cases, an alternative approach involves switching to theα-emitting [225Ac]Ac-PSMA-
617 or employing a tandem therapy that combines both radiopharmaceuticals [13].
Unfortunately, radioresistance to α-radiation has also been reported. In a cohort
of 60 patients treated with [225Ac]Ac-PSMA-617, 37% exhibited a poor therapeutic
response despite high PSMA expression in their tumors. Next-generation sequen-
cing of biopsies from these non-responsive patients revealed mutations in genes
involved in DNA damage repair and checkpoint pathways [14], suggesting that de-
ficiencies or alterations in these critical mechanisms may allow tumor cells to sur-
vive despite high radiation-induced DNA damage. Therefore, combining TαT with
agents that specifically inhibit DNA damage response proteins or repair pathways
may be an effective strategy for overcoming the reported radioresistance. How-
ever, since TRT - and particularly TαT - are relatively recent therapeutic modal-
ities, there remains a significant gap in understanding the detailed mechanisms
underlying tumor response and resistance. Additionally, DNA repair inhibitors
such as poly ADP-ribosylation inhibitor (PARPi) and DNA-PK inhibitor (DNA-PKi)
have only recently emerged as novel treatment options, and their interplay with
other therapies, including TRT, is not yet well understood or extensively studied.
Consequently, results from combination therapy studies targeting DNA damage
response pathways alongside TRT remain limited. This highlights the urgent need
for more comprehensive in vitro investigations to elucidate the biological interac-
tions between TRT and DNA repair inhibitors, which will be critical for optimizing
combination treatment strategies.

1.3 Outline

This thesis is structured as follows: The next Chapter 2 focuses on introducing
the fundamental principles relevant in the scope of this work. Given that TRT is
an interdisciplinary research field, this chapter covers both biomedical principles
(Section 2.1), including cell biology and cancer development, as well as physical
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1.3. Outline

principles (Section 2.2). The latter encompasses an overview of radioactive decay,
properties of various radionuclides, and key concepts underlying DNA damage in-
duction by different types of radiation. The last Section 2.3 in this Chapter focuses
on basic principles of TRT. In the following Chapter 3, a comprehensive overview
of the current state of TRT is provided, focusing on the newest developments as
well as recent pre- and clinical outcomes.
Methods and Experimental Design are explained in detail in Chapter 4. The sec-
tions represent the threemain studies, DNAdamage induction and repair (Section
4.1), absorbed dose simulation (Section 4.2), and cell proliferation after mono- or
combination therapy of TRT (Section 4.3). Each section follows a uniform struc-
ture, mirroring the experimental procedure to facilitate reproduction of the stud-
ies. The sections begin with a brief introduction outlining the rationale and experi-
mental design, followed by a detailed protocol describing cell culture procedures,
compounds, and specific treatments used. After the detailed protocol, the ana-
lysis procedure is explained.
The results are presented in Chapter 5 and discussed in the subsequent Chapter 6.
The structure of this chapter aligns with the four research questions introduced
in Section 1.2. The study results of DNA damage induction are incorporated in
Subsection 5.1 and 5.3. Subsection 5.2 describes the development of a simulation
framework determining the absorbed dose, while Subsection 5.4 presents the res-
ults of the combination therapy of TRT with a DNA repair inhibiting DNA-PKi Nedi-
sertib® (Merck, Darmstadt, Germany).
Finally, Chapter 7 summarizes the main findings and evaluates their impact. This
is complementedby anoutlook on future developments in TRT and rational design
for further studies.
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2 Fundamentals

In this chapter, the necessary knowledge to understand the performed experi-
ments and results is provided. The first Section 2.1 focuses on the relevant biolo-
gical mechanisms and processes in radiobiology, including DNA structure as well
as induction and repair of DNA damage. This is followed by an introduction to
the basic principles of carcinogenesis, which are important for understanding the
vulnerabilities of cancer therapies and the challenges they face. The next Section
2.2 summarizes fundamental physical principles relevant in the scope of this work.
Radioactive decay and physical properties of α- and β−-emitters are outlined, fol-
lowed by DNA damage induction of various radiation types. Section 2.3 gives a
brief overview of TRT, with a short excursion into radiochemical principles and
description of the used PSMA-targeting compound.

2.1 Biomedical Principles

Understanding the effects of irradiation on human cells requires basic knowledge
of cell composition, cell cycle andDNA. Startingwith the concept of cells in general,
important features of an animal cell are explained. Detailed descriptions of topics
relevant to this work, including DNA structure and cell proliferation, follow. After-
wards, an overview of the classification of DNA damages and repair processes
is given. The development of cancer and its hallmarks are specified. These are
crucial to understanding the challenges cancer therapy faces.
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Chapter 2. Fundamentals

2.1.1 Biological Cell Structure and DNA Damage Repair

Biological Structure of an Eukaryotic Cell

A living organism is defined to have the following capabilities: reproduction, growth,
and development, and exchange of energy and matter with its environment [15].
A cell is the smallest unit that fulfills all these requirements. One distinguishes
prokaryotes and eukaryotes. Eukaryote cells organize their DNA into amembrane-
bound nucleus and contain membrane-bound organelles such as mitochondria,
while in prokaryotic cells the DNA lies unpackaged in the cytoplasm. Prokaryotes
are usually single-cell organisms like Escherichia coli (E. coli). Eukaryotes are the
basis for all multicellular organisms as fungi, plants, and animals.
To understand the effects of TRT, the typical structure of a human (animal) cell
is the relevant model. In Figure 2.1, the schematic cross-section of such a cell
is shown. Two of the most important targets in cancer therapy are the nucleus,
which contains DNA, and the mitochondria, which act as a cellular power plant.
These can be targeted specifically to cause fatal damage and cell death.

Figure 2.1: Structure of a eukaryotic cell: a cell with a nucleus and various cell organellesis shown. The cell nucleus, which packages and organizes DNA, is the charac-teristic feature of a eukaryotic cell. Illustration acquired from Bingbongboing,CC BY-SA 4.0, http://creativecommons.org/licenses/by/4.0/, via Wikime-dia Commons [16]
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2.1. Biomedical Principles

The cell membrane acts as a barrier separating the interior of the cell from the
external environment. It regulates the movement of substances into and out of
the cell and plays a key role in various cellular functions, including cell adhesion
and signaling. Inside, the cell is filled with cytoplasm that surrounds numerous or-
ganelles as well as the nucleus. Mitochondria are important membrane-covered
cell organelles responsible for cellular respiration and energy production.
The nucleus is defined by the nuclear membrane, which isolates its contents from
the cellular cytoplasm and regulates the traffic of proteins and other molecules
through nuclear pores. In the nucleus, the DNA is organized as chromatin.

Cell Proliferation and Cell Cycle

Each cell originates from another preexisting cell. The cell cycle is the process that
regulates this continuous iteration of duplication and cell division. Cell prolifera-
tion requires both cell division and growth, happening at the same time, leading
to an increasing population of cells with a constant average size. In cancer cells,
cell proliferation is often uncontrolled, or the proliferation rate is increased com-
pared to normal cells. If a cell population has experienced severe damage, cell
proliferation is slowed down or stopped due to arrest in the cell cycle or loss of
cells by cell death.
The fundamental principle in the cell cycle is the replication of the DNA, which has
to be error-free to guarantee a fully functional cell and avoid lethal mutations or
degeneration leading to tumorigenesis. Therefore, the cell cycle is organized in dif-
ferent stages interrupted by various checkpoints to ensure that everything works
properly. Generally, the cell cycle is split into four different successive phases: G1

(Gap 1), S (synthesis phase), G2 (Gap 2), and M (mitotic phase) illustrated in Figure
2.2.
The cell spends most of its time in the interphase, which consists of G1, S and G2.
In this stage, the cell increases in size, duplicates its chromosomes, and gets ready
to divide. Following interphase, the cell proceeds through mitosis and finishes di-
vision by splitting into two genetically identical daughter cells. Each daughter cell
then enters interphase, starting a new cycle.
The duplication of the DNA takes place in the S-phase (DNA Synthesis) where each
chromosome is replicated. At the beginning of mitosis, these intertwined pairs of
identical chromosomes are condensed to sister chromatids in the characteristic
shape (compare drawing in the circle right to the “M” in Figure 2.2). These sister
chromatids are pulled apart later on in the mitosis by the mitotic spindle (next
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Chapter 2. Fundamentals

circle following). Finally, the two DNA copies are packed into two nuclei, which is
the end of mitosis. The final step of the M phase is then cytokinesis, where the
cell divides into two identical daughter cells, each containing a nucleus and a set
of duplicated cell organelles such as mitochondria. [15]
G1 and G2 serve two purposes. Firstly, they are known as "gap phases" because
they allow cells to grow and prepare for the next cell division, which requires a
certain amount of time. Secondly, during these phases, the cell assesses whether
the internal and external environmental conditions are suitable for proceeding
with the next cell division.

Figure 2.2: Cell cycle: the cell cycle is divided into four distinct, consecutive phases, G1,S, G2, and M. Most of the time the cell spends in interphase (G1, S, G2). Dur-ing the M phase, the cell undergoes mitosis (separation of the duplicated DNAinto two identical copies) and cytokinesis (splitting into two daughter cells). Il-lustration acquired from Genomics Education Programme, CC BY 2.0, https:
//creativecommons.org/licenses/by/2.0, via Wikimedia Commons [17]
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2.1. Biomedical Principles

DNA Structure and Organization

The DNA (Deoxyribonucleic acid) is the molecule that contains the genetic instruc-
tions necessary for the reproduction, growth, development, and function of cells.
As such, maintaining the integrity of DNA is crucial for cellular health and proper
functioning. Damage to DNA can have severe consequences, including cell death.
Therefore, DNA is the primary target of radiotherapy, which aims to exploit this
vulnerability by inducing DNA damage in cancer cells while minimizing harm to
healthy tissues.
The structure of the DNA was decrypted by Watson and Crick in 1953 [18]. They
were the first to propose a structure with two helical chains coiled around the
same axis, forming a right-handed double helix. The two DNA strands are known
as polynucleotides, as they are made up of simple monomeric units called nuc-
leotides. Central for their conclusions were the X-ray diffraction photographs of
DNA that Rosalind Franklin performed [19].
Eachnucleotide is composedof oneof four nitrogen-containing nucleobases (cyto-
sine [C], guanine [G], adenine [A], and thymine [T]), the sugar deoxyribose, and a
phosphate group. The deoxyribose is the backbone of the chain on the outside of
the helix. The nucleobases located inside the double helix are responsible for the
binding of the two chains. As only specific base pairs can bond together (AT and
GC), the sequence of one strand defines the sequence of the other strand, which
is helpful when it comes to damage repair. The sequence of the bases encodes
the genetic information.
The human genome consists of 46 chromosomes. Of these, 44 chromosomes
exist as pairs of homologous chromosomes, i.e., two copies of the same chromo-
some, one inherited from the mother and one from the father. These are called
autosomes. The last two chromosomes are heterosomes X and Y, which determ-
ine gender.
A chromosome is a linear DNA double helix with a specific base sequence con-
taining various genes. Genes are shorter base sequence segments that encode
one specific protein, a set of protein variants, or an RNA molecule that fulfills an
important role for the cell. Proteins have multiple functions essential for cell sur-
vival. They catalyze reactions, serve as signal receptors or motors, and thereby
control central processes, e.g. DNA repair. The process by which RNA molecules
are made using the base sequence of the specific gene is called transcription. The
synthesis of a protein using an RNA molecule is called translation. In addition to
genes, DNA also contains non-coding regions and regions that regulate gene tran-
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scription.
In total, all chromosomes togetherwould result in a chain of 2m length if stretched
out and strung together. The typical nucleus has a diameter of 6 µm. Hence, the
nuclear DNA needs to be organized tightly to fit into this small volume. [15]

Figure 2.3: From DNA to chromatin: the DNA strand is wound around the his-tone octamer, forming a complex called nucleosomes. The nucleosomesare organized either in open, loosely arranged chromatin (euchromatin) orclosed, densely packed chromatin (heterochromatin). Illustration acquiredfrom Holliday et al. Breast Cancer Research (2018), CC BY-SA 4.0, http://
creativecommons.org/licenses/by/4.0/ [20]

The nucleosome represents the primary unit of DNA packaging and consists of
the DNA double helix wrapped approximately 1.7 times around a histone octamer
core. This octamer is composed of two copies each of the histones H2A, H2B, H3,
and H4, as illustrated in Figure 2.3. By arranging DNA into nucleosomes, its length
is compacted to about one-third of the original.
Furthermore, the ensemble of nucleosomes and non-histone proteins that are
attached to the DNA is referred to as chromatin. This is the next step in DNA
compaction. Two different organizational forms are distinguished. The higher
compacted form of the chromatin is called heterochromatin (HC), and the less
compact one is euchromatin (EC). Open chromatin regions (EC) facilitate gene tran-
scription and are identified by active histone modifications such as H3K4Me3 and
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widespread histone acetylation (see Figure 2.3). In contrast, the remaining DNA is
organized into inactive heterochromatin, which frequently includes repetitive se-
quences. This form of chromatin is marked by repressive histone modifications
like H3K27Me3, H3K9Me3, and H2AK119Ub.[15]

DNA Damages and Repair Processes

Every second, ourDNA is exposed to various endogenous andexogenous stressors,
including metabolic byproducts, ultraviolet light from the sun, and background
ionizing radiation, all of which can induce molecular damage to the DNA.
A basic distinction is made between damage that is due to a change in one or
more bases of DNA and is caused by hydrolysis or oxidation, and damage that is
known as strand breaks. The first type often occurs spontaneously due to heat,
metabolic imbalance, external factors (e.g. UV, radiation, chemicals), or errors
during replication. For the most part, it can be repaired easily and quickly using
various mechanisms. Hereby, the complementary arrangement of bases at both
DNA strands facilitates the detection and repair of damage.
Breaks of the whole DNA strand, however, are more challenging for the DNA re-
pair machinery. Single strand breaks (SSB) are usually easier to repair because
the other intact strand can be used as a blueprint. Double strand breaks (DSB)
are the most difficult to repair and can lead to cell death or malignant mutation if
not repaired correctly.
Therefore, the induction of many DSBs is crucial for the aim of cancer therapy,
which is the eradication of all malignant cells. The ability of cells to repair such
damage plays a critical role, as cancer cells often have impaired repair mech-
anisms due to deficiencies in specific pathways. However, this does not always
provide a clear advantage for healthy cells with intact repairmechanisms. In some
cases, cancer cells can adapt by upregulating alternative, faster repair pathways,
which enables them to efficiently repair DNA damage despite an increased risk
of mutations. Furthermore, many cancer cells have faulty control mechanisms
that allow them to bypass normal cell cycle checkpoints and continue proliferat-
ing even in the presence of DSBs. [15]
To detect DSBs in experiments with (living) cells, γH2AX, the phosphorylated form
of histone H2AX, is often used as a confident marker. As explained in section 2.1.1,
DNA is wrapped around a core histone molecule composed of the individual his-
tone proteins H2A, H2B, H3, and H4. Accounting for 10% of total H2A in human
cells, H2AX is a variant of the H2A protein.
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In the presence of DNA damage, this molecule is phosphorylated at the 139th
serine, and this phosphorylation is referred to as γH2AX. Per DSB hundreds to
thousands of H2AX are phosphorylated within minutes. Labeling with γH2AX is
the first step in locating DNA damage and signals the cell machinery to recruit the
necessary repair proteins. Hence, it is a perfect biomarker to quantify early DSBs
and observe the kinetics of the repair process as it is dephosphorylated after a
successful repair. [21, 22]
To repair DSBs, mainly two repair pathways are applied in eukaryotic cells, the non
homologous end-joining (NHEJ) and the homologous recombination (HR). Both
pathways have their advantages and disadvantages, and while several key factors
influencing pathway choice are understood, the full decision-making process re-
mains complex and not entirely resolved. The choice between DNA repair path-
ways is influenced by factors such as the cell cycle phase, DNA damage complexity,
and chromatin context, with NHEJ dominating in G1 andHR favored in S/G2 phases
[23, 24].
On the one side, HR leads to accurate repair because it can reconstruct lost se-
quences by copying the sister chromatid. To fulfill the repair, a sequence homo-
logous to the sequence of the damaged area has to be searched on the copied
DNA template. Once found, the missing DNA sequence is synthesized and inser-
ted at the damage to restore the DNA [25]. Hence, HR is only applicable during
the late S and G2 where a complete copy of the DNA is available. This is also the
reason for higher radioresistance in cells during these stages of the cell cycle [26,
27].
On the other hand, NHEJ with only 0.5 h repair time is the faster repair path com-
pared to 7 h and more for HR. On the downside, NHEJ is intrinsically mutagenic.
While HR uses the intact copy of the damaged DNA as a template, NHEJ modifies
the brokenDNA ends and ligates them together without respecting homology and
thereby generates deletions or insertions. As depicted in Figure 2.4, the damaged
site is recognized by the recruitment of the KU heterodimer complex (KU70 and
KU80). The site is then stabilized by the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs). Together, the KU heterodimer and the DNA-PKcs form the
DNA-dependent protein kinase (DNA-PK) complex. Then the DNA ends are pro-
cessed further by additional enzymes and rejoined [28, 29].
Therefore, inhibitors of DNA-PK are used to sensitize cells for radiation-induced
DNA damage. By blocking the ATP-binding site of DNA-PKcs, the kinase activity
is inhibited and the recruitment of further repair proteins is stopped. Using a
DNA-PK inhibitor together with a DNA damage-inducing agent such as radiation
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can prevent the repair of induced DSBs and lead to accumulation of DSBs [30]. An
example of a tested DNA-PK inhibitor is M3814, which has proven to work effect-
ively when combined with external radiation [31].

Figure 2.4: Role of DNA-PK in NHEJ: the DNA-dependent protein kinase complex formedfrom the KU heterodimer and the catalytic subunit of DNA-dependent proteinkinase is essential for the repair of DSB via NHEJ, as it helps stabilize the siteof damage and recruit more enzymes for the repair process [28]. Createdin Biorender https://BioRender.com and adapted from template BioRender(2025) [32]
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2.1.2 Cancer Development and Hallmarks

Carcinogenesis

Defective repair of DNA damage can lead to mutations in the genome of the cell.
If these mutations do not affect important genes, the cell may continue its cell
cycle without restriction. If the mutations are of significance, this can either result
in programmed cell death (apoptosis) or cancer.
Cancer is defined as uncontrolled growth by cell division and not restricted by en-
vironmental conditions (e.g., if there is space or need for new cells) [33]. These
cancerous cells can form a lump of tissue, commonly called a tumor. Malignant
cancer is further characterized by its ability to metastasize, that is, to invade sur-
rounding tissues and travel to distant places in the body from its origin to form
new tumors. If left untreated, cancer can invade the entire body and become a
life-threatening disease if it destroys the tissues and organs necessary for the or-
ganism to survive.

Hallmarks of Cancer

In 2000, the concept of hallmarks of cancer, defining biological capabilities that
tumors develop over time, was introduced. Since then, the six hallmarks which
were described first have been expanded to ten, depicted in Figure 2.5. Struc-
turing tumor development into these hallmarks has tremendously helped the un-
derstanding of carcinogenesis and especially themechanismswhich lead to highly
aggressive, metastatic, and treatment-resistant forms of cancer.[34, 35]
The ten hallmarks are: sustaining proliferative signaling (1), evading growth sup-
pressors (2), activating invasion and metastasis (3), enabling replicative immor-
tality (4), inducing or accessing vasculature (5), resisting cell death (6), avoiding
immune destruction (7), deregulating cellular metabolism (8), tumor-promoting
inflammation (9) and genome instability and mutation (10). Hallmark 1-8 are func-
tional capabilities, enabling survival, proliferation, and dissemination of cancer
cells. Obtainment of these capabilities is promoted by the two enabling charac-
teristics, 9 and 10. Most of these hallmarks challenge cancer treatments as they
can lead to evasion of treatment or resistance, whereas others make the tumor
more vulnerable and encourage the development of new treatments. [35]
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Figure 2.5: Hallmarks of Cancer: these features of cancer first described in [36] havehelped to better understand cancer, to study and link certainmechanisms. Fig-ure acquired with permission from [35], licence number 6096380886912

Promoting tumor invasion and metastasis can also lead to overexpression of cer-
tain antigens compared to normal tissue. This overexpression can then be used
as a target to detect and monitor disease status and, more importantly, deliver
treatment specifically to the tumor. This is exactly what targeted radionuclide
therapy is aiming for. Specifically for prostate cancer, an overexpression of the
prostate-specific membrane antigen (PSMA) was discovered and associated with
poor prognosis and higher risk of biochemical recurrence [37]. Unfortunately, the
biological function of PSMA is not yet fully understood. Studies suggest that PSMA
plays a multifunctional role and is involved in cell survival, proliferation and mi-
gration [38, 39]. Its overexpression and association with aggressive disease stage
make PSMA a suitable target for TRT.
Additionally, TRT is using the up-regulated formation of new blood vessels (an-
giogenensis) to deliver the radiopharmaceuticals effectively. As systematic ther-
apy, it can also tackle metastasized diseases and α-emitters can even overcome
hypoxia induced by deregulation of cellular metabolism.
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2.2 Physical Principles

In this section, physical principles relevant for TRT are introduced. Starting with a
description of the radioactive decay and continuing with characteristic properties
of α- and β−-emitters. Afterwards, the DNA damage induction of various radi-
ation types (α, β− and external photon irradiation) is outlined and differences are
emphasized.

2.2.1 Radioactive Decay and Physical Properties of α and

β−-Emitters

Radioactivity

The phenomenon of radioactivity was discovered and explored by three pioneers,
Henri Becquerel and Marie and Pierre Curie in 1896 [40–42]. They observed that
some elements emit radiation spontaneously without any external stimulation. At
that time it wasMarie Curie who called the newphenomenon „radioactivity“. After
several experiments, they concluded that different elements emit different types
of radiation. Two types were deflected in a magnetic field, thus charged, whereas
the third was not deflected at all and had to be neutral. They likewise observed
that the rays had different properties in penetration.
Sir Ernest Rutherford then coined the terms “alpha (α)” and “beta (β)” rays for the
two types of charged rays. α-rays were described to be positively charged, highly
ionizing, and easily absorbed. Contrarily, β-rays carry a negative charge, are eas-
ily deflected by a moderate magnetic field, and have a greater penetration than
α-rays [43–45].
Paul Ulrich Villard then studied the third type of raysmore extensively, whichwere
characterized as non-deviable and extremely penetrating [46, 47]. This third type
was named “gamma (γ)” rays.
Nowadays, the three types of radiation (α, β, and γ) emitted through radioactive
decay are still referred to these early classifications, but more detailed knowledge
about the origin of radioactivity was acquired. While the aforementioned pioneers
were able to study the nature of the various radiation emitted by radioactive ele-
ments, they were unable to find out why this radiation is emitted. Therefore, it
is necessary to understand the structure of the atom. With the discovery of the
neutron by James Chadwick, the following structure of the atom was proposed:
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an atom consists of a nucleus, built up from protons and neutrons, surrounded
by a cloud of electrons [48].
Furthermore, when discussing radiotherapy, the discover of the X-rays byWilhelm
Conrad Röntgen in 1895 should not be forgotten [49]. Like γ-rays, X-rays are clas-
sified as electromagnetic radiation, characterized by photons. The origin of the
photon could be either the from an atomic nucleus undergoing a γ-decay, hence
γ-ray, or from an energy differences during a transition in the electron shell or
slow down of charged particles like electrons, referred to as X-rays.

Every atom is defined by the mass number A, which is the sum of protons and
neutrons in the nucleus (nucleons), and the atomic number Z , which is the num-
ber of protons (and as well electrons). Atoms with equal Z but different A belong
to the same chemical element and are called isotopes. They differ in the number
of neutrons (N = A − Z) in the nucleus. However, the stability of the nucleus
depends on the ratio of protons and neutrons as well as on the total number of
nucleons. Low atomic number nuclei are stable with a ratio of neutrons/protons
close to 1, while for higher atomic number nuclei, a ratio < 1 is favored. The line
of stable isotopes is depicted in the nuclide chart in Figure 2.6. If the isotope is
unstable, it can rearrange its number of protons and neutrons to a more favor-
able, less energetic (stable) state by emission of particles (e.g. α, e−), emitting a
γ-quant (photon) or fission of the whole nucleus. The first two processes involve
the emission of ionizing radiation, particles or electromagnetic waves whose en-
ergy is large enough to detach electrons fromatoms ormolecules, thereby putting
them in a charged, ionized state. This ionizing radiation is often referred to “radio-
active radiation” and nuclei that undergo this process are called radionuclides. In
this thesis, the focus lies on the α- and β−-decay modes, as these are the prom-
inent decay modes of the used radionuclides. They will be explained in the next
paragraph. [50, 51]

Radioactive Decay

The α-decay takes typically place in heavy isotopes with Z > 52. When a nucleus
undergoes an α-decay, it will emit an α-particle, consisting of two neutrons and
two protons (charge +2), essentially the nucleus of a helium atom. This is de-
scribed technically in Equation 2.1. The element resulting from the decay, also
called daughter, has then an atomic number Z − 2 and a mass number A − 4.
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Figure 2.6: Nuclide chart: stable isotopes are represented by black color, isotopes withundergo α-decay in yellow, and β−-decay in blue. Only decay modes that arerelevant in the scope of this thesis are included in the legend. The figure wascreated using data from NuDat 3. National Nuclear Data Center, informationextracted from the NuDat database, https://www.nndc.bnl.gov/nudat/ [52]

If the daughter nucleus is again unstable, it would undergo further radioactive
decay until it has decayed to a stable state. Especially heavy radioisotopes often
undergo a decay chain with multiple α-decays. These are interesting candidates
for therapeutic treatment, as the biological effectiveness increases with multiple
α-particles. [53, 54]

Alpha decay: A
ZXN → A−4

Z−2Y
N−2+α with α = 4

2He

(2.1)
For β-decay, two modes can be distinguished, β−and β+. The β-decay is generally
characterized by a transformation of a nucleon. Thus, in neutron-rich nuclei, a
neutron is transformed into a proton (β+-decay), and in proton-rich nuclei, a pro-
ton is transformed into a neutron (β−-decay). Hence, the β-decay is characterized
by a stablemass numberA, whileZ andN gain or decrease one number, depend-
ing on the specific decay mode. When a proton decays into a neutron, charge and
energy must be conserved during this reaction. Therefore, a particle with oppos-
ite charge of the proton, an electron, is emitted together with an antineutrino ν̄e.
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The antineutrino is a particle with almost mass zero and neutral charge, which is
needed for the energy conservation in the reaction. Because the particle emitted
during this radioactive decay is negatively charged, the decay was called β− (refer
to Equation 2.2). [53, 54]

Beta minus decay: A
ZXN → A

Z+1Y
N−1+e−+ν̄e with n0 → p++e−+ν̄e

(2.2)
Contrarily, during the β+-decay, a proton decays into a neutron. In this case, a
charge equal to a proton is necessary on the product side for charge conserva-
tion. This is the β+-particle, also known as positron e+, which is the antiparticle
of the electron. To conserve energy, a neutrino νe is emitted as well during this
decay (refer to Equation 2.3). At the end of its track the e+ is annihilated by recom-
bination with an e−, which creates two photons emitted at the energy of 512 keV in
opposite directions of 180°. Positron-emission tomography (PET) uses this process
to reconstruct images where the initial signal comes from radioisotopes undergo-
ing β+-decay. [53, 54]
Beta plus decay: A

ZXN → A
Z−1Y

N+1+e++νe with p+ → n0+e++νe

(2.3)
In the following, some general laws and variables that describe radioactive decay
and its properties are introduced. The radioactive decay is a spontaneous process
that cannot be externally influenced, accelerated, or slowed down. As a result, it is
impossible to predict exactly when a decay of a certain atom will occur. However,
certain parameters define how a radioactive probe (a specific number of radio-
active atoms) behaves over time. The decay constant λ, which is specific to each
radionuclide, can be used to describe how the initial number of atomsN0 at time
zero (t = 0) decreases over time (refer Equation 2.4).

N(t) = N0 exp(−λt) (2.4)
WithN(t), the activityA(t) can be defined. The activityA describes the number of
decays or emitted particles N per second (refer to Equation 2.5).

A(t) = λ ·N(t) = λ ·N0 exp(−λt) = A0 exp(−λt)

unit: Becquerel [A] = 1Bq = 1 s−1
(2.5)
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The next important quantity that can be extracted from Equation 2.4 is the half-
life period T1/2, which describes the time after which half of the initial number of
radionuclides N0 has decayed (refer to Equation 2.6) [51].

N(t) = T1/2 = N0exp(−λT1/2) = N0/2 | ln( )

ln(exp(−λT1/2) = ln(1/2)

−λT1/2 = ln(1)− ln(2) = −ln(2) | : −λ

T1/2 =
ln(2)

λ

(2.6)

In Figure 2.7, the decay schemes of the α-emitting radionuclides, 225Ac, 227Th and
223Ra, studied in this work are depicted. All three radionuclides undergo multiple
α-decays until reaching a stable state. As 223Ra is the daughter nuclide of 227Th, the
decay chain of 227Th on the right side of the figure, represents both radionuclides.
223Ra has always one α-decay less than 227Th. Notably, there is a split in all decay
chains, where one isotope can either undergo a β−-decay or an α-decay (213Bi for
225Ac and 211Bi for 227Th and 223Ra). When calculating the cumulative α-energy of
all α-particles emitted across the entire decay chain (refer to Table 2.1, this split is
taken into account, leading to two values for the cumulative α-energy. However,
as displayed in Figure 2.7, the probability for one decay chain is higher.
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(a) (b)
Figure 2.7: Decay chain of 225Ac and 227Th: the decay chain of the radionuclide 225Acis depicted on the left in (a) and decay chain of the radionuclide 227Th withdaughter nuclide 223Ra on the right side in (b). Daughter nuclides, energies of

α-particles and T1/2 are specified for the individual decays. Figure acquiredand adapted with permission from Roscher et al. Pharmaceuticals (2020), CCBY 4.0 https://creativecommons.org/licenses/by/4.0/ [55]

The decay scheme of the β−-emitter 177Lu employed in this work can be seen in
Figure 2.8. The isotope just undergoes one β−-decay until ending in a stable state.
However, for this decay, multiple energy transitions for the decay are possible,
resulting in different energies of the emitted β−-particle. The energy displayed
in the Figure refers to the maximum energy which the β−-particle can have. The
average energy for a β−-particle is given in Table 2.1.

Figure 2.8: Decay scheme of 177Lu: the β−-emitter 177Lu decays directly to a stable iso-tope. Information of decay energies taken from the NuDat database [52].
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Physical Properties of α and β−-Particles

The interactionswithmatter are quite distinct comparingα- and β−-particles, thus
electrons e−. When considering charged particle interaction withmatter, an often-
referred key quantity is the LET. The linear energy transfer is defined by the
amount of energy deposited by ionizing radiation in matter. Its unit is energy
per unit length, commonly expressed in keV/µm. The LET is strongly related to the
biological effect of the particle.

Figure 2.9: Schematic track structure and energy deposition of α- and β−-particles:
α-particles have a straight, densely ionized track, and deposit most of theirenergy at the end of the track (Bragg peak). β−-particles are scattered duringtheir interactions, and produce some secondary electrons (δ e−) along theirtrack. They deposit small amount of energy during each interaction and theirpath ends when the energy is decreased to zero. Path structures and energydeposition in water are only shown schematically to illustrate these processes.

Generally, a higher LET means denser ionization tracks, leading to more severe
and complex DNA damage in cells, which is harder to repair, thus increasing the
biological effect or damage. However, this relationship holds only up to a cer-
tain point. Experimental evidence shows that beyond an LET of approximately
200 keV/µm, the relative biological effectiveness actually decreases [56]. A phe-
nomenon which is referred to as the "overkill effect," where the energy deposited
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becomes so concentrated that additional energy does not translate into propor-
tionally more biological damage. Furthermore, the biological effect at a given LET
is also influenced by the type of particle. Additionally, the biological effect at a
given LET depends also on the type of particle, since different particles can pro-
duce distinct track structures, and on the specific cell or tissue being irradiated,
making the relative biological effectiveness a complex, system-dependent para-
meter [57].
Table 2.1: Comparison of physical and biological properties of selected therapeutic

radionuclides: properties relevant for biological effectiveness like energy ofemitted particle and LET are given, based on data fromNuDat database [52]. For
α-emitters, the cumulativeα-energy is defined, which is the sumof the energy ofall α-particles emitted across the decay chain. The mean α-energy is calculatedby dividing by the number of α decays in the chain. Decay chain splits for 227Thand 223Ra at 211Bi (227Th: 5 α per chain, 223Ra: 4 α per chain), and for 225Ac at213Bi (225Ac: 4 α per chain). The cumulative and mean α-energy with the largerprobability are printed in bold. For details of decay chains refer to Figure 2.7and 2.8.

α-emitter β−-emitter
Property 227Th 223Ra 225Ac 177Lu

Half-life [days] 18.7 11.4 9.9 6.6
Particle energy [MeV] 6.0 5.7 5.8 0.50 (max),

0.13 (avg)
# α-particles in decay chain 6 (5) 5 (4) 5 (4) -
Cumulative α-energy [MeV] 32.5/33.5 26.5/27.5 25.1/27.6 -
Mean α-energy [MeV] 6.5 / 6.7 6.6/6.7 6.3/6.9 -
Range in tissue [µm] 50–70 50–70 47–85 1500–1700
LET [keV µm−1] 80–120 80–120 70–120 0.08–0.33
Hits for cell killing ∼2-10 ∼2000

Electrons are negatively charged and very light. Therefore, an electron has a large
number of small interactions along its track and its LET is low. During each in-
teraction, only a small amount of energy is deposited, and the electron is easily
scattered in these interactions. Due to these properties, the penetration depth
of electrons in tissue (water) is in the range of a few millimeters. A typical track
structure of an electron and its energy deposition is sketched in Figure 2.9.
α-particles carry a double positive charge and are quite heavy, compared to other
ionizing radiation particles like electrons or protons. Their track is densely ion-
ized, andmost energy is deposited at the end of the track, when the α-particle has

2929



Chapter 2. Fundamentals

slowed down enough for direct interaction (for illustration see Figure 2.9). Their
LET is large, but their penetration depth in tissue is short, in the range of around
100 µm. [54]. Physical properties of the selected radionuclides are summarized in
Table 2.1. In the scope of this thesis, β−-particles will be classified as long-range
in comparison to α-particles. However, in a general setting, β−-particles would be
considered as mid-range or even short-range compared to X-rays or γ-radiation
which could exhibit ranges in tissue from 1mm - 0.5m strongly dependent on their
energy [58].

2.2.2 DNA Damage Induction of Various Radiation Types

Absorbed Dose

When discussing the biological effects of ionizing radiation on biological tissues,
the quantity of absorbed doseDa is important to define. TheDa refers to the total
of energyE absorbed during interactions of the ionizing radiation with atoms and
molecules per unit massm of the substance (refer to Equation 2.7). [54]

Da =
E

m
=
Energy absorbed in volume

Mass of volume
unit: Gray [Da] = 1Gy = 1 J/kg = 1m/2s

2
(2.7)

Indirect and Direct DNA Damage Induction

In general, the processes that take place during radiation exposure can be divided
into four stages: physical, physico-chemical, chemical, and biological stages. [54,
59, 60]

physical stage (10−16 s): water radiolysis, a process consisting of ionization
(H2O→ (H2O)+ + e−) and excitation of water molecules (H2O∗), is started as
well as ionization of DNA macromolecules leading to direct DNA damage
induction (SSBs and DSBs) (Figure 2.10b);
physico-chemical stage (1 µs): reactive oxygen species (ROS) formation, th-
rough reactions of free electrons, ionized and exited water molecules, such
as charged ions ((OH)−, H+, (H3O)+, O2–), free radicals (H , HO ) and hydrop-
eroxide H2O2; ROS formation is highly dependent on the presence of oxygen
O2;
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chemical stage (few seconds): ROS diffuse within the tissue, induce oxid-
ative stress and interact with organic molecules; chemical alterations are
induced leading to indirect DNA damage; at the end of the stage, first chem-
ical reconstitution and repair of damages is started, while DNA damage is
also fixated by oxygen, which impedes or even prevents its repair;
biological stage (several minutes - decades): short-term (approx. 72 h) re-
pair of DNAdamage andbiological effects such as cell death occurs, provided
the damage is fatal; in the long term, early biological effects of treatment
such as regression or progression of the tumor as well as side effects in
healthy tissue are evident; late biological effects due to radiation exposure
can occur up to decades after treatment and include the occurrence of can-
cer.

The above-described processes occur upon every interaction of ionizing radiation
with biological tissue. However, there are important differences between differ-
ent types of ionizing radiation, mainly depending on their physical interactionwith
matter described in the paragraph above. A simplified summary of the prevalent
mechanism is shown in Figure 2.10a
For β−-particles as well as external radiation consisting of photons with low ion-
izing potential, the DNA damage induction is prevalently mediated through the
indirect mechanism of ROS production and their interaction with the DNA. Direct
DNA damage by ionization of the DNA strand can also take place (as depicted in
Figure 2.10b), however the amount of DNA damage induced by this mechanism is
low compared to the indirect DNA damage induction (ratio of 30 : 70 for direct to
indirect damage) [61, 62]. Furthermore, low LET radiation induces primarily SSBs
rather than DSBs, which are more challenging to repair (ratio 10:1 of SSB : DSB for
low LET γ-radiation) [63].
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(a) (b)
Figure 2.10: DNA damage induction by α- and β−-particles: prevalent mechanism (a)and comparison of direct DNA damage induction (b)(a) Created in Biorender https://BioRender.com and (b) Figure acquiredfrom Iliakis et al. Cancers (2019), CC BY 4.0 https://creativecommons.org/

licenses/by/4.0/ [64]

In contrast, α-particles are considered as high LET radiation. Their main mechan-
ism is direct DNA induction through collision with the DNA macromolecule. Indir-
ect mediation of DNA damage through ROS is not of major importance. Although
radical formation very close to the DNA damage site might even enhance the ef-
fect of the directly induced damage [65, 66]. Additionally, α-particles are prone to
induce more DSBs than SSBs and even clustered DSB, which are more complex
and challenging to repair. Studies concluded that even 61% of induced DSBs are
complex [67]. Their range is dependent on their energy, but typically around one
to few cell diameters for an energy between 1MeV to 6MeV [68, 69]. During a
collision with a DNA molecule, most of the energy is deposited at this site, lead-
ing to complex DSB and energy deposition within the vicinity of critical structures.
Studies show that contrary to β−-particles, α-particles of energy 5.5MeV deposit
90% of their total energy in a sphere with only 500 µm [9]. Characteristic for DNA
damage induced by α-particles is that the lesions induced by a single particle are
spatially and temporally correlated along the narrow track of the particle [70]. The
close proximity of multiple DSBs makes the repair even more challenging and
error-prone. This track can also be visualized in microscopy by immunofluores-
cent staining of γH2AX or other DSBmarkers. On the downside, due to their short
range in tissue, α-particles need to be close to the nucleus to induce lethal DNA
damage. This is only possible with TRT.
Closing this paragraph, it is important to remark that the current knowledge about
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2.3. Targeted Radionuclide Therapy

DNA damage induction is mainly from experiments with EBRT. Treatment with
external photon irradiation usually happens in a relatively short time (∼minutes),
whereas radiation exposure in TRT occurs over several days, depending on the
specific half-life of the applied radionuclide. Thus, while with external photon irra-
diation treatment the stages described above take place successively, in TRT with
each emitted particle, a new process is started with the physical stage along the
particle track. Therefore, in TRT all the described phases occur simultaneously,
and the effects of these differences are not yet very well understood [11].

2.3 Targeted Radionuclide Therapy

This section introduces the key principles of TRT and details the chemical struc-
tures of the radiopharmaceuticals used to target PSMA. It also provides a brief
overview of fundamental radiochemistry and radiopharmacy concepts, including
the radiolabelling procedures employed.

2.3.1 Radiochemistry and Radiopharmacy

Thedevelopment of radiopharmaceuticals is a complex process, asmultiple factors
simultaneously impact target-specific binding and pharmacokinetic properties. A
delicate balance must be established between blood circulation time and clear-
ance to enable sufficient accumulation at tumor lesions while minimizing expos-
ure to non-targeted structures. The translation of a compound into clinical use re-
quires years of optimization, involving the careful tuning of ligand specificity - influ-
enced by the linker moiety connecting the ligand and chelator - and radionuclide-
chelating agent interactions. Even small modifications can have a profound im-
pact on these critical factors [71]. Regarding the employed radiopharmaceutical
PSMA-617 targeting PSMA, the literature provides a comprehensive overview of
the properties, including its chemical synthesis [72], stability measurements, and
performance in vitro [73, 74] and vivo studies [75, 76]. Moreover, details on recent
clinical developments will be presented in Chapter 3.
When working with radiopharmaceuticals, relevant quantities includemolar activ-
ity Am and specific activity As. The molar activity Am of a radiopharmaceutical is
defined as the amount of radioactivity per unit mole of the compound, with a unit
of Bq/mol. Similarly, the specific activity As is defined as the amount of radioactiv-
ity per weight of the compound in the unit Bq/g [77].
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Furthermore, the principle of radiolabeling is a crucial aspect of TRT. It is refer-
ring to the process of combining a target-specific pharmaceutical (ligand with at-
tached chelator) with a chosen radionuclide (either for therapy or diagnostic ima-
ging). Depending on the pharmaceutical, different radiolabellingmethods are em-
ployed. In this work, the target molecule is used in excess and combined with an
appropriate buffer to maintain compound stability throughout the labelling pro-
cess. Subsequently, the radionuclide is added to themixture, which is then heated
to catalyze the reaction. The specific conditions for each radiolabelling procedure
are detailed in Table 4.1 in the Methods Chapter. The goal of radiolabelling is
to achieve a high radiochemical yield, defined as the percentage of radioactivity
successfully attached to the pharmaceutical relative to the total radioactivity used.
Maintaining a high radiochemical yield (typically > 95%) is essential tominimize the
presence of cold (non-radioactive) pharmaceutical molecules, which can compet-
itively bind to the target receptor without delivering therapeutic radiation. Excess
cold compound may significantly reduce the effectiveness of treatment by block-
ing receptor sites and thereby impacting therapeutic outcomes. Furthermore, un-
bound radionuclides that did not successfully attach to the pharmaceutical and
are therefore non-targeted can contribute to background signal, potentially caus-
ing false or misleading results in assays.

2.3.2 PSMA-targeting Radiopharmaceutical for Prostate

Cancer

PSMA-617 consists of a ligand targeting the PSMA with high affinity linked to the
chelator DOTA. In the scope of this work, mainly the radionuclides β−-emitter 177Lu
(T1/2= 6.6 d, Ee− = 0.5MeV) and the α-emitter 225Ac (T1/2= 9.9 d, Eα = 6MeV) were
used in combination with the described pharmaceutical PSMA-617. As the DOTA
chelator is not optimal for the radionuclide 225Ac, instead of PSMA-617, an ana-
logue was synthesized by Martin Schäfer, which is equipped with the Macropa
chelator (PSMA-716). This analogue will be referred to as [225Ac]Ac-PSMA-716 in
the following. The structure of both radiopharmaceuticals is depicted in Figure
2.11. The Macropa chelator has proven favorable for studies with 225Ac [78]. Both
radiopharmaceuticals obtained high radiochemical yield above >95%. Details of
the labeling procedure are stated in Table 4.1 in the next chapter 4 (Table 4.1).
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Figure 2.11: Structure PSMA-617 and PSMA-716: chemical structure of PSMA-617 andanalogue PSMA-716 optimized for 225Ac with the Macropa chelator instead ofDOTA. Molar masses M are stated for both compounds before and after ra-diolabeling.Chemical structures were drawn in ChemDraw® (Revvity Signals Software,Waltham, MA, USA) by Martina Benešová.
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3 State of the Art: Targeted Radionuclide
Therapy

The first clinical application of radiopharmaceuticals dates back to the 1940s, when
the radioisotope 131I (T1/2= 8.0 d, Mean Ee− = 0.97MeV) was utilized in the treat-
ment of benign and malignant thyroid disorders [79]. However, for nearly seven
decades, Na131I remained the sole therapeutic radiopharmaceutical, while focus
was primarily on developing radiopharmaceuticals for diagnostic (imaging) pur-
poses [80]. In 2013, the therapeutic potential of radionuclides gained momentum
with the FDA approval of [223Ra]RaCl2(Xofigo®, Bayer, Berlin, Germany) for treating
bone metastasis in patients with mCRPC [81].
The introduction of peptide-targeted radiopharmaceuticals marked a significant
milestone for TRT, with the FDA approval of [177Lu]Lu-DOTA-TATE (Lutathera®, No-
vartis, Basel, Switzerland) in 2018 for somatostatin receptor type 2 (SSTR2)-positive
gastroenteropancreatic neuroendocrine tumors and [177Lu]Lu-PSMA-617 (Pluvicto®,
Novartis, Basel, Switzerland) in 2022 for the treatment of PSMA-positive mCRPC
[82, 83]. The global success of these radiopharmaceutical therapies has sparked
a surge in interest and attention towards developing additional radiopharmaceut-
icals to treat various types of cancer. According to the FDA, there are now 13 radio-
pharmaceuticals approved for therapeutic use [84]. The recent extension of the
FDA approvals for pediatric patients with Lutathera® in 2024 [85] and Pluvicto®
for use before chemotherapy in 2025 [86] demonstrates the potential of TRT as a
future pillar in cancer treatment.
Within two decades, TRT has evolved towards precision medicine. Notably, the
combination of a diagnostic agent with a therapeutic agent (the "treat what you
see" approach) to form a theranostic pair offers a significant advantage in TRT, en-
ablingmore precise patient selection and closemonitoring of treatment response.
As illustrated schematically in Table 3.1, TRT holds promise in overcoming certain
limitations of current SoC (EBRT and cytostatic chemotherapy) as well as emerging
therapies like checkpoint inhibition immunotherapy. Clinical trials have demon-
strated the efficacy of TRT as a monotherapy, offering systemic treatment that
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is particularly valuable in advanced disease stages with widespread metastasis,
where conventional first-line treatments, such as EBRT, often fall short. The dir-
ect and specific killing mechanism of TRT sets it apart from indirect approaches
mediated through, e.g., activation of the immune system in checkpoint inhibi-
tion immunotherapy. While TRT offers numerous benefits, its relatively recent
emergence as a treatment option means that several knowledge gaps must be
addressed to optimize its use and unlock its full potential.

Table 3.1: Comparison of SoC of cancer treatment options to Targeted Radionuclide
Therapy: five criteria of ideal cancer treatment are evaluated across the fourtreatments: EBRT, cytostatic chemotherapy, and checkpoint inhibition immuno-therapy. Decisions are based on ideal working therapy and simplified treatmentmechanisms to stress out the potential of optimized TRT.
" indicates that a treatment meets the desired criterion, (") signifies partialfulfillment, and% denotes that a treatment does not achieve this goal.

Treatment Modalities

Criteria EBRT Chemotherapy Immunotherapy TRT

Effective " " (") "

Monotherapy
Treatment/ Target % % (") "

Monitoring
Directly Killing (") (") (") "

Tumor Cells
Systemic Treatment/ (") " " "

Metastasis Irradication
Selective and (") (") " "

Specific Targeting
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Understanding and predicting therapeutic efficacy and potential side effects of
TRT requires a solid knowledge of radiobiology. Moreover, radiobiological prin-
ciples are crucial for unraveling mechanisms of treatment resistance and inform-
ing effective combination therapies. Current reviews identify several knowledge
gaps in this field, as highlighted below: [80, 87, 88]:

1. Influence of various radioisotopes onDNAdamage and repair pathways: dis-
cover mechanisms and compare how radioisotopes with different energies,
emission ranges, and radiation types impact DNA damage induction and re-
pair mechanisms to establish accurate dose-effect relationships;

2. Understanding the causes of radioresistance: distinguishing betweenprimary
resistance at the start of treatment and acquired resistance during treat-
ment;

3. Improving dosimetry-based estimation of absorbed dose: addressing chal-
lenges related to individual differences in absorbed dose deposition, patient-
specific factors, and radiopharmaceutical properties;

4. Investigating non-targeted effects such as bystander, crossfire, and abscopal
effects;

5. Developing effective combination treatment strategies: optimizing timing,
sequencing, and dosing;

6. Exploring short- and long-term toxicity of TRT to identify potential side ef-
fects and long-term health impacts.

This research aims to address knowledge gaps 1, 3, and 5 by studying the radiobio-
logy of α- and β−-emitting radionuclides. Understanding these differences is vital
when selecting a radionuclide for therapeutic applications and designing radio-
pharmaceuticals with specific targeting properties.
On one side, β−-emitters require the attachment of hundreds of radiotracers to a
targeted cell to induce damage, whereasα-emitters, due to their high radiotoxicity,
can achieve this with only a few radiotracers [89]. On the other side, β−-particles
are capable of irradiating large volumes of multicellular dimensions and are con-
sidered ideal for treating large tumors. In contrast, α-particles are better suited
for irradiating small cell clusters and are typically used for treating hematological
tumors or micrometastases.
Non-targeted effects, such as bystander and crossfire effects, have been observed
for certain radiopharmaceuticals in various studies. Although the efficacy of these
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effectsmay vary depending on the radionuclide used, they are important because
they can compensate for biological heterogeneity in target expression and en-
hance therapeutic efficacy. For short-range α-particles, bystander effects have
been reported, where non-irradiated cells exhibit irradiated-like effects due to
signals received from a nearby irradiated cell. Upon bone irradiation in a mouse
model by [223Ra]RaCl2, γH2AX foci and apoptosis were also observed in tumor cells
beyond the range of the α-emitters (70 µm) [90]. In contrast, the crossfire effect is
of higher relevance for the longer-range β−-particles, allowing radiation to affect
nearby cells. In vitro dosimetry studies with 10%, 40%, and 70% of all cells labelled
with 177Lu prove that the β−-emitter is efficient in large cell clusters (0.5mm to 1mm)
due to significant contribution to overall dose via the crossfire effect [91].
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4 Experimental Design and Methods

The following Chapter presents the three studies conducted in the framework of
this thesis, with all details necessary to reproduce or carry out similar studies.
The study of DNA damage induction and repair (Section 4.1) was carried out,
on the one hand, to evaluate the impact of different physical parameters of TRT
on the biological effect (research question Q1 in Section 1.2) and, on the other
hand, to identify differences in DNA damage induction and repair of α- and β−-
emitters (research questionQ3 in Section 1.2). Simulation inGEANT4-DNAbased
on experimental data (Section 4.2) aims to answer research question Q2. Cell
proliferation (Section 4.3) was performed as a second biological assay to support
the observations from DNA damage induction (research question Q2 in Section
1.2) and assess the potential of a combination therapy of TRT and a DNA repair
inhibitor (research question Q4 in Section 1.2).

4.1 DNA Damage Induction and Repair via

Immunofluorescent Microscopy

4.1.1 Rationale and Experimental Design

To assess the DNA damage induction, immunofluorescent microscopy of γH2AX
was chosen. As explained in Subsection 2.1.1, γH2AX is the gold standard for obser-
vation of DSBs. As γH2AX is recruited rapidly to DNA damage sites (within 30min),
this method is suitable to detect early DNA damage. By measuring the signal of
γH2AX foci over the course of time, DNA damage repair and radiosensitivity can
be determined. γH2AX foci persisting after 24 h are an indication of DNA damage,
which is difficult to repair [22, 92] . To determine the DNA damage at different
time points, immunofluorescence staining for γH2AX was performed after fixing
the samples at different time points.
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Cells were exposed to radionuclides and radiopharmaceuticals directly in cell cul-
ture medium, allowing binding and internalization of the radiopharmaceuticals.
To limit cross-irradiation between samples, a transwell insert system in a 24-well
plate format was used. Cells were seeded in individual inserts, allowing spatial
separation of samples on multiple 24-well plates during exposure to radionuc-
lides, thus limiting possible cross-irradiation from one sample to the next.

4.1.2 Experimental Procedure

Cell Culture

Three established prostate cancer cell lines with different PSMA expression were
selected. A non-PSMA-expressing cell line, PC-3, was chosen a control to evaluate
impact of PSMA-targeting. All cell lines were obtained from the American Type
Culture Collection (ATCC) :

PSMA-positive LNCaP: derived from an androgen-sensitive human lymph
node metastatic lesion of prostatic adenocarcinoma, CRL-1740 [93]
PSMA-positive C4-2: derived from LNCaP under androgen-depleted condi-
tions in a mouse model, CRL-3314 [94]
PSMA-negative PC-3: derived fromabonemetastasis of a grade IV prostatic
adenocarcinoma, CRL-1435 [95]

All three cell lines were grown in RPMI-1640 medium (#P04-16500) supplemented
with 10% fetal calf serum (FCS) (#P40-37500) and 1% L-glutamine (L-GLN) (#P04-
82100). Cells were incubated at 37 °C in an environment of humidified air contain-
ing 5%CO2. Routine cell culturewas performed regularly using room-temperature
phosphate-buffered saline (PBS; pH 7.4, #P04-36500) for washing and 0.05% tryp-
sin (#P10-023100) for cell detachment. All materials were ordered from PAN Bi-
otech.
The cells were seeded 24 h prior to treatment in the transwell insert (#353095)
placed in the companion plate #353504, Falcon® ). A volume of 300 µL per insert
with a density of 1.6 · 105 cellsmL−1 was used. Details of the method can be found
in the Appendix A.1.
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Compounds and Radiolabelling

The structure of the used compounds, PSMA-617 and its analogue PSMA-716, op-
timized for 225Ac radiolabelling, are disclosed in Subsection 2.3.2 (refer to Figure
2.11). Specifically, the structure of PSMA-617 was modified to incorporate a Mac-
ropa chelator, which is better suited for 225Ac, instead of the DOTA chelator. Not-
ably, the clinically used [225Ac]Ac-PSMA-617 is the original PSMA-617 structure with
the DOTA chelator. Both structures, PSMA-617 and PSMA-716, were synthesized
and kindly provided by Martin Schäfer. For synthesis and analysis, all chemic-
als (>95% purity; for radiolabeling, highly pure chemicals) and solvents (HPLC-
grade purity; for radiolabeling, metal-free ultrapure water) were purchased com-
mercially from CheMatech (Dijon, France), Iris Biotech (Marktredwitz, Germany),
Merck (Darmstadt, Germany), Sigma-Aldrich (Taufkirchen, Germany), and VWR In-
ternational (Bruchsal, Germany) and used as received without any further purific-
ation or drying.
In the following, the conditions of the radiolabeling are stated. Physical paramet-
ers of the used radionuclides 177Lu and 225Ac, are given in Subsection 2.2.1 (refer
also to Table 2.1).
The radionuclide 177Lu was purchased from ITM Pharma Solutions (Garching, Ger-
many) as 177LuCl3 in liquid form solved in 0.04M HCl.
The radionuclide 225Ac was supplied by Prof. Svetlana Selivanova from the Cana-
dian Nuclear Laboratories (CNL, Chalk River, Canada) in a solid form as [225Ac]-
AcCl3. Additionally, 225Ac was provided by the European Commission, DG Joint Re-
search Centre (JRC Karlsruhe, Germany) in solid form as 225Ac(NO3)3, by BWXT in
solid form (Vancouver, Canada) and by Global Morpho Pharma (GMP, La Chapelle-
sur-Erdre, France) as 225Ac(NO3)3 dry film. For experiments, the full activity batch
was subsequently diluted in ultra-pure and metal-free 0.04M HNO3 (TraceMetal
Grade nitric acid, 67–69%, Fischer Scientific), resulting in 225Ac(NO3)3.
Radiolabeling was always performed directly on the same day as treatment. De-
tails of radiolabeling conditions for 177Lu and 225Ac can be found in Table 4.1. Con-
ditions were kept similar for each experiment, only the volume of activity differed
slightly depending on the actual activity concentration. Radio-chemical yield (RCY)
was determined for each labeling by reversed phase thin layer chromatography
(TLC Silica gel 60 RP-18 F254s, #1055600001, Merck, Darmstadt, Germany). As liquid
phase, Na citrate (0.1M, pH 5.5) was used.
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Table 4.1: Radiolabeling conditions for 177Lu and 225Ac: details of radiolabeling for bothPSMA-compounds. Concentrationwas 1mM for PSMA-617 and 0.5mM for PSMA-716, solved in DMSO first and further diluted to the specified concentration inultrapure H2O. Radiolabeling was performed in 1.5mL Eppendorf tubes (ProteinLoBind®).
Radiolabeling conditions 225Ac(NO3)3 177LuCl3 Volumes
Activity 1MBq 20MBq 5-10 µL

Buffer TRIS sodium acetate 50 µL
0.1M, pH 7.0 0.4M, pH 5.0

Compound 2 nmol 1 nmol
PSMA-716 PSMA-617 4 µL / 1 µL

Temperature 95 °C 95 °C

Time 15min 30min

Molar activity 0.5MBq/µmol 20MBq/µmol

RCY ( via radio-RP-TLC) >96% >99%

The radionuclide 223Ra was provided by Bayer Vital GmbH (Leverkusen, Germany)
as the product Xofigo® ([223Ra]RaCl2, PZN - 11595344) [96].
The radionuclide 227Th was manufactured at IFE (Oslo, Norway) and provided as
[227Th]ThCl4.

Treatment

An illustration of the experimental workflow is given in Figure 4.1. Cells were
treated 24 h after seeding. Treatment consisted of exposure to radionuclides - non-
targeted radionuclides: [225Ac]Ac(NO3)3, [177Lu]LuCl3, [223Ra]RaCl2, and [227Th]ThCl4
or PSMA-bound radiopharmaceuticals [177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA - dir-
ectly in the cell culture medium. Therefore, different concentrations of radionuc-
lides and radiopharmaceuticals were prepared with the usual supplemented cell
culture medium. Used activities and corresponding activity concentrations are
displayed in Table 4.2.
Additionally, some samples were treated with external photon irradiation to com-
pare with the gold standard in radiation biology. Therefore, the Multirad225-X-ray
Faxitron was used [97]. For the dose rate of 2.151Gy/min, the irradiation times
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given in Table 4.2 were performed on Shelf 4 to reach doses between 0.5Gy to
2.5Gy.

Table 4.2: Administered activities in DNA damage induction assay: the initial activ-ity concentration was measured in an ISOMED 2010 dose calibrator, based onwhich further dilutions were then calculated for the lower activity concentra-tions below the ISOMEDmeasurement range [98]. Irradiation times for externalphoton irradiation were calculated from the given dose rate of 2.151Gy/min(Multirad225-X-ray Faxitron [97]).
TRT α-emitter β−-emitter external irradiation

225Ac, 223Ra, 227Th 177Lu X-rays (γ)
Total activity 0 / 1 / 0 / 100 / Dose 0.0 / 0.5 /
per sample 5 / 10 / 500 / 1000 / [Gy] 1.0 / 1.5 /
[kBq] 100 5000 2.0 / 2.5

Activity 0.000 / 0.003 / 0.00 / 0.33 / Irradiation 00:00 / 00:14 /
concentration 0.016 / 0.033 / 1.67 / 3.33 / time 00:28 / 00:42 /
[kBq µL−1] 0.333 16.67 [min] 00:56 / 01:10

Medium in the transwell inserts was exchanged with the active solution (300 µL),
and cells were arranged on multiple 24-well plates spatially distanced to avoid
cross-irradiation effects. Plates were incubated at humidified 37 °C in 5% CO2 for
either 1 h or 4 h. At the end of the radioactive exposure time, the radioactive me-
dium was removed and replaced with non-active, usual supplemented medium.
Sampleswere then fixed following the procedure in the Appendix at specified time
points (refer to A.1).
Immediate DNA damage: directly after 1 h and 4 h of radionuclide exposure, fur-
thermore fixation after 1 h radionuclide exposure and 3 h of recovery time with
non-active medium to achieve equal biological time (total 4 h after treatment star-
ted). Samples treated with external photon irradiation were fixed 30min post-
irradiation.
These time points were also used to evaluate the influence of physical parameters
such as activity concentration and exposure time on induced DNA damage and to
compare the two emitter types α and β−.
DNA damage and repair: for long term observation, fixation after total time of
24, 48 and 72 h after treatment started (repair time = total time - active incubation
period (either 1 or 4 h));
Samples irradiated externally were also fixed at 4, 24, 48 h post-irradiation.
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Figure 4.1: Experimental workflow DNA damage induction in TRT: samples were in-cubated with medium containing non-targeted radionuclide or radiopharma-ceuticals with activities specified in Table 4.2. Samples were fixed following theprocedure in the Appendix A.1 at various time points.Created in Biorender https://BioRender.com

Immunofluorescent Staining for γH2AX

To observe the DSBs, immunofluorescent staining for γH2AX was performed fol-
lowing the protocol in the Appendix. An indirect immunofluorescence antibody
staining was executed, using a primary antibody targeting the phosphorylation on
the 139th serine of the H2AX histone protein, hence γH2AX (#BLD-613402, Biozol).
The secondary antibody (#AB_2534088, Thermo Fisher Scientific), tagged with the
desired fluorophore Alexa Fluor™ 488, then recognizes the primary antibody and
binds to it. This method was chosen for its high sensitivity and robustness. Ad-
ditionally, for the staining of the cell nucleus DAPI (4’,6-Diamidin-2-phenylindol,
#D1306, Thermo Fischer Scientific) was used, which is the most common nucleic
stain. Detailed procedure of the immunofluorescent staining can be found in the
Appendix A.1.

Microscopy

The samples were imaged using the inverted microscope Nikon Eclipse Ti2-E [99].
For magnification, the CFI Super Plan Fluor ADM ELWD 20x objective (#MRH48230,
N.A. 0.45/ working distance 8,2-6,9 mm) was combined with a 1.5x lens, resulting
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in a total magnification of 30x. Cell nuclei with DAPI stain were imaged in wide-
field fluorescence with an exposure time of 50ms (filter LED-DAPI-A, MXR00714,
Semrock, excitation 392/23 and emission 447/60). γH2AX was imaged in the GFP
channel with an exposure time of 400ms (filter LED FITC-A,MXR00716, Semrock, ex-
citation 474/27 and emission 525/45). The gain was set to 1 for both fluorophores.
Images were saved in .nd2 format as well as exported as single .tif images for each
channel and position. Depending on the cell density of the individual sample, 10-
20 different positions were taken, aiming for a total of 400-1000 cells per sample
for further analysis.

4.1.3 Analysis Procedure

The single .tif images were then further processed to analyze γH2AX foci on single
cell level. For this purpose, algorithms implemented by Ramon Lopez Perez in
the software MATLAB (MATLAB R2022b Update 2, 9.12.0.2105380, the MathWorks,
Natick, Massachusetts, USA) were used. The individual processing steps are il-
lustrated in Figure 4.2. The images acquired in the DAPI channel were taken to
identify the single nuclei. Parameters for nuclei identification were optimized to
separate nuclei close to each other and exclude nuclei not in focus. A mask for
each nucleus was created and applied to the images in the GFP channel (γH2AX
staining). Foci were then segmented in the single nuclei. By variation of multiple
parameters, background correction and foci segmentation could be optimized.
The output of the analysis includes the following parameters for each analyzed
cell:

Nucleus specific: Total intensity, Contour Area [px], Total intensity of γH2AX
signal in the nucleus mask
Foci specific: Number of Foci, Mean intensity of γH2AX foci, mean focus
area [px]

For each sample, the analysis results of all single cells were further processed lead-
ing to the following output:
Number of nuclei in the sample (# nuclei), number of nuclei without foci identi-
fied, mean number of γH2AX foci and the corresponding error (std/√#nuclei)),
maximal and minimal number of foci, mean foci intensity, mean foci area and
corresponding error, total nuclear intensity of DAPI stain, total γH2AX intensity.
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Figure 4.2: ImageprocessingwithMATLAB: immunofluorescencemicroscope images (A,B) were processed in MATLAB to count single γH2AX foci. First, the nuclei wereidentified (marked by a yellow rim, C), based on the DAPI channel, then singlefoci were segmented in the GFP channel (red selections, D).

For statistical analysis, themean of these parameters for duplicates within one ex-
periment and for reproduced experiments under the same conditions was taken.
These were calculated in the software Jupyter Notebook (version 6.5.7, using Py-
thon 3.12.7 [100]). Graphic visualization of the data was done in Jupyer Notebook
as well. Mean values of γH2AX foci number, foci area or intensity for each treat-
ment are plotted against the applied activities/doses for each cell line. Mean val-
ues are displayed as dotted curves, with the standard deviation for the mean
values visualized as transparent band around the curve. However, only discrete
measurements at the specified activity values were performed. This visualization
was chosen explicitly to facilitate comparison between different treatment condi-
tions such as non-targeted vs. PSMA-bound activity. For somemeasurements the
standard deviation is quite larger, representing biological variability in the data,
which could be attributed to different passage numbers.
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4.2 Simulation in Geant4 DNA based on

Experimental Data

4.2.1 Rationale and Aims

TRT is a novel, promising therapeutic approach. However, the knowledge of the
effect of TRT, such as the patient’s response to therapy and the dose required
for successful treatment, is sparse. Monte Carlo modeling of DNA damage can
make an important contribution to the validation of experimental data and the
simulation of effects depending on radionuclides distribution. The GEANT4-DNA
extension of the general-purpose Geant4 (Geometry and Tracking) Monte Carlo
toolkit is ideally suited for this task. This simulation toolkit not only simulates the
physical DNA strand breaks induced by the radionuclides, but also predicts the
repair of DNA damage and the formation of γH2AX foci.
The main activity in this project is dedicated to the first experimental validation
of the Geant4-DNA simulation toolkit for the modeling of direct and indirect bio-
logical damage induced by α- or β−particles in human cells. This validation takes
place in two steps, combiningMonte Carlo simulations and special radiobiological
experiments to distribute the radionuclides. The first simulation is intended to de-
termine the absorbed dose of different radionuclides (177Lu, 227Th, 223Ra and 225Ac)
depending on their biological distribution in a single cell model. The aim is to in-
vestigate the influence and effect of different distributions of these radionuclides
(at the cell membrane, in the cytoplasm) on the absorbed dose (details in Subsec-
tion 5.2.2). This will be performed with a simplified model, which can then be ex-
panded and adapted to a more accurate simulation of the experimental situation
in the future. Experimental data will be evaluated to get a baseline distribution of
localization of radionuclides (refer to Subsection 4.2.3 and 5.2.1).
In the further process, a more advanced model for simulating induced DNA dam-
age (SSB, DSB, complex DSB) will be developed to compare simulation results with
the experimental results of the DNA damage induction test (see section 4.1). This
comparisonmay enable us to better understand the DNA damagemechanisms of
TRT at the nanometre level, representing one of the most promising approaches
in cancer treatment. Furthermore, an accurate model would enable the simula-
tion of different experimental situations in silico and decide on themost promising
experiment approaches. Combining the large experimental data set and suitable
simulation would provide foundational knowledge about dosimetry and therapy
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optimization for patients. In addition, validation of the GEANT4 DNA toolkit with
experimental data is crucial to further improve simulation accuracy.
Aim of this chapter is to introduce basic principles of Monte Carlo modeling and
the GEANT4 DNA toolkit (Subsection 4.2.2). In Subsection 4.2.3, the method to
determine the radionuclide localization experimentally is described. The insights
gained from this assay shall serve as the foundation for the first simulation.

4.2.2 Introduction into Geant4-DNA

Geant4 aMonte Carlo simulation toolkit for the simulation of the passageof particles
through matter with high precision, and includes extensive libraries for physical
processes across a wide range of energies. Monte Carlo simulations are amethod
to predict the probability of various events when the potential for a random vari-
able is present. More specifically, it is impossible to predict or simulate the exact
path of a single α-particle, because the single interactions of the particle with mat-
ter are randomandnot predictable. However, bymodeling the processwith a high
statistical rate (1000 ormore α-particles), the track length and deposited energy of
an α-particle of a certain energy passing a definedmaterial can be estimated. This
method is widely applied in treatment planning and dose estimation for patient
in clinics.
Geant4 is a free software package, and the source code is available under an open-
source license [101, 102]. Within the Geant4 toolkit, it is possible to define the geo-
metry of a simulation, the environment (such as physics, interaction of particles
withmatter), and the tracking of particles during a simulation run. Parameters like
deposited energy and particle track length can be extracted from a simulation run.
Visualization of geometry and the passage/track of various particles is possible.
Geant4 DNA extends the Geant4 toolkit further to model processes induced by
ionizing radiation, like biological damage at the DNA scale. The physics processes
inGeant4-DNAare basedon interactionswithwater andother biologicalmaterials
[103]. Additionally, physico-chemistry and chemistry are implemented to enable
modeling of water radiolysis and thus induction of DNA damage described in Sub-
section 2.2.2 [104]. Molecular geometries, like DNAmolecules, allow quantification
of biological DNA damage in silico and differentiation of SSB, DSB and complex
DSB [105–108]. The ability of Geant4-DNA to represent radiation interactions at
nanometric scales makes it particularly well-suited for modeling the biological ef-
fects of TRT, where the spatial distribution of energy deposition is highly localized
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and can vary significantly depending on the intracellular distribution of the radio-
pharmaceutical.
Geant4-DNAhas already been applied to simulate effects of TRT on single cell level
as well as on cell layers [109–111].

4.2.3 Experimental Localization of Radionuclides with Cellular

Uptake Assay

To determine the binding to cellular membrane and internalization of the used
radiopharmaceuticals ([177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA-716) as well as un-
labeled radionuclides (177LuCl3, 225Ac(NO3)3 and 223RaCl2 ), the cellular uptake assay
was applied. For this assay, cells are plated in a 24-well plate one day before the
experiment. As the adherence of the LNCaP cell line is weak, plates were coated
with poly-L-lysine before plating of the cells. The assay was performed with all
three cells lines (LNCaP, C4-2 and PC-3) described in Subsection 4.1.2.
Cells were treated with radionuclides and radiopharmaceuticals at different activ-
ity concentrations. Radiolabelingwas performedanalogically to parameters stated
in Table 4.1. Cells were incubated at 37 °C with 250 µL of radioactivity diluted in
supplemented cell culture medium for a specific time. At the end of the incuba-
tion period, the radioactive medium was removed and cells were washed three
times with 500 µL of ice-cold PBS. To assess the membrane-bound activity, cells
were incubated twice with 500 µL of glycine buffer (50mM; pH 2.8) for 5min. Then
the cells were again washed once with 500 µL of ice-cold PBS and lysated after-
wards with 500 µL of NaOH (0.3M; pH 14) to evaluate internalized fraction. Both
fraction of glycine wash (for membrane binding) and lysate (for internalization)
were collected in gamma counter tubes and counted directly in a gamma counter
(177Lu: Cobra Autogamma B5003, Canberra, Packard; Frankfurt, Germany, 225Ac
and 223Ra: 2410/2470 Wizard2, Perkin Elmer, Waltham, USA). To account for total
activity, a defined fraction of the radioactive incubation medium (1/10 = 25 µL) was
measured as standard. For statistical purposes, all conditions were performed at
least in triplicate.
For analysis, the mean was calculated from the triplicate for each condition. The
average percentage of membrane-bound activity was then calculated by normal-
izing the sum of both glycine washes to the total activity used, determined by the
standard measurements. The average percentage of internalization was calcu-

5151



Chapter 4. Experimental Design and Methods

lated likewise, normalizing the lysate by the total activity. All calculations were
performed in Excel (Microsoft Excel 2019, Microsoft Corporation), and data visual-
ization in Jupyter Notebook.

4.3 Effect of Mono- and Combination Therapy on

Cell Proliferation

4.3.1 Rationale and Experimental Design

The γH2AX immunofluorescent assay evaluating theDNAdamage and repair after
exposure to TRT (compare Section 4.1), can only measure the direct impact on
DNA damage through TRT. However, the assay is limited in predicting long-term
effects of the treatment, such as the ability to proliferate. Since cancer cells can
acquiremechanisms to overcome or ignore even persistent DNA damage, it is cru-
cial to additionally assess cell proliferation after treatment. Cell proliferation is an
important indicator of the biological effectiveness of the treatment that cannot
be extrapolated from DNA damage alone. Furthermore, the assessment of cell
proliferation is also used to test a combination therapy of TRT and a DNA repair
inhibitor, more specifically a DNA-PK inhibitor. To determine the most effective
combination, several parametersmust be tested, such as different activity concen-
trations (TRT) and concentrations of the DNA-PK inhibitor, as well as a treatment
plan for the combination: subsequent or parallel treatment, with the order hav-
ing the better effect. That is why an assay that enables high throughput and quick
evaluation is favorable.
As a method for assessing cell proliferation, the resazurin assay was chosen [112–
114]. Resazurin is a cell-permeable, blue redox dye, which is reduced only by vi-
able, metabolically active cells to resorufin. As resorufin is a highly fluorescent
pink compound, the amount of metabolically active cells can be determined by
measuring the fluorescence intensity. Hence, the study of cell proliferation by the
resazurin assay allows for the determination of the number of viable cells after
treatment, as well as directly comparing different treatment conditions to each
other by studying differences in fluorescence signal (shift from blue to pink).
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4.3.2 Experimental Procedure

Cell Culture

The three prostate cancer cell lines described in Subsection 4.1.2 were used. One
day before the experiment (Day 0), cells were seeded in 96-well flat-bottom plates
(sterile cell culture plate with flat bottom, color: black with transparent bottom,
#644090, Kisker Biotech). To account for the different proliferation rates of the
three cell lines and to ensure that the density at the end of the experiment (day
8) is still within the sensitive range of the resazurin test, a different cell number
was seeded for each cell line. The optimal number of cells, incubation length,
and incubation time with resazurin were determined in preexperiments. LNCaP
are the slowest proliferating cells and PC-3 the fastest, resulting in the following
numbers seeded for each cell line per well: 1750 (LNCaP), 1300 (C4-2), 1000 (PC-3).
Details of the procedure are specified in Appendix C.2.

DNA Repair Inhibitor

As highlighted in Paragraph 2.1.1, DNA-PKi can be used to block DNA repair and
radiosensitize cells, possibly also overcome radioresistance. In this work, the com-
mercially availableDNA-PKiNedisertib® (M3814, Peposertib®, MSC2490484, #S8586,
Selleckchem) was chosen, which has already proven to enhance the effect of EBRT
in vitro and in vivo [31]. Assessment of its safety profile in clinical trials (NCT02316197,
NCT02516813) as monotherapy and in combination with EBRT has shown positive
results [115]. In vitro studies reported that Nedisertib® can suppress the repair of
radiation-induced DNA damage by NHEJ, leading tomitotic catastrophe and apop-
totic cell death in cancer cells deficient in the other main repair pathway, HR [116].
The compound was prepared according to the manufacturer’s instructions. A
range of concentrations was then prepared from the initial stock, two controls
(control 0 µM, DMSO control) and six concentrations of Nedisertib® (0.01, 0.1, 1, 5,
10 and 50 µM). Details of the preparation are documented in Appendix C.2.

Compounds and Radiolabelling

The radiopharmaceuticals [177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA-716, described
in Section 4.1.2 were used in this assay. Additionally, the radionuclides 177Lu and
225Ac were used in their unlabeled form as 177LuCl3 and 225Ac(NO3)3. Radiolabeling
procedures are identical to the ones specified in Table 4.1. 223Ra and 227Th were
not used in this assay due to limited availability.
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Treatment

Figure 4.3: Experimental workflow cell proliferation assessment: monotherapy in-volved treatment of cells with either TRT, external irradiation or DNA-PKi Nedi-sertib® at Day 1. Cells were incubated with medium containing non-targetedradionuclides or radiopharmaceuticals or DNA-PKi Nedisertib® , with concen-trations specified in Table 4.3.For combination therapy, cells were treated with DNA-PKi Nedisertib® on Day1 and then with TRT on Day 2.In both assays, the endpoint was on Day 8, when the cells were incubated withresazurin-supplemented medium for 2.5 h and then the fluorescence signalwas read out via a plate reader.Created in Biorender https://BioRender.com

Cells were treated 24 h after seeding, at Day 1. Before starting with combination
treatments, all treatment modalities were thoroughly assessed as monotherapy.
The treatment modalities comprise TRT with an α-emitter ([225Ac]Ac-PSMA-716 or
225Ac(NO3)3) or a β−-emitter ([177Lu]Lu-PSMA-617 or 177LuCl3), the DNA-PKi Nediser-
tib® as well as external photon irradiation (Multirad225-X-ray Faxitron) as gold
standard for comparison. The concentrations used for TRT andDNA-PKi are stated
in Table 4.3. Combination therapies were then executed following the scheme in
Figure 4.3. For combination with TRT, pretreatment with DNA-PKi was done on
Day 1, with an incubation time of 24 h. Hence, on Day 2, DNA-PK supplemented
medium was removed, replaced by usual supplemented medium (1x wash), and
then exchanged with TRT supplemented medium. The radioactive exposure time
was 4 h, similar to the DNA damage assessment. After 4 h, the active medium was
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removed and replaced by the usual supplemented medium.
For combinationwith external photon irradiation, pretreatmentwith DNA-PKi was
performed as described above on Day 1. After 1 h of pretreatment, cells were ir-
radiated at specified doses. Afterwards, the cells were placed again in incubation.
The DNA-PKi-supplementedmediumwas then removed after a total of 24 h incub-
ation time at Day 2 and exchanged for the usual supplemented medium. Cells
were incubated again until Day 8. This procedure was performed analogously to
previous experiments performed at the institute with the DNA-PKi and external
photon irradiation.

Table 4.3: Administered concentrations in cell proliferation assay: for TRT initial activ-ity concentration was measured in a dose calibrator ISOMED 2010, further dilu-tions for lower activity concentrations below the range of the ISOMEDwere per-formed by 1:4 dilution between each concentration [98]. Irradiation times forexternal radiation (Multirad225-X-ray Faxitron [97]) were calculated from thedose rate of 2.151Gy/min.
TRT external DNA-PK

α-emitter β−-emitter α-emitter β−-emitter photon inhibitor
225Ac 177Lu 225Ac 177Lu irradiation Nedisertib®

Activity Activity X-Rays Compound
concentration per sample Dose concentration
[kBqmL−1] [kBq] [Gy] [µM]

control (0) 0 0 0 0 0
0.156 78 0.023 12 1.5 0.01 5
0.625 312 0.094 47 2.5 0.1 10

2.5 1250 0.375 188 1 50
10 5000 1.5 750

Cells were then allowed to proliferate until Day 8 under usual cell culture condi-
tions. Quadruplets of each experimental condition were seeded.
In addition, pretreatment with TRT and subsequent treatment with DNA-PKi and
parallel treatment with both modalities were investigated with 225Ac.
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Measurement of Fluorescence Signal

As explained above, cells were incubated until Day 8, and then the cell prolifera-
tion was measured via the resazurin assay. For the assay, the cell medium was
exchanged with cell medium supplemented with 10% of resazurin stock solution,
with a volume of 165 µL per well. Cells were incubated for 2.5 h until the fluores-
cence difference between samples maximized. Then plates were measured using
the fluorescence readout function of the plate reader Varioskan Lux with excita-
tion set to 530 nm and emission to 590 nm (Software Skanlt). For statistical analysis,
each plate was subsequently measured five times.

4.3.3 Analysis Procedure

Data of the plate reader Varioskan Lux was exported in .xlsx files, which could
be further processed in Excel (Microsoft Excel 2019, Microsoft Corporation). For
each well, the mean was calculated from the five measurements. Then of the
quadruplet for each experimental condition, themean and the standard deviation
were calculated. All samples were then normalized to the control (completely un-
treated) of the corresponding experiment. Data was then imported into Jupyter
Notebook (version 6.5.7, using Python 3.12.7 [100]). If multiple repetitions of the
same experimental setup were performed, the mean of the normalized values
was calculated.
Graphic visualization of the data was done in Jupyer Notebook as well. Mean val-
ues of normalized cell proliferation for each treatment are plotted against the ap-
plied activities/doses for each cell line. Mean values are shown as dotted curves,
with the standard deviation represented by a transparent band surrounding each
curve. However, it is important to note that only discrete measurements were
performed at specific activity or compound concentrations. This style of visual-
ization was intentionally chosen to facilitate comparison between different treat-
ment conditions, such as non-targeted versus PSMA-bound activity. For some
measurements, the standard deviation is considerably large, reflecting biological
variability in the data. This variability could be attributed to differences in passage
number, which may influence results in this multi-day assay.
To assess statistically significant differences between treatment conditions - such
as different radiation types (α-emitter vs. β−-emitter) or targeting strategies (PSMA-
bound vs. non-targeted activity) - a paired Student’s t-test was used. This test was
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appropriate because the data were obtained from the same cell line under exper-
imental different conditions, meaning the samples were not independent. Using
a paired test controls for biological variability within the same system, allowing
more accurate detection of treatment-specific effects. All statistical analyses, in-
cluding t-tests, were performed using Jupyter Notebook.
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5 Results

Four different research questions were specified in the introduction. In the pre-
vious Chapter 4, three main studies were presented, the results of which aim to
address the questions raised. A brief overview of the four questions and the re-
lated studies is given.
Q1 studies the impact of various physical parameters on the outcome of TRT. DNA
damage induction (Section 4.1) and cell proliferation (Section 4.3) after TRT were
studied to gain further insights on biological effectiveness of parameters such
as emitter type, activity concentration, and exposure time. Detailed results are
presented in the next Section 5.1.
Q2 focuses on understanding how to design a Monte Carlo simulation that mod-
els the effects of TRT within a single-cell framework. The primary objective is to
estimate the energy deposited in the cell nucleus, which depends on the subcel-
lular localization of the radionuclides. To inform the simulation, cellular uptake
experiments were conducted to determine the localization patterns of radionuc-
lides for the radiopharmaceuticals used (see Subsection 4.2.3). Geant4-DNA is in-
troduced as a suitable platform for developing such simulations (see Subsection
4.2.2). Section 5.2 presents both the experimentally determined radionuclide loc-
alizations and the development of a simplified single-cell simulation. The ultimate
aim—modelingDNAdamage induction—is discussed in the following chapter (see
Section 6.2).
Q3 deals more specifically with the induction and repair of DNA damage and with
the characteristic structure of DNA damage patterns. Differences of α- and β−-
emitters are hereby in focus (Section 5.3).
Q4 aims for an initial proof of concept for a effective combination therapy of TRT
and a DNA-PKi, Nedisertib®. Different parameters to optimize treatment settings,
such as concentrations of single compounds and treatment schedule, are studied
(Section 5.4).
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5.1 Physical Parameters Determining the Biological

Effect

The biological effects of TRT - including DNA damage induction, repair processes,
and eventual cell death - depend on several key characteristics of the radionuclide
used. These include its physical properties, such as the type of radiation emitted
(e.g., α- or β−-particles), the energy of the emitted particles, and the physical half-
life of the radionuclide. Each of these factors contributes to the damaging poten-
tial of TRT. Radiation type and energy define the range and impact of DNA dam-
age and are therefore crucial to the effect of a single particle. The half-life determ-
ines the temporal distribution of emissions, affecting how frequently particles are
emitted and, therefore, the likelihood of damage occurring within a specific time
frame. In addition to these specific properties, the total activity administered in
treatment is a key parameter, as it defines the overall number of decay events and
thus the cumulative potential for biological damage. As α-emitters have a greater
biological effectiveness than β−-emitters, different ranges of total activity are ne-
cessary to induce a comparable effect. This relationship is assessed quantitatively
in this section. Furthermore, concerning TRT, the targeting itself and the result-
ing localization of radionuclides play a crucial role. The potential of the targeted
approach is investigated by comparing PSMA-targeted radionuclides to their non-
complexed, non-targeted counterparts. In addition, three different cell lines are
used, of which two are expressing the target receptor (PSMA) and one is not. As a
last parameter, the effect of the exposure time, hence incubation length with radi-
onuclides, is studied. The standard of 4 h exposure time is compared to a reduced
exposure time of 1 h. The immediate DNA damage after 1 h and the DNA damage
after 1 h and additional 3 h recovery time before fixation, resulting in a biological
repair time equal to the 4 h exposure time sample, are examined.

5.1.1 Qualitative Observations - Differences between the

Radiation Types

Before discussing the parameters in detail, a brief qualitative overview will be
provided in this subsection. As mentioned earlier, α- and β−-emitters demon-
strate distinct biological effectiveness. Therefore, a specific range of activities for
each emitter type was selected to achieve comparable numbers of γH2AX foci.
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For α-emitters, total activities of 1 kBq to 100 kBq were used, and for β−-emitters,
100 kBq to 5000 kBq. For external photon irradiation, which served as the gold
standard, a dose range of 0.5Gy to 2.5Gy was applied, corresponding to typical
values used commonly in in vitro studies [117].
Figure 5.1 exemplifies representativemicroscopy images with immunofluorescent
γH2AX staining, along with corresponding detected γH2AX foci numbers per nuc-
leus and total γH2AX intensity per nucleus for all three radiation types. The sig-
nal intensity and number of γH2AX foci are visually and numerically comparable
across all three radiation types within the employed activity and dose ranges. This
similarity enables a direct quantitative comparison, which will be presented in the
following subsections.
Beforehand, some characteristics of the radiation types can be deduced qualitat-
ively from the Figure 5.1. By examining the γH2AX distributionwithin the displayed
cells, it becomes apparent that β−-emitters and external irradiation result in a ho-
mogeneous distribution spread across the individual cells, whereas α-emitters
induce bright and larger foci within the cell but exhibit a heterogeneous distribu-
tion across cells. Comparing equal activities of 100 kBq for bothα- and β−-emitters,
the distinct biological effectiveness of both emitter types is evident. While with the
β−-emitter 177Lu, the effect of 100 kBq is visually almost indistinguishable from the
control, the same activity with the α-emitter 225Ac induced so much DNA damage
that it led to an almost homogeneous γH2AX staining of the entire nucleus. As
the analysis method is unable to separate single foci anymore in this setting, the
detection of foci number decreases, while the increase of DNA damage is clearly
visible in the total γH2AX intensity.
Comparing the distribution of the γH2AX foci, it appears that external irradiation
and β−-emitters induce smaller but more numerous foci, whereas foci induced
by α-emitters are larger and less frequent per cell. Overall, the foci number in-
creases more slowly with α-emitters, resulting in a lower total number of detec-
ted foci compared to β−- and external irradiation. Additionally, the brightness of
α-particle-induced foci is higher and increases strongly with activity, while the in-
crease is less pronounced for β−-emitters and the intensity remains almost con-
stant with external irradiation. These differences are connected to the distinct
DNA damage induction mechanisms among the radiation types (α-emitters: dir-
ect; external irradiation and β−-emitters: indirect), which will be further discussed
in Subsection 5.3.
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Figure 5.1:Microscopic overview of DNA damage induction by different radiation
types: on the left side, a qualitative overviewofDNAdamage induction is visual-ized by immunofluorescent γH2AX staining (green) of the three radiation typesstudied, α- and β−-emitters as well as external photon irradiation. The cell nuc-leus is stained with DAPI (blue). Samples treated with α- and β−-emitters wereexposed to radionuclides for 4 h and then fixed. External irradiated sampleswere fixed 30min post irradiation, which is when the maximum in the γH2AXsignal is typically reached. On the right side, the corresponding detected γH2AXfoci number (colored curves, left y-axis) and total γH2AX intensity (dashed graycurves, right y-axis) are exemplified for one cell line (C4-2, PSMA-positive).
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5.1.2 Comparison of three α-emitters: 225Ac, 227Th and 223Ra

Figure 5.2: Comparison of three α-emitters: 225Ac, 227Th and 223Ra: all three radionuc-lides were used in their non-complexed form, notably 225Ac(NO3)3 , 227ThCl4and 223RaCl2 . Cells were exposed to the radionuclides for 4 h with direct fixa-tion. Mean number of detected γH2AX foci (upper row) and intensity of total
γH2AX signal (lower row) are displayed. The intensity of the total γH2AX sig-nal is most relevant for the highest activity of 100 kBq, where the separationof single foci is failing in the analysis process. The assay could not be per-formed with 227Th on the PC-3 cell line (PSMA-negative), due to the suddennon-availability of this radionuclide.

The DNA damage assay was conducted with three different α-emitters, 225Ac, 227Th
and 223Ra, the latter being the daughter nuclide of 227Th. The properties of these
radionuclides are listed in Table 2.1. Notably, their half-lifes and mean α-energies
fall within a similar range. When comparing the total γH2AX intensity (displayed
in the lower row in Figure 5.2), no significant differences were observed between
the three radionuclides. This finding is supported by the calculated ratios for the
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total γH2AX intensity (225Ac/223Ra, 225Ac/227Th, 223Ra/227Th), which are all close to one
(refer to Table 5.1, lower part).
Regarding the detected foci numbers, 225Ac and 223Ra exhibited similar results for
PSMA-positive cell lines, LNCaP and C4-2, with ratios around one (225Ac/223Ra ratio:
[0.88, 1.06]). However, 225Ac is overcoming 223Ra in PSMA-negative PC-3 cells, par-
ticularly at lower activities (225Ac/223Ra ratio: 1.45). Compared to 227Th, 225Ac and
223Ra induced more DNA damage in LNCaP and C4-2 (225Ac/227Th ratio: [1.45, 1.78];
223Ra/227Th ratio: [1.70, 1.76]). The slight increase in DNA damage observed with
223Ra and 225Ac can be attributed to the decay scheme (Figure 2.7). Specifically,
multiple short-lived α-decays occur, leading to a higher frequency of α-particles
emitted by 223Ra and 225Ac within the 4 h exposure time compared to 227Th. This
may result in increased DNA damage.

Table 5.1: Comparison of three α-emitters: 225Ac, 227Th and 223Ra: all three radionuc-lides were used in their non-complexed form, notably 225Ac(NO3)3 , 227ThCl4 and223RaCl2 . The exposure time was 4 h with direct fixation. The ratio of the differ-ent α-emitters to each other was calculated for foci number and total γH2AXintensity within each activity and all cell lines (data corresponds to Figure 5.2).For each cell line and ratio, the mean was calculated across all activities (lastcolumn).
Activity [kBq] Mean ratio

Foci number Ratio 1 5 10 100 (across all activities)
LNCaP 225Ac/223Ra 0.77 0.99 0.89 0.88

225Ac/227Th 1.91 1.15 1.30 1.45
223Ra/227Th 2.49 1.16 1.46 1.70

C4-2 225Ac/223Ra 1.39 0.90 0.89 1.06
225Ac/227Th 1.76 2.02 1.56 1.78
223Ra/227Th 1.26 2.25 1.76 1.76

PC-3 225Ac/223Ra 1.75 1.57 1.03 1.45
γH2AX Intensity 1 5 10 100

LNCaP 225Ac/223Ra 0.93 0.87 0.84 1.12 0.94
225Ac/227Th 1.00 0.85 0.90 1.06 0.95
223Ra/227Th 1.08 0.97 1.08 0.95 1.02

C4-2 225Ac/223Ra 1.45 1.24 0.78 1.19 1.17
225Ac/227Th 1.03 1.34 0.90 1.00 1.07
223Ra/227Th 0.71 1.08 1.14 0.84 0.94

PC-3 225Ac/223Ra 1.65 1.32 0.88 0.77 1.16
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5.1.3 Impact of Targeting

For 225Ac and 177Lu, PSMA-targeting was performed with the radiopharmaceutical
[177Lu]Lu-PSMA-617 and its analogue optimized for 225Ac, [225Ac]Ac-PSMA-716. The
PSMA-bound radionuclides were compared to non-complexed and therefore non-
targeting radionuclides, 177LuCl3 and 225Ac(NO3)3. A further control was introduced
by using two PSMA-expressing cell lines, LNCaP and C4-2, as well as a non-PSMA-
expressing cell line, PC-3. The results of the experiments with an exposure time
of 4 h and direct fixation are shown in Figure 5.3.
Overall, the experiments demonstrated that targeting is only superior to the non-
targeted approach, when combined with a short-range α-emitter, 225Ac. In both
PSMA-positive cell lines, targeted treatment with [225Ac]Ac-PSMA-716 resulted in
significantly more DNA damage than non-targeted treatment, as confirmed by
Student’s t-test ([225Ac]Ac-PSMA-716/225Ac(NO3)3 ratio: [1.4, 1.3]). In contrast, for the
PSMA-negative cell line PC-3, where no internalization occurs due to lack of tar-
get receptor, targeted and non-targeted 225Ac had similar effects on DNA damage
([225Ac]Ac-PSMA-716/225Ac(NO3)3 ratio: 1.0). However, for the long-range β−-emitter
177Lu, no significant difference was observed between targeted and non-targeted
treatment in any of the cell lines ([177Lu]Lu-PSMA-617/177LuCl3 ratio: 0.9). In fact,
slightly higher numbers of γH2AX foci were detected for non-targeted 177LuCl3, in-
dicating that internalization has no benefit over membrane-bound activity for the
long-range β−-emitters. The ratios calculated for induced DNA damage of PSMA-
bound to non-targeted treatment are displayed in Table 5.2 for both radionuclides.
Table 5.2: Effect of PSMA-targeting - direct comparison of PSMA-bound and non-

targeted activity: the number of γH2AX foci was used to calculate a ratioof PSMA-bound/non-targeted for similar activities for both radionuclides. Foreach cell line, the average ratio was the calculated over all three single ratios
PSMA-bound /
non-targeted Mean
225Ac [kBq] 1 5 10

LNCaP 1.8 1.3 1.2 1.4
C4-2 1.6 1.3 1.2 1.3
PC-3 1.0 0.9 1.2 1.0

177Lu [kBq] 100 500 1000 5000
LNCaP 1.0 0.7 0.6 1.2 0.9
C4-2 0.9 0.7 0.8 1.0 0.9
PC-3 0.9 0.7 1.3 0.9 0.9
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Figure 5.3: Comparison of PSMA-bound to non-targeted activity with 225Ac and 177Lu:mean values of repetitions are plotted as a dashed line, accompanied by a lighttransparent band representing the standard deviation. Significant intervalsare denoted by: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Non-significantresults (p > 0.05) are indicated as "n.s." (paired Student’s t-test).6666
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TheDNA damage assessment results are consistent with those from the cell prolif-
eration study (Section 4.3). Notably, no significant differencewas observedbetween
targeted [177Lu]Lu-PSMA-617 and non-targeted 177LuCl3 treatment with the long-
range β−-emitter in all three cell lines (p-value > 0.05, Student’s t-test). In contrast,
a significant difference was found for the short-range α-emitter 225Ac in the PSMA-
positive cell lines (LNCaP and C4-2), confirming that internalized activity enhances
the efficacy of 225Ac. Again, no significant difference between targeting and non-
targeting was found the PSMA-negative cell line (PC-3), which lacks internalization
via PSMA-targeting. The results are presented graphically in Figure 5.5, including
significance intervals of the calculated p-values.
Furthermore, when comparing both radionuclides directly to each other, as illus-
trated in Figure 5.4, the superiority of the α-emitters becomes evident. Even at
an activity concentration 500 times higher, the β−-emitter was outperformed by
the α-emitter, as the latter is introducing more complex DNA damage and chal-
lenging cell proliferation even in the long term. Additionally, a striking difference
between the two emitters was observed in the PSMA-negative PC-3 cells, where
225Ac showed a decrease in cell proliferation at high concentrations, whereas 177Lu
had no effect on cell proliferation.

Figure 5.4: Cell proliferation - direct comparison of [225Ac]Ac-PSMA-716 and [177Lu]Lu-
PSMA-617 :mean values of repetitions are plotted as a dashed line, accompan-ied by a light transparent band representing the standard deviation. Differentactivity concentrations were used for both radionuclides specified in Table 4.3.Dose I to IV correspond to 225Ac: [0.156, 0.625, 2.5, 10] and 177Lu: [78.1, 312.5,1250, 5000] kBq/mL.
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Figure 5.5: Cell proliferation - comparison of PSMA-bound and non-complexed 225Ac
and 177Lu: mean values of repetitions are plotted as a dashed line, accompan-ied by a light transparent band representing the standard deviation. Signific-ant intervals are denoted by: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Non-significant results (p > 0.05) are indicated as "n.s." (paired Student’s t-test).

5.1.4 Impact of Activity

A comparison of the activities for each emitter type that yielded comparable num-
bers of γH2AX foci led to the conclusion that an activity level 100 times higher
is required for the β−-emitter 177Lu than for the α-emitter 225Ac. This ratio was
consistent across three activity levels of 225Ac (1, 5 and 10 kBq) compared to 177Lu
(100,500 and 1000 kBq). A closer examination revealed that within this activity ra-
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tio, the α-emitter is more effective than the β−-emitter in PSMA-targeted settings
across all three cell lines ( [225Ac]Ac-PSMA-716/[177Lu]Lu-PSMA-617 ratio: [1.2-1.6]).
In contrast, when comparing the non-targeted treatment at the same activity ra-
tio, 177LuCl3 is more effective than 225Ac(NO3)3, with the 225Ac(NO3)3/177LuCl3 ratio:
[0.7; 0.8] for PSMA-positive cell lines. For the PSMA-negative cell line, however,
the ratio between both emitter types is 1.1, suggesting that this radioresistant cell
line may be more sensitive to α-particles. A comprehensive overview of all indi-
vidual computed ratios is provided in Table 5.3.

Table 5.3: Direct comparison ofα- and β−-emitters at similar activity ratio: DNA dam-age assay results where the activity ratio between 225Ac and 177Lu is 1:100 werecompared. The ratio of 225Ac/177Lu based on the number of γH2AX foci wascalculated for all activities fulfilling this relation. For each cell line, the averageratio was computed across all individual ratios.
Ratio 1:100 Mean
225Ac[kBq] / 1 5 10
177Lu[kBq] 100 500 1000
PSMA-bound

LNCaP 1.7 1.7 1.4 1.6
C4-2 1.4 1.2 1.0 1.2
PC-3 1.4 1.1 1.1 1.2

non-targeted
LNCaP 0.9 0.9 0.7 0.8
C4-2 0.8 0.7 0.7 0.7
PC-3 1.2 0.9 1.1 1.1

Furthermore, whereas the ratio between 225Ac:177Lu for comparable biological out-
comes was set at 1:100, it had to be adjusted to 1:500 in the cell proliferation assay,
which evaluated a later stage of cellular response. To compare the effectiveness
of both emitter types in detail, the ratio of normalized percentages relative to the
control was calculated (% 225Ac/ % 177Lu). For a more intuitive representation, the
natural logarithmwas applied to these values, resulting in negative values if α β−,
positive values if α < β−, and values close to zero if the effect was equal. The indi-
vidual values for each cell line are displayed in Table 5.4.
Overall, at this later biological endpoint, the α-emitter demonstrated a stronger
impact on cell proliferation across all cell lines, regardless of whether the treat-
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ment was targeted or non-targeted (all ratios < 0). In the case of the targeted treat-
ment, [225Ac]Ac-PSMA-716 proved to be the more effective in both PSMA-positive
cell lines (ratio: [-0.56; -1.02]), whereas in the non-targeted setting, the effect of
the α-emitter was less pronounced (ratio: [-0.04; -0.15]). Notably, for the PSMA-
negative cell line, the α-emitter produced amore significant effect in non-targeted
treatment (ratio: -0.41) compared to targeted therapy (ratio: -0.21).
Table 5.4: Direct comparison of α- and β−-emitters at similar activity ratio in cell

proliferation: for all applied activity concentrations the ratio of 225Ac:177Luis1:500. To compare the effectiveness of 225Ac to 177Lu on the cell proliferation,the ratio of the normalized values (% 225Ac/ % 177Lu) was calculated. The naturallogarithm was applied to the ratio, resulting in negative values if α β−, positivevalues if α < β−, and values close to zero if the effect was equal. Across allfour activity pairs (I-IV) with the ratio 1:500, mean values are provided for eachtreatment and cell line.
Ratio 1:500 I II III IV Mean
225Ac[kBq/ml] / 0.156 0.625 2.5 10
177Lu[kBq/ml] 78.1 312.5 1250 5000
PSMA

LNCaP -0.53 -0.73 -0.56 -0.43 -0.56
C4-2 -0.65 -1.17 -1.31 -0.95 -1.02
PC-3 -0.14 -0.15 -0.16 -0.39 -0.21

non-targeted
LNCaP -0.13 -0.15 0.15 -0.04
C4-2 -0.19 -0.19 -0.08 -0.15
PC-3 -0.23 -0.41 -0.58 -0.41

Moreover, an interesting comparison can bemade by examining how an increase
in activity affects the amount of induced DNA damage. The dataset included three
different increase factors in activity: doubling (e.g., 5→ 10 kBq), fivefold (e.g., 1→
5 kBq) and tenfold (e.g., 1→ 10 kBq). For each cell line and radionuclide, ratios of
the γH2AX foci numbers were calculated for these three activity increase factors
in both targeted and non-targeted treatments. The results are presented in Table
5.5.
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Table 5.5: Impact of increasing the activity of α- and β−-emitters on DNA damage
induction: the dataset included three different increase factors in activity (2,5, and 10 times). For each cell line and radionuclide combination, the ratioof increase in γH2AX foci was calculated. PSMA-bound: [225Ac]Ac-PSMA-716,[177Lu]Lu-PSMA-617 and non-targeted: 225Ac(NO3)3, 177LuCl3

Activity increase factor 2 5 10
225Ac 5→10 kBq 1→5 kBq 1→10 kBq
PSMA-bound
LNCaP 1.1 1.1 1.2
C4-2 1.0 1.2 1.2
PC-3 1.3 1.2 1.5
non-targeted
LNCaP 1.1 1.6 1.8
C4-2 1.1 1.5 1.6
PC-3 0.9 1.3 1.2
177Lu 500→1000 kBq 100→500 kBq 100→1000 kBq
PSMA-bound
LNCaP 1.3 1.1 1.4
C4-2 1.3 1.4 1.8
PC-3 1.3 1.4 1.9
non-targeted
LNCaP 1.5 1.5 2.3
C4-2 1.1 1.8 1.9
PC-3 0.7 1.8 1.3

In general, an increase in activity led to an increase in DNA damage, with all ratios
exceeding one except for the doubling of activity in non-targeted treatment of
the PC-3 cell line (225Ac(NO3)3: 0.9 and 177LuCl3: 0.7). However, the magnitude of
DNA damage induction did not directly correlate with the magnitude of activity
increase. For instance, a tenfold higher activity did not result in a tenfold higher
DNA damage induction. Themost pronounced increase in DNA damage induction
was observed for the tenfold increase with 177LuCl3 in LNCaP cells, with a ratio of
2.3. The long-range β−-emitter showed a greater enhancement in DNA damage
from increased activity, particularly in PSMA-positive cell lines (LNCaP and C4-2).
A tenfold increase in activity resulted in ratios of [1.4; 1.8] for [177Lu]Lu-PSMA-617
versus [1.2; 1.2] for [225Ac]Ac-PSMA-716. In non-targeted treatments, the difference
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was even more pronounced, with ratios of tenfold increase [2.3; 1.9] for 177LuCl3
and [1.8; 1.6] for 225Ac(NO3)3. In PSMA-negative PC-3 cells, increased activity equally
led to a greater increase in DNA damage for 177Lu, both [177Lu]Lu-PSMA-617 (ratio:
1.9) and 177LuCl3 (ratio: 1.3), compared to their respective counterparts [225Ac]Ac-
PSMA-716 (ratio: 1.5) and 225Ac(NO3)3 (ratio: 1.2). Notably, the benefit of increased
activity was more pronounced in PSMA-bound activity for PC-3 cells, whereas the
opposite was observed in PSMA-positive cell lines.

5.1.5 Impact of Exposure Time

To assess the impact of exposure time on DNA damage, samples were exposed
to radionuclides for either 1 h or 4 h, followed by fixation at the end of the expos-
ure period. To compare the effects of the exposure time within an equal time
for biological processes, samples were given 3 h of recovery time after 1 h expos-
ure, resulting in a total treatment observation time of 4 h. Since DNA repair occurs
concurrently with DNA damage induction during radionuclide treatment, this con-
sideration is crucial. The mean number of γH2AX foci detected in each sample is
visualized in Figure 5.6. Comparing the 1 h time point to the 1 h (+ 3 h) time point,
an increase in DNA damage is observed for both emitter types at the later time
point with additional recovery time. This increase in DNA damage could be at-
tributed to two effects. Firstly, delayed biological response in DNA damage repair
signaling due to continuous exposure may lead to underestimation of DNA dam-
age at the earlier time point compared to the later time point with recovery time.
For instance, DNA damage occurring at the end of the 1 h exposure period, is not
marked by γH2AX in directly fixated samples. Secondly, low amounts of residual
activity, either membrane-bound or internalized, which was not fully removed by
media change, could cause further DNA damage during the recovery period. In
Table 5.6, the ratio of γH2AX foci numbers of 4 to 1 h is presented for each radio-
nuclide treatment, activity, and cell line.
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Table 5.6: Influence of exposure time on DNA damage induction by α- and β−-
emitters: the ratio (4h : 1h) of detected number of γH2AX foci is calculatedbetween the two exposure times for each activity. Mean ratios are computedacross all cell lines as well as specifically within PSMA-positive cell lines (LNCaPand C4-2).

Ratio Mean ratio
(4h/1h)

LNCaP C4-2 PC-3 Mean ratio
(PSMA+)

[225Ac]Ac-PSMA-716 5kBq 1.55 1.45 1.5 1.50 1.50
10kBq 1.31 1.17 1.26 1.25 1.24

[177Lu]Lu-PSMA-617 500 kBq 1.15 1.71 1.93 1.60 1.43
1000 kBq 2.07 1.96 1.96 2.00 2.02

225Ac(NO3)3 5kBq 1.59 1.35 1.37 1.44 1.47
10kBq 1.31 1.32 1.43 1.35 1.32

177LuCl3 500 kBq 1.22 1.89 2.19 1.77 1.56
1000 kBq 2.02 1.63 1.66 1.77 1.83

Generally, longer exposure times resulted in increased levels of DNA damage
across all cell lines. However, both parameters do not correlate linearly. Spe-
cifically, the fourfold increase in exposure time resulted in a maximum twofold
increase in DNA damage (4h/1h ratio [177Lu]Lu-PSMA-617: 2.02). For the α-emitter
225Ac, the increased exposure time had a more pronounced effect at lower activ-
ities of 5 kBq (4h/1h ratio [225Ac]Ac-PSMA-716: 1.50; 225Ac(NO3)3: 1.47). The higher
activity of 10 kBq only led to a moderate increase (4h/1h ratio [225Ac]Ac-PSMA-716:
1.24; 225Ac(NO3)3: 1.32). In contrast, the β−-emitter 177Lu, exhibited a larger im-
pact of the prolonged exposure time at higher activities of 1000 kBq (4h/1h ratio
[177Lu]Lu-PSMA-617: 2.02; 177LuCl3: 1.83) compared to lower activities of 500 kBq
(4h/1h ratio [177Lu]Lu-PSMA-617: 1.43; 177LuCl3: 1.56). Overall, prolonged expos-
ure times amplified the induction of DNA damage more substantially for the β−-
emitter than the α-emitter.
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Figure 5.6: Influence of exposure time on DNA damage induction by α- and β−-
emitters: the number of γH2AX foci detected is plotted in a bar chart againstthree observation time points: the two different exposure times 1 and 4 h aswell as 1 h (+ 3 h recovery time ) allowing for equal time for biological processesto initiate repair, comparable to the 4 h sample. Standard deviations are dis-played as error bars on top of each bar.
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5.2 Development of a Geant4-DNA Simulation for

Single-Cell Dosimetry

In the preceding section, the impact of different activities and exposure times on
the biological outcome was investigated. To induce a similar biological effective-
ness with β−-emitters as with α-emitters, an increase in activity by a factor of 100
was necessary in the DNA damage assay and even a factor of 500 in the cell pro-
liferation assay. Experiments using external photon irradiation as a gold stand-
ard revealed that the induced DNA damage falls within the range of 1.0Gy to
2.5Gy. However, directly comparing the biological effectiveness of different ra-
diation types, various activities, and length of exposure time is complex due to
their distinct characteristics. To facilitate a more comprehensive comparison, it
would be advantageous to consider the deposited energy or absorbed dose as a
common physical parameter for the induced effect. Unfortunately, experimental
determination of this quantity is highly challenging in the context of TRT. There-
fore, this section focuses on the development of a Monte Carlo simulation to es-
timate the deposited energy within the cell nucleus under various experimental
conditions using a single-cell model.
Especially for the short-range α-emitters, the precise localization of radionuclides
is a crucial factor in accurately simulating energy deposition within the nucleus
as demonstrated by comparing the effects of targeted versus non-targeted α-
emitters in Subsection 5.1.3. Consequently, to ensure simulation accuracy, it is
essential to determine first the experimental radionuclide distribution, which will
serve as input data. The results are presented in Subsection 5.2.1. The subsequent
subsections then describe the design of a basic single-cell simulation (Subsection
5.2.2) and its further refinement (Subsection 5.2.3).
5.2.1 Experimental Determination of Radionuclide Distribution

To establish a baseline for the radionuclide distribution, which will serve as input
for the initial simulation, cellular uptake assays were performed (methodology de-
scribed in Subsection 4.2.3). The behavior of non-complexed activity 225Ac(NO3)3,
complexed activity [225Ac]Ac-DOTA and PSMA-bound activity [225Ac]Ac-PSMA-716,
was studied on receptor-expressing and non-expressing cell lines. Similar studies
were conducted with 177Lu, to compare [177Lu]Lu-PSMA-617 and 177LuCl3. Repres-
entative results from a cellular uptake assay with 225Ac are shown in Figure 5.7.
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Figure 5.7: Cellular uptake study with 225Ac: membrane-bound and internalized frac-tion of the PSMA-positive LNCaP and the PSMA-negative PC-3 cell line are de-picted for non-complexed activity 225Ac(NO3)3, DOTA-chelated activity [225Ac]Ac-DOTA, and PSMA-bound activity [225Ac]Ac-PSMA-716. The percentage of frac-tion is calculated from the total activity applied during the assay (10 kBq persample during 4 h incubation time).

A general trend observed in this study was increased internalization of PSMA-
labeled compounds with longer incubation times in PSMA-positive cell lines (e.g.,
for [225Ac]Ac-PSMA-716 1 h: 15.82% (0.49%) and 4 h: 21.92% (1.11%) internalization
from total applied activity; values in brackets represent percentage relative to
total bound activity). The most notable observation was the behavior of non-
complexed activity, which exhibited a high degree of unspecific binding to the cel-
lular membrane in all cell lines tested for both radionuclides, 225Ac and 177Lu. For
instance, 225Ac(NO3)3 was reaching 21.81% of membrane-bound activity in LNCaP
cells and 35.79% in PC-3 cells after 4 h incubation time. In particular, the unspe-
cificmembrane binding ismuch higher than the specificmembrane binding to the
PSMA receptor with labeled activity [225Ac]Ac-PSMA-716, with a 5.5-fold difference
between [225Ac]Ac-PSMA-716 (3.94%) and 225Ac(NO3)3 (21.81%) at 4 h. Furthermore,
non-complexed activity also exhibited some degree of internalization in PSMA-
negative PC-3 cells, albeit at a relatively low level. Specifically, 0.9% of the ap-
plied activity was internalized after 4 h. However, by chelating the activity with the
DOTA chelator the unspecific binding could be significantly reduced, thereby re-
ducing the charge-mediated binding of free ions (225Ac3+): [225Ac]Ac-DOTA, 0.39%
(4 h, LNCaP), 0.52% (4 h, PC-3). Notably, similar behavior was observed for 177LuCl3,
suggesting that this phenomenon is not unique to non-complexed 225Ac.
Suitable input for the single-cell simulation can be obtained by estimating the
number of radionuclides per cell. The initial activity A0 at the start of incubation
can be related to the initial number of radionuclides N0 : A0 = λN0 using equa-
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tion 2.5. An estimate of N0 can be calculated based on the known total activity
values, with the decay constants λ specific to each radionuclide being taken into
account. The estimated number of cells per sample, derived from the seeding
concentration, is then used to divideN0, resulting in an approximation of the num-
ber of radionuclides per cell. Furthermore, the number of radionuclides located
on the membrane and inside the cell are calculated by using the percentages of
membrane-bound and internalized activity relative to total activity. Approximate
values for these estimates are presented in Table 5.7.
Table 5.7: Estimated number of radionuclides per single cell: calculated numbers oftotal radionuclides (Tot.) based on total applied activity based from cellularuptake assay results. Exemplary values are provided for two scenarios: PSMA-bound activity, characterized by 4%membrane binding (Mem.) and 1.1% intern-alization (Int.), and non-targeted activity, which exhibited unspecific membranebinding of 35% and 0.9% internalization.
Nuclides per cell: Tot.
α-emitter [kBq] 1 5 10 100
225Ac 26 129 258 2576
227Th 49 243 486 4855
223Ra 30 148 2968
β−-emitter [kBq] 100 500 1000 5000
177Lu 1725 8627 17254 86271
Nuclides per cell: Mem. (4%) Int. (1.1%) PSMA-bound activity

α-emitter [kBq] 1 5 10 100
225Ac 1 0 5 1 10 3 103 28
227Th 2 1 10 3 19 5 194 53
223Ra 1 0 6 2 12 3 119 33
β−-emitter [kBq] 100 500 1000 5000
177Lu 69 19 345 95 690 190 3451 949
Nuclides per cell: Mem. (35%) Int. (0.9%) non-targeted activity

α-emitter [kBq] 1 5 10 100
225Ac 9 0 45 1 90 2 902 23
227Th 17 0 85 2 170 4 1699 44
223Ra 10 0 52 1 104 3 1039 27
β−-emitter [kBq] 100 500 1000 5000
177Lu 604 16 3019 78 6039 155 30195 776
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5.2.2 Design of Single-Cell Simulation to Determine

Deposited Energy in Nucleus

In the first step, a simplified single-cell model was developed using the svalue ex-
ample provided in GEANT4 DNA. The example was modified by adapting the geo-
metry to represent a single cell. Furthermore, the particle source was designed to
produce particles that are randomly located in the cytoplasmor on themembrane
surface. The source particles can be varied to resemble the properties of the used
radionuclides, with α-particles for 225Ac, 227Th, 223Ra and e− for β−-emitter 177Lu.
The energy of the α-particles can also be varied to match the properties of spe-
cific radionuclides. As an approximation for the various α-particles in the decay
chain of the different radionuclides, the energy can be set to the mean α-energy
of 6.3MeV to 6.9MeV calculated in the Table 2.1.
The simulation geometry consists of two ellipsoid volumes: one representing the
outer cellular dimensions, encompassing the cell membrane and cytoplasm, and
the other representing the cell nucleus, positioned at the center of the cell volume.
Currently, the dimensions are set to 14.0×2.5×14.0 µm for the cell volume (green)
and 7.1×2.5×7.1 µm for the nucleus volume (blue). The dimensions are based on
previous works from Jalalvand et al. who assessed early DNA damage induced by
four different radionuclides 177Lu, 90Y, 125I and 131I in a single-cell model [110]. They
can be easily adapted to match the specific cells used in experiments, which can
be determined using microscopy techniques, e.g., confocal microscope [109]. A
graphical representation of the simulation geometry is illustrated in Figure 5.8.
The α-particle tracks were simulated for three distinct energy ranges: 0.1, 1 and
5MeV. It is notable that the range of α-particles depends significantly on their
energy. An α-particle with an energy of 5MeV appears capable of reaching the
nucleus even when located at the cell membrane and not internalized by the cell.
Moreover, cross-irradiation to neighboring cells is feasible at this energy level.
These findings highlight the clinical potential of the studied α-emitting radionuc-
lides, which all emit α-particles with an energy around 5MeV.
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Figure 5.8: Geometry of single-cell simulation: geometry of a single cell is simplifiedas an ellipsoid with cytoplasm (green): 14.0×2.5×14.0 µm and nucleus (blue):7.1×2.5×7.1 µm. The α-particle tracks (depicted in yellow) with different ener-gies (0.1, 1 and 5MeV) are simulated with a particle source localized randomlyin the cytoplasm. In the right corner, a zoom-in of an α-particle track structureis shown. Tracks consist of many ionization events and cascade production ofsecondary particles, mainly electrons.

5.2.3 Further Modifications in the Single-Cell Simulation for

Absorbed Dose

Accurate simulation of the absorbed dose under various experimental conditions
can be achieved through several steps. The following sections provide an elabor-
ation of four key modifications that are necessary for enhancing the simulation
and aligning it with experimental observations.

• Track deposited energy in nucleus volume
• Tailor geometry dimensions to actual cell dimensions
• Replace particle source with radionuclide
• Adapt source distribution to experimental values

The next step in simulating the absorbed dose under different experimental con-
ditions involves determining the deposited energy in the nucleus volume. For
this purpose, a detector must be defined for the nucleus volume, which tracks
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all deposited energy from particle interactions within that volume. To increase
accuracy, the dimensions of the geometry should be tailored to match the actual
dimensions of the cells used in the experimental setup.
Furthermore, a more accurate approach involves incorporating an actual radio-
nuclide as the source into the simulation, rather than relying on an approxima-
tion of α-particles with mean energy. The Geant4 Radioactive Decay Module can
be employed for this purpose, allowing a complete decay chain to be simulated
within a specified sampling time window [118]. During this decay, emissions such
as α-particles are generated and can then be used as input for the single-cell sim-
ulation. Promising results have been demonstrated with this approach in other
simulation frameworks, such as the simulation of absorbed dose and DNA dam-
age profile of the α-emitter 211At [119].
Moreover, a more realistic representation of the experimental conditions determ-
ined by the cellular uptake assay can be achieved throughmodifications to the im-
plementation of the primary particles generator (gun), which defines and injects
particles with specified properties such as energy and momentum direction into
the simulation. Currently, the gun position within the defined geometry changes
randomly after each simulated particle to coordinates located in the cytoplasm.
However, this implementation should be modified to enable the random simula-
tion of the experimentally deduced radionuclide distribution, specifically by hav-
ing a defined number of events (simulated particles) on the cell membrane, rep-
resenting the membrane-bound activity, and another number situated within the
cytoplasm, representing the internalized activity fraction. For instance, in the case
of 5 kBq of [225Ac]Ac-PSMA-716 , this would involve simulating five radionuclides
that are randomly distributed at the membrane and one radionuclide that is ran-
domly locatedwithin the cytoplasm. The current setup allows for only one particle
to be simulated at any given time point.
Once all components have been properly set up, the simulation should be run
with sufficient statistical power to capture the behavior of all relevant paramet-
ers, including different radionuclides and activities used in the experimental set-
ting. This comprehensive approach will provide valuable insights into the distri-
bution of deposited energy within different experimental conditions, paving the
way for a detailed analysis of the effects of various emitter types. Furthermore,
this comprehensive framework enables amore profound understanding of the ef-
fects exerted by radionuclide localization on the energy deposition and biological
outcome.
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5.3 DNA Damage Evolution at Late Time Points -

Repair and Persistent DNA Damage

This section provides an in-depth analysis of the characteristics of γH2AX foci, such
as size and intensity, which can offer insights into DNA damage structure and com-
plexity. A comparison of the effects of different radiation types on γH2AX foci
is presented Subsection 5.3.1. Furthermore, examining the γH2AX signal at later
post-treatment time points (up to 24, 48, and 72 h) can provide valuable informa-
tion on how cells respond to and repair induced DNA damage. Generally, simple
DNA damage is expected to be repaired within 24 h, whereas more complex dam-
age may require longer periods of time. If the number of γH2AX foci remains
elevated even at later times, this suggests persistent DNA damage, which is likely
to be complex and difficult to repair. Therefore, Subsection 5.3.2 presents a de-
tailed analysis of the differences in the γH2AX signal between early and late time
points.
5.3.1 γH2AX Foci Characteristics of Different Radiation Types

As a first step towards understanding the γH2AX signal, an examination of the
specific properties and differences of the γH2AX foci induced by various types
of radiation is conducted. The focus is initially placed on the early time point at
4 h post-radiation exposure to investigate the characteristics of the damage sites
before they are altered by DNA repair processes. Figure 5.9 presents exemplary
immunofluorescent microscopy images of the three radiation types at a specific
activity/dose alongside a graphical representation of the γH2AX foci area (left y-
axis) and foci intensity (right y-axis). Visually, the foci in the α-emitter samples are
larger and brighter. In certain images (e.g., first picture, first row), the track of anα-
particle can be identified by closely spaced γH2AX foci arranged along a straight
line or curve. However, due to the experimental setup, where the activity was
placed in the medium above the monolayer of cells and the microscopy provided
a 2Dprojection of the cell layer,α-particle tracks are only visible in some cells when
their trajectory happened to be parallel to the plane of observation. In contrast,
the foci of β−-emitter and external photon irradiation resemble each other visu-
ally. They are smaller and less bright than the α-induced foci, but more numerous
per nucleus. These observations are confirmed by the graphical representation,
which shows that the γH2AX foci area of the α-induced damage sites damage sites
exceeds the control line, while the area of foci induced by β−-particles or external
photon irradiation falls below it. The intensity of foci induced by radionuclides
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is found to be generally higher than that of foci from external photon irradiation.
Additionally, it is observed thatα-particle induced foci exhibit the highest intensity.

Figure 5.9: Characteristics of γH2AX foci - area and intensity: representative immuno-fluorescent microscope images for γH2AX foci characteristics for the differentradiation types and graphical representation of foci area (left y-axis, coloredcurves) and foci intensity (right y-axis, gray curves) are displayed at the 4 h timepoint for TRT and 30min for external photon irradiation (exemplified using cellline C4-2). The standard deviation, representing variability across multiple ex-perimental repetitions, is illustrated by a transparent band surrounding themean values of the dashed curves.
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The average values across all the cell lines of γH2AX foci area and intensity for
each radiation type, are presented in Table 5.8 and graphically for all cell lines
individually in Figure 5.10. A general trend is observed across all radiation types,
where the foci area decreases as activity or dose increases. Notably, while the foci
area decreases with increasing dose in externally irradiated samples at the 30min
time point, it remains relatively constant across doses at the later 4 h for each cell
line. Comparing the foci sizes induced by different radiation types reveals that
those caused by external photon irradiation and β−-particles fall within a similar
size range (21-27 px), which is smaller than the control samples (29 px). In contrast,
foci induced by α-particles are larger than the control foci at lower activities (1 kBq
to 10 kBq), with sizes ranging from (31-34 px). However, at the highest activity of
100 kBq, the size of α-particle-induced foci is comparable to that of the control
samples (27-29 px).

Table 5.8: Average γH2AX foci areas and intensities at 4h time point: ranges of meanfoci area and intensity are provided across the three cell lines (LNCaP, C4-2, PC-3) for the three lower activities and all doses. The values for the highest activityare presented in a separate column. The area and intensity of the highest activ-ity are given separately. The area of γH2AX foci induced by external photonirradiation at the later time point of 4 h was found to be constant across alldoses, with minimal variation (± 1), for each of the three cell lines (LNCaP/ C4-2/PC-3) individually.
Foci Area [px] Foci Intensity

control 29 3400
225Ac 31-34 4400-7000
225Ac [100 kBq] 27-29 6500-9400
177Lu 26-29 3600-4700
177Lu [5MBq] 21-23 5500-7500
photon [30min] 21-27 4000-5800
photon [4 h] 24/26/28 3600-4500
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Figure 5.10: Area and intensity of γH2AX foci at early timepoint: the area of γH2AX fociat 4 h after exposure to radionuclides, as well as 30min after external photonirradiation, is depicted in the upper graph. The corresponding γH2AX intensityis displayed in the lower graph. The standard deviation, representing variab-ility across multiple experimental repetitions, is illustrated by a transparentband surrounding the mean values of the dashed curves.8484
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In contrast to the foci area, the foci intensity exhibits an inverse behavior, gen-
erally increasing with rising activity or dose. Comparing the different radiation
types, the intensity of the α-particle induced foci is the highest, followed by the β−-
particles and external photon irradiation. While in the α-emitter treated samples,
the targeted activity induced brighter foci than the non-targeted treatment, for
the β−-emitter treated samples the opposite is true, with slightlymore intense foci
observed in the non-targeted treatment. Overall, the intensity of the foci induced
by non-targeted treatment of α-emitters is in the same range as both treatments
with the β−-emitter. For the external photon irradiation, the intensity is higher in
the shorter time point at 30min than in the 4 h time point, where it has already de-
creased nearly to control levels for some cell lines. Comparing the three cell lines,
it is noticeable that the foci detected in the C4-2 cell line are the brightest, and the
ones in the PC-3 cell line are the darkest. At the highest activities, the intensity
has increased by a factor of 2.0-2.8 in 225Ac treated samples and 1.6-2.2 for 177Lu
treated samples compared to the intensity level of the control.

5.3.2 γH2AX Signal at Later Time Points - DNA Damage

Repair

To gain further insight into the differences in biological effectiveness of α- and β−-
emitters, the γH2AX signal was examined at later time points after treatment (up
to 72 h). This allowed cells to repair induced DNA damage and provided insights
into the repair process. For external photon irradiation, which serves as a gold
standard, it is known that most of the DNA damage induced by the moderate
doses used in this experimental setup should be repaired within approximately
24 h. This was confirmed as well in the used prostate cancer cell lines, as depicted
in Figure 5.11. While the number of induced foci remained constant at early time
points (30min and 4 h), it decreased to control levels in LNCaP and C4-2 for all
doses. In contrast, a constant number of foci is observed across all doses at late
time points in PC-3 cells, but with a slight increase compared to control levels (24 h:
[3.4-6.8] and 48 h: [4.9-5.7]).
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Figure 5.11: γH2AX foci number at different time points after external photon irradi-
ation treatment: for all four time points, the foci number is depicted for thefive doses and the untreated control. The standard deviation, representingvariability across multiple experimental repetitions, is illustrated by a trans-parent band surrounding the mean values of the dashed curves.

The following analysis compares the three parameters - γH2AX foci number, foci
area and foci intensity - between the three radiation types for all time points.

γH2AX Foci Number

In Figure 5.12 (α-emitter) and 5.13 (β−-emitter and external photon irradiation),
the detected γH2AX foci number is normalized by subtracting the number of foci
found in the corresponding control samples. The plotted values are absolute foci
numbers per sample, subtracted by the number of foci in the corresponding con-
trol time point. This normalization enables visualization of whether the number
of foci dropped back to the control level at later time points or if DNA damage
persists. At first glance, it is evident that for neither exposure time (1 or 4 h), the
number of γH2AX foci decreased in the samples treated with targeted α-emitters
([225Ac]Ac-PSMA-716, light green). Even at the latest time point of 72 h, for both
exposure times and two activities (5 or 10 kBq), the number of foci remained elev-
ated, ranging from 7.7 - 9.7 total number foci/nuclei in PSMA-positive cells. The
number of foci is slightly lower for the non-PSMA expressing cell line, PC-3, which
lacks the additive effect of targeted treatment. Nonetheless, DNA damage per-
sists at a constant level above baseline in this cell line as well at late time points
(6.7-7.9 total number of foci/nuclei). In contrast, the behavior of non-targeted
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activity (225Ac(NO3)3) is less consistent, with DNA damage occasionally decreasing
at some intermediate observation time points (such as 48 h) for lower activity and
exposure time, only to increase again at the latest time point (72 h).
Upon examination of the results from β−-emitter treated samples, a pattern is
emerging that exhibits similarities to the one observed in samples treated with
external irradiation. By 24 h, DNA damage has decreased in all three cell lines.
The decrease is less pronounced for the non-targeted treatment, which also cor-
responds to the overall higher number of DNA damage induced with the non-
targeted activity (177LuCl3). The magnitude of DNA damage induced by the shorter
exposure time of 1 h is lower compared to the longer exposure time of 4 h, result-
ing in a less pronounced decrease at later time points. Notably, the PC-3 cell line is
the least affected by treatment, with DNA damage after 1 h exposure time yielding
levels of DNA damage nearly equal to baseline of control at all time points.

γH2AX Foci Area

The foci area across all time points is depicted in Figure 5.14 for the α-emitter
and in Figure 5.15 for β−-emitter and external photon irradiation. As discussed
previously for the 4 h time point, it is observed that the area of foci induced by
α-particles tends to be larger than the area induced by β−-particles and external
photon radiation. Furthermore, the area of the α-particle-induced foci is found to
be larger than that of control foci, whereas the area for β−-particles and external
photon irradiation is smaller than that of the control foci (refer to Subsection 5.3.1).
Upon comparisonof all samples, it is noticeable that the area ofα-particle-induced
foci is slightly larger after the shorter exposure time of 1 h compared to a longer
exposure time of 4 h. Although, at the 4 h time point, the foci with the shorter
exposure time but similar biological time are found to have reached a size sim-
ilar to that of the 4 h exposure time and direct fixation. Examining the same time
points for the β−-particle treated sample, the samples with shorter exposure time
but equal biological time show a slightly larger area, for C4-2 and PC-3, while for
LNCaP, the area is slightly decreased at shorter exposure time.
At the late time points, the foci area is found to stabilize around a value spe-
cific to each cell line (26/30/32 - LNCaP/C4-2/PC-3). In contrast, while for the ex-
ternal radiation-treated samples a stabilization of the foci area at the 4 h time
point across all doses was observed (24/26/28 - LNCaP/C4-2/PC-3), the foci area
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increased for the later time point of 48 h to 31/39/30 for all three cell lines. This
behavior is contrary to the decrease in foci size observed in early time points (1 h
to 4 h) and the decrease observed in foci area in radionuclide-treated samples.

γH2AX Foci Intensity

The results for the foci intensity are again normalized by the value of the control
for all individual time points and displayed in Figure 5.16 for the α-emitter and
in Figure 5.17 for the β−-emitter and external photon irradiation. For the foci in-
duced by α-particles, which remained constantly high in number, a high level of
foci intensity is maintained throughout all time points. In LNCaP cells, an increase
in intensity to around 6000-7000 is observed at late time points, compared to in-
tensity values around 4500 at early time points. The intensity for the C4-2 cell lines
was already above 6000 at earlier time points and remained at that level for later
time points as well. As previously noted, foci intensity was consistently found to
be the lowest in PC-3 cells, a trend that continued at late time points. Neverthe-
less, the level remains significantly above the control level, around 4500.
In alignment with observations regarding the number of foci, a different behavior
is observed for β−-emitter and external photon irradiated samples. Here, a de-
crease in foci intensity is seen at later time points. For almost all late time points
and both types of irradiation, the foci intensity drops close to or below the control
level.
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Figure 5.12: DNA damage evolution over time by α-emitters - number of γH2AX foci: the number of γH2AX foci detected at later fixationtime points, normalized to control levels by subtracting the control value from the data, exhibits distinct trends. A consistentlyhigh level of γH2AX foci is maintained for cells treated with α-emitters. Standard deviations are displayed as error bars on top ofeach bar.
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Figure 5.13: DNA damage evolution over time by β−-emitters and external irradiation - number of γH2AX foci: the number of γH2AXfoci detected at later fixation time points, normalized to control levels by subtracting the control value from the data, exhibitsdistinct trends. A decline in the number of γH2AX foci is observed in samples treated with β−-emitters and external photonirradiation. Standard deviations are displayed as error bars on top of each bar.
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Figure 5.14: DNA damage evolution over time by α-emitters - area of γH2AX foci: the area of γH2AX foci detected in all samples is presen-ted, with the foci area of control samples at each time point indicated by a gray dotted line. Standard deviations are displayed aserror bars on top of each bar. The area of α-emitter induced foci is larger than the area of foci induced by β−-emitter or externalphoton irradiation.
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Figure 5.15: DNA damage evolution over time by β−-emitters and external irradiation - area of γH2AX foci: the area of γH2AX focidetected in all samples is presented, with the foci area of control samples at each time point indicated by a gray dotted line.Standard deviations are displayed as error bars on top of each bar. The area of TRT induced foci stabilizes at later time pointswhile it increases to a size larger than control in the external irradiated samples.
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Figure 5.16: DNA damage evolution over time by α-emitters - intensity of γH2AX foci: the intensity of γH2AX foci is normalized to controllevels by subtracting the intensity of control from the data. Standard deviations are displayed as error bars on top of each bar.For the α-emitter, the γH2AX foci intensity a high level of intensity is maintained across all time points.
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Figure 5.17: DNA damage evolution over time by β−-emitters and external irradiation - intensity of γH2AX foci: the intensity of γH2AXfoci is normalized to control levels by subtracting the intensity of control from the data. Standard deviations are displayed as errorbars on top of each bar. Intensity of γH2AX foci declines over time in samples treated with β−-emitter and external irradiation.
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5.4 Combination Therapy with DNA Repair

Inhibitor

In this section the efficacy of combining a DNA repair inhibitor with various ra-
diation types is evaluated in the three prostate cancer cell lines (LNCaP, C4-2 and
PC-3). The DNA-PKi Nedisertib® was selected as the DNA repair inhibitor due to its
demonstrated potential in previous studies. The experimental setup was based
on earlier work conducted at DKFZ by Emily Hellwich [120], which showed that
Nedisertib® exhibits radiosensitization properties when combined with external
photon irradiation (2Gy to 4Gy) in lung and pancreas cancer cell lines.
Following an initial trial using a similar setup to the studies of Hellwich Emily with
external photon irradiation in prostate cancer cell lines (see Subsection 5.4.1), the
combination therapy was extensively investigated with TRT (refer to Subsection
5.4.2). The radiopharmaceuticals [177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA-716were
employed at either a single activity concentration in combination with a concen-
tration curve of Nedisertib®, or at two concentrations of Nedisertib® (0.1 and 1 µM)
alongwith a concentration curve of the radiopharmaceuticals. The primary object-
ive was to demonstrate the potential of combination therapy for TRT and identify
an effective treatment regimen involving both compounds.

5.4.1 DNA Repair Inhibitor combined with External Photon

Radiation

The efficacy of the combined treatment with the DNA-PKi Nedisertib® was invest-
igated in prostate cancer cell lines using external radiation as the first step. These
findings are presented in Figure 5.18. The results showed that the combination of
1.5Gy of external photon irradiation and DNA-PKi Nedisertib® led to a significant
improvement in outcome compared to treatment with Nedisertib® alone in radio-
sensitive cell lines, LNCaP (**p-value) and C4-2 (*p-value). In contrast, the combin-
ation therapy did not offer a significant advantage over Nedisertib® monotherapy
in the PC-3 cell line, which exhibited less radiosensitive response in the previous
studies. Notably, high concentrations of Nedisertib® (above 5 µM) induced sub-
stantial cytotoxicity in monotherapy, leading to drastic decreases in cell prolifera-
tion. Conversely, lower concentrations (1 µM and below) had a limited impact on
reducing cell proliferation.
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Figure 5.18: Combination therapy of DNA-PKiwith external photon irradiation:meanvalues of repetitions are plotted as a dashed line, accompanied by a light trans-parent band representing the standard deviation. Significant intervals are de-noted by: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Non-significant results (p> 0.05) are indicated as "n.s." (paired Student’s t-test).

5.4.2 DNA Repair Inhibitor Combined with Targeted

Radionuclide Therapy

In the next step, the combination therapy with TRT was evaluated. All three cells
lineswere pretreatedwithNedisertib® in the previously tested concentration range
for 24 h, followed by a 4 h exposure to either [177Lu]Lu-PSMA-617 at 1.25MBq/mL or
[225Ac]Ac-PSMA-716 at 2.5 kBq/mL. These concentrations were selected based on
the ranges tested in monotherapy experiments of TRT (refer to Figure 5.5). Not-
ably, all combination treatments with TRT demonstrated a significantly enhanced
effect compared to monotherapy with the DNA-PKi Nedisertib® alone (p-values
< 0.05). The α-emitter exhibited the most pronounced enhancement in reducing
cell proliferation across all three cell lines, with highly significant differences ob-
served (***p-values). In contrast, the β−-emitter showed a less pronounced effect,
although still statistically significant. Interestingly, whereas the combination with
external photon irradiation did not have a significant impact on cell proliferation
in the PC-3 cell line, the combination with the β−-emitter yielded a statistically sig-
nificant result (p-value *).

9797



Chapter 5. Results

Figure 5.19: Combination therapy of DNA-PKi with TRT: mean values of repetitions areplotted as a dashed line, accompanied by a light transparent band represent-ing the standard deviation. Significant intervals are denoted by: * = p < 0.05,** = p < 0.01, *** = p < 0.001. Non-significant results (p > 0.05) are indicated as"n.s." (paired Student’s t-test).

Furthermore, a comparison of the combination treatments with TRT to those with
external irradiation (Figure 5.20) reveals distinct characteristics among the three
radiation types (α, β−, and external photon irradiation). In alignment with the
observations in the DNA damage assay, where β−and external photon irradiation
exhibit similar features and induce comparable levels of DNA damage, similarities
between these two radiation types are seen as well in the combined setting. In the
overlay of the three combination treatments with the same concentration range
of the DNA-PKi, the curves for [177Lu]Lu-PSMA-617 (1.25MBq/mL) and external irra-
diation (1.5Gy) followed a similar trend across all three cell lines. The combination
treatment with the α-emitter [225Ac]Ac-PSMA-716 (2.5 kBq/mL) is themost effective
in inhibiting cell proliferation in all three cell lines.
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Figure 5.20: Combination therapy of DNA-PKi with TRT comparison to external
photon irradiation: mean values of repetitions are plotted as a dashed line,accompanied by a light transparent band representing the standard devi-ation. Significant intervals are denoted by: * = p < 0.05, ** = p < 0.01, ***= p < 0.001. Non-significant results (p > 0.05) are indicated as "n.s." (pairedStudent’s t-test).

The benefits of a combination therapy are most prominently demonstrated in Fig-
ure 5.21. To assess the potential of the combination therapy to enable a reduction
in activity for Targeted Radionuclide Therapy (TRT), two low concentrations of the
DNA-PKi (0.1 and 1 µM) were chosen. In the monotherapy, these two concentra-
tions did not show a reduction in cell proliferation for C4-2 and PC3 (normalized
values≥ 1), and only a slight reduction for themost sensitive LNCaP (0.85 / 0.75).or
TRT, the same concentration range used in monotherapy was employed (refer to
Table 4.3).
When comparing the monotherapy of TRT to the combination therapy with low
concentrations of the inhibitor, a significant drop in cell proliferation can be ob-
served even for the lowest activity concentration of TRT (α: 0.156 kBq/mL and β−:
78.1 kBq/mL). Notably, there is only a slight significant difference between the two
inhibitor concentrations (0.1 µM and 1 µM), suggesting that DNA repair is already
sufficiently disrupted by a low amount of DNA-PKi. For [177Lu]Lu-PSMA-617, the
combination treatment enhanced the effect of the lowest activity concentration
significantly in PSMA-positive cell lines (C4-2 and LNCaP) compared to monother-
apy with [177Lu]Lu-PSMA-617.
Most interestingly, the combined treatment of DNA-PKi and [225Ac]Ac-PSMA-716
affected even the cell proliferation of the PSMA-negative and most radioresistant
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cell line PC3, significantly. Compared to themonotherapywith [225Ac]Ac-PSMA-716,
where only the highest concentration of 10 kBq/mL could reduce the cell prolifer-
ation to 0.51 compared to untreated control, the combination therapy with the
lowest activity concentration 0.156 kBq/mL reduced the cell proliferation already
similarly (0.1 µM: 0.49, 1 µM: 0.47).

Figure 5.21: Combination therapy of DNA-PKi (0.1 or 1µM) with TRT: mean values ofrepetitions are plotted as a dashed line, accompanied by a light transparentband representing the standard deviation. Significant intervals are denotedby: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Non-significant results (p > 0.05)are indicated as "n.s." (paired Student’s t-test).
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To further optimize the treatment protocol, different treatment schedules were
tested qualitatively. For both radiopharmaceuticals, [177Lu]Lu-PSMA-617 and
[225Ac]Ac-PSMA-716, a 24 h break was introduced between the administration of
the DNA-PKi on Day 1 and the administration of TRT on Day 3. This modifica-
tion was based on the observation that cellular uptake assays indicated slightly
reduced uptake and internalization of the radionuclide immediately after pretreat-
ment with the DNA-PKi, compared to untreated cells. It was hypothesized that the
break would allow the cells to recover their receptor expression, thereby enhan-
cing the effect of TRT due to improved internalization. However, when testing this
treatment schedule, no improvement in the outcome of combined treatment with
a break was observed compared to the usual treatment schedule for both radio-
nuclides.
For [225Ac]Ac-PSMA-716, two additional treatment schedules were also investig-
ated. In one approach, parallel treatment with [225Ac]Ac-PSMA-716 diluted in me-
dium supplemented with DNA-PKi was applied for 4 h, followed by replacement
of themediumwith non-active, DNA-PKi-supplementedmedium for an additional
20 h (Day 1). This procedure is resembling the combination with external photon
irradiation, where the cells were pretreated for 1 h prior to irradiation followed by
continued incubation with Nedisertib® up to 24 h in total. Therefore, the DNA-PKi
was present during radiation exposure.
In another approach, an inverse treatment schedule was performed, where cells
were treated with [225Ac]Ac-PSMA-716 for 4 h, followed by a 24 h treatment with
DNA-PKi. Neither of these alternative treatment schedules showed significant dif-
ferences compared to the usual treatment schedule, which performed 24 h pre-
treatment with Nedisertib® directly followed by TRT treatment for 4 h.
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6 Discussion

To optimize TRT, this thesis aims to bridge existing knowledge gaps in radiobiolo-
gical effects of different radionuclides, dosimetry, and effective combination ther-
apy strategies. This chapter provides an overview and discussion of the results
from Chapter 5, placing them within the context of recent literature and biophys-
ical mechanisms.

6.1 Physical Parameters Determining the Biological

Effect

How do physical parameters such as activity concentration, emitter
type, and exposure time impact the biological effectiveness of TRT?

• The activity ratio required for similar biological effectiveness is 1:100 for
DNA damage and 1:500 for cell proliferation assays when comparing
the used α- to β−-emitters, 225Ac and 177Lu;

• Long-range β−-emitters (1.5mm to 1.7mm) do not benefit from intern-
alization induced by targeting, whereas internalization plays a crucial
role for short-range α-emitters (47 µm to 85 µm);

• Increasing exposure time and activity provides benefits for treatment
outcome for β−-emitters more than α-emitters.

To address the research question regarding how physical parameters - such as
activity concentration, emitter type, and exposure time - impact the biological ef-
fectiveness of TRT, a comprehensive series of experiments was conducted. These
experiments aimed to evaluate the interplay between these physical factors and
their influence on biological outcomes. Since each radionuclide possesses unique
physical characteristics, understanding these relationships is crucial for selecting
the most appropriate radionuclide for specific therapeutic applications.
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Overall, in evaluating various radionuclides, it became evident that the type of
emitter (α- or β−-emitter) is the most critical factor influencing biological effect-
iveness. Experimental results demonstrated that the β−-emitter 177Lu required
100 times higher activity in a DNA damage assay and up to 500 times higher in
a cell proliferation assay to achieve similar biological effects as those induced by
α-emitters. A previous study comparing [225Ac]Ac- and [177Lu]Lu-DOTATOC found
that a 700-fold increase in activity was necessary to achieve similar biological ef-
fectiveness when assessing γH2AX foci formation [121]. The slightly higher ratio
observed in this comparison may be attributed to the difference in radionuclide
incubation time, which was notably shorter in experiments of this work (1 or 4 h)
compared to the cited study (48 h). Depending on the emitter type, the relevance
of other physical parameters varies.
For short-range α-emitters, cellular internalization through targeting was identi-
fied to be the most crucial parameter (refer to Table 5.2). In both PSMA-positive
cell lines, PSMA-bound activity caused significantly (p-value > 0.05, Student’s t-test)
moreDNAdamage thannon-targeted activity. To reach a similar level of DNAdam-
age, non-targeted activity needed to be increased tenfold. Specifically, the num-
ber of γH2AX foci induced was comparable for 1 kBq of [225Ac]Ac-PSMA-716 and
10 kBq of 225Ac(NO3)3. However, in the PSMA-negative cell line, PC-3, where the tar-
get is absent on the cell surface andno internalization occurs, both PSMA-targeted
and non-targeted activities exhibited similar efficacy. No comparable study in vitro
has been conducted, however, an in silico study simulating absorbed dose to the
nucleus per decay for 225Ac and 223Ra, showed that absorbed increases when radi-
onuclides are localized in the cytoplasm compared tomembrane-bound, confirm-
ing that internalization is a critical parameter for α-emitters [122].
Further evaluation demonstrated that in targeted conditions where activity is in-
ternalized, increasing the activity or exposure time has minimal effect on the bio-
logical outcome. The reason for this limited effect is that even the lowest activity
of [225Ac]Ac-PSMA-716 induced significant DNA damage, which was only slightly in-
creased by higher activities or longer exposure times. For 1 kBq, the ratio of PSMA-
bound to non-targeted activity is 1.6-1.8. Increasing the activity led to a maximum
ratio of 1.2 for targeted activity but 1.6-1.8 for non-targeted activity. Similarly, ex-
tending the exposure time resulted in a ratio of 1.3-1.5 for both modalities. For
non-targeted activity localized at the cell membrane, increasing the activity level
was the most critical parameter for enhancing DNA damage.
Furthermore, the α-emitter 225Ac demonstrated potential to achieve overall activ-
ity reduction in an internalized setting, as even low amounts of targeted activity
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induced similar effects as higher amounts. However, it is noteworthy that in a
setting with heterogeneous expression, a combined approach utilizing both emit-
ter types could be crucial, as the α-emitter is less effective when the target is not
expressed (PC-3 cell line). While the α-emitter may struggle in areas with low tar-
get expression, the β−-emitter can still induce DNA damage through proximity to
neighboring target-expressing cells. In conclusion, the dual-emitter treatment ap-
proach offers great promise for overcoming radioresistance and heterogeneity,
thereby enabling optimized TRT that minimizes potential side effects. This ap-
proach is already tested in clinical settings, and has been shown to reduce the side
effect xerostomia by reducing activity of 225Ac [13]. Furthermore, retroperspective
analysis of patients receiving the tandem therapy compared tomonotherapy with
[225Ac]Ac-PSMA-716 concluded that the tandem therapy was better tolerated and
had a median overall survival of 15 months compared to 9 months in monother-
apy [123].
Additionally, when assessing the three different α-emitters (225Ac, 227Th, and 223Ra),
it was observed that variations in their decay chains, due to differing half-lifes,
impacted the biological outcome the most. Notably, the radionuclides 225Ac and
223Ra, which exhibit short half-life times to their next α-decay (225Ac→ 221Fr, T1/2
= 4.8min; 223Ra→219Rn, T1/2 = 4 s) induce slightly more DNA damage than 227Th
(227Th→ 223Ra, T1/2 = 11.4 d) [52] (refer to Table 5.1). These experimental findings
are supported by in silico modeling of single cell dosimetry and DNA damage
caused by different α-emitters (225Ac, 223Ra, 211At and 212Pb) [122]. Specifically, 225Ac
and 223Ra, due to their longer decay chains and higher α-particle yields, delivered
higher absorbed doses to the cell nucleus per decay event compared to 212Pb and
211At (for details refer to NuDat 3.0 database [52]).
To the best knowledge available, the effects of non-targeted activity, varying activ-
ity levels, and exposure times for α-emitters have not been systematically studied
elsewhere. Therefore, direct comparison with existing literature is hindered by
the limited availability of similar studies.
When considering the long-range β−-emitter, the scenario shifts, and the ef-
fect of internalized activity compared to non-targeted activity becomes negligible.
Across all three cell lines, the ratio of PSMA-bound to non-targeted activity res-
ulted in the value 0.9, indicating that non-targeted activity, characterized by high
membrane binding, was found to be slightlymore effective than PSMA-specific tar-
geting with lower membrane binding. Concluding that for β−-emitters, a strong
and specific binding interaction with the cell membrane becomes more import-
ant, even if internalization is lower in comparison. These characteristics were also
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highlighted in the literature, where studies on agonists and antagonists provided
further insights into optimal targeting strategies for β−-emitters [124]. Notably, no
significant differences were found between the membrane-localized antagonist
([177Lu]Lu-DOTA-LM3) and the cytoplasm-localized agonist ([177Lu]Lu-DOTATOC).
Consequently, further experiments conducted in this work demonstrated that
high activity levels and prolonged exposure times improved the therapeutic ef-
ficacy of the β−, whereas they had only a minor impact on the α-emitter. For the
β−-emitter, a tenfold increase in activity resulted in a maximum increase in DNA
damage of 1.4-1.9, while prolonged exposure time accounted for a factor of 1.4-
2.0. Overall, increasing the exposure time had a more pronounced effect than
increasing activity, suggesting that optimizing the biological half-life of radiophar-
maceuticals employing β−-emitters may be a key factor in clinical settings.

Comparing all radiation types, it was remarkable that distinct characteristics
of γH2AX foci were observed based on the prevalent mechanism of DNA dam-
age induction. Specifically, β−-emitting radionuclides and external photon irradi-
ation, which share common properties due to their indirect DNA damage induc-
tion mechanisms, exhibited different behaviors compared to α-emitters, which
predominantly induce DNA damage directly. These observations are consistent
with further findings in the literature comparing the three radiation types. A study
comparing anα-emitter (241Am), aβ−-emitter (177Lu), and γ-rays froma 137Cs source,
found no significant difference in surviving fractions between cells treated with
β−-particle and γ-ray irradiation in the LNCaP and PC-3 cell lines [125]. In contrast,
α-particle-treated samples showed a higher level of cell killing.
Furthermore, this work discovered as well differences in DNA damage response
between TRT and external photon irradiation. Both radionuclides exhibited an in-
crease in DNA damage with 1 h exposure time comparing 1 h to the 4 h (1 h + 3 h
recovery time). DNA damage from external photon treatment decreased when
comparing post-treatment times of 30min to 4 h (refer to Figure 5.6). However,
delayed repair was observed for external photon irradiation in the low-dose re-
gime of 0.5Gy, where DNA damage remained elevated at both early time points,
30min and 4 h, before decreasing at 24 h (refer to Figure 5.11). The sustained in-
crease in DNA damage during the recovery period of 3 h can be attributed to the
unique properties of TRT, which can lead to delayed DNA repair signaling due to
continuous DNA damage induction over a prolonged period. Additionally, resid-
ual internalized or membrane-bound activity can cause further DNA damage.
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In summary, the findings in this work and the comparison with existing literat-
ure, underscore the importance of studying the impact of physical parameters on
the biological outcome of TRT and understanding the differences between α- and
β−-emitters and within various α-emitters. The study provided valuable insights
into the impact of targeting on short- and long-range α- and β−-emitters, offer-
ing important considerations for designing radiopharmaceuticals tailored to these
emitter types. In the clinical setting, targeting is essential for specifically reaching
tumor cells. Based on the above discussed findings, the distinct radiopharma-
ceutical targeting properties should depend on the type of emitter used.
When developing a radiopharmaceutical with an α-emitter, high internalization
rates are desirable to achievemaximum biological effect. Especially, when consid-
ering nanogenerators like 225Ac, which undergo multiple decays, internalization is
furthermore crucial to avoid free daughter nuclides in the bloodstream, which
could lead to unwanted side effects [55]. While designing a radiopharmaceutical
for a β−-emitter, high membrane binding should be favored over internaliza-
tion. This is particularly relevant if the β−-emitter is additionally an Auger electron
emitter, such as the radioisotope 161Tb. 161Tb is currently being evaluated in com-
parison to 177Lu for a clinical alternative. Experiments suggest that, in addition
to the hypothesis of bringing an Auger emitter close to the nucleus, the cellular
membrane could be amore suitable and easier reachable target [124]. A 102-times
increased efficacy to reduce cell viability in vitrowas demonstrated bymembrane-
binding [161Tb]Tb-DOTA-LM3 compared to [177Lu]Lu-DOTA-LM3 [124].
The study design has both strengths and limitations. While the impact of physical
parameters was investigated in two biological assays, further research is needed
to understand the underlying mechanisms driving the observed behaviors. Addi-
tional to the study of cell proliferation and DNA damage, further biological para-
meters such as cell viability or apoptosis, could provide valuable insights into
therapeutic efficacy. In addition, treatment outcome could be studied in clono-
genic survival assay, which is the gold standard in radiation biology. Moreover,
the study only evaluated specific, discrete measurement points for activity and
exposure time, and the DNA damage assay is only sensitive within a particular
time frame and treatment regime, as was demonstrated by the saturation at high
activity levels (100 kBq α-emitter).
Furthermore, this investigation focused primarily on two radionuclides, 225Ac (rep-
resentative of α-emitters) and 177Lu (for β−-emitters). While experiments with dif-
ferentα-emitters in this study and comparisonswith literature for β−-emitter 177Lu
and 161 revealed that biological effectiveness differs among radionuclides, even
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within similar emitter types, it is challenging to cover this variety in one exper-
imental setup. This challenge arises due to limited availability of certain radio-
nuclides and infrastructure constraints such as handling permissions. This is gen-
erally a huge challenge for exploring the radiobiology of TRT, as most working
groups typically specialize in specific radionuclides, making it rare that even mul-
tiple radionuclides are investigated in one identical setting. Similarly, the study
required selecting a specific biological model, chosen as PSMA-positive prostate
cancer.
Although the findings are attained within this specific model and radionuclides,
the qualitative insights - such as the impact of internalization, activity levels, and
exposure time - can be extrapolated to other models. However, quantitative res-
ults may vary based on factors like cell line characteristics, radiosensitivity, radio-
pharmaceutical targeting, and radionuclide properties. Specifically, certain key
principles underlined in this work remain consistent: for α-emitters, internaliza-
tion is critical, while higher activity levels are generally required for β−-emitters in
comparison.

6.2 Development of a Geant4-DNA Simulation for

Single-Cell Dosimetry

How can a single-cell simulation be designed to estimate absorbed
doseas a functionof subcellular radionuclide localizationand tomodel
DNA damage induction?

• The distribution of radionuclides differs between targeted and non-
targeted activities, with non-targeted activity binding unspecifically to
the cell membrane;

• A simplified single-cell model with random particle source placement
within the cell (either at the membrane or in the cytoplasm) was real-
ized;

• Extending the simulation to include radionuclide as sources andmeas-
uring deposited energy within the nucleus volume is essential for ac-
curate absorbed dose determination.
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One of the most significant research gaps in TRT is dosimetry, which is hindered
by the complex interplay between physical and biological mechanisms operating
acrossmultiple biological scales, from sub-cellular tomicroscopic single-cell levels
up to macroscopic multi-cell levels and whole-body systems in patient dosimetry.
Additionally, as demonstrated above, the different physical characteristics of ra-
dionuclides require different activity ranges to achieve comparable biological ef-
fects. A major challenge in this field is the inconsistent reporting of dosimetry in
in vitro studies. Specifically, the quantification of the total activity delivered over
the incubation period is often unclear, as some studies report only the admin-
istered activity or activity concentration, sometimeswithout specifying the applied
volume [8, 126]. This inconsistency makes it challenging, if not impossible, to com-
pare results across different studies and determine radiobiological effects. How-
ever, standardizing a physical parameter such as total absorbed dose for each
assay would significantly enhance comparability and enable quantitative compar-
isons between studies. Therefore, this work aimed to contribute a crucial piece
to the puzzle of achieving consistent dosimetry in in vitro studies by developing a
simplified single-cell simulation framework. The approach included the combina-
tion of experimentally determined radionuclide distribution as initial input for the
model.
Distinct behavior between non-targeted radioactivity and PSMA-bound activity
has been revealed through cellular uptake experiments. For both radionuclides,
177Lu and 225Ac, high unspecific membrane binding for the non-targeted radionuc-
lides has been observed (20-35% of total applied activity). Remarkably, a mag-
nitude lower, receptor-specific membrane binding (4%) was determined for the
PSMA-boundactivity. A study that performed cellular binding assayswith [111In]InCl3,
[68Ga]GaCl3 and 177LuCl3 reported similar results [127]. Raitanen et al. observed
high membrane binding of 177LuCl3 (25%) compared to targeted [177Lu]Lu-PSMA-
I&T (3%). Notably, this phenomenonwasnot observed for [111In]InCl3 and [68Ga]GaCl3.
Noother in vitro study has beenperformedon the cellular binding of non-complexed
225Ac,making thehighunspecificmembranebinding of 225Ac(NO3)3 similar to 177LuCl3
reported for the first time in this work. Typically, research focuses solely on the
cellular binding of targeted activity, making these findings unique and highlight-
ing the need for further investigation into this phenomenon. These results un-
derscore the importance of radiochemical purity, as impurities of non-targeted
activity after radiolabelling could lead to false estimations of the uptake behavior
of a radiopharmaceutical.
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The calculated numbers of estimated radionuclide distribution (detailed in Table
5.7) reveal that the impact of unspecific binding on total absorbed dose should not
be neglected, particularly for long-range β−-emitters. As the similar DNA dam-
age induction between non-targeted and PSMA-bound activity has shown, β−-
particles can cause DNA damage even when not internalized, and higher mem-
brane binding could contribute to equal DNA damage compared to the targeted
compound. To determine the influence of the radionuclide distribution and un-
specific membrane binding on the absorbed dose, a simulation is essential.
As previous single-cell studies using α-emitters have demonstrated, simulations
can offer valuable insights into the relationship between radionuclide localization
and absorbed dose [122]. To control radionuclide localization in experimental as-
says is very challenging, thus simulation-based studies are crucial to complement
experimental findings and hypotheses. Overall, the integration of simulation res-
ults with experimental data offers a more comprehensive understanding of how
radionuclide properties impact biological effects and holds potential for identify-
ing specific radionuclide characteristics relevant to treatment efficacy, particularly
in terms of localization.

Regarding the basic single-cell model developed in this work, an important next
step is adjusting its geometry to match the measurements of the cell lines used in
experiments. This modification is crucial to ensure that the results accurately rep-
resent the behavior of the specific cell lines being studied. A study investigating
the S-values of different radionuclides confirmed the importance of this modifica-
tion to gain accurate results [128]. They determined significant changes in S-values
with increasing cell and nucleus size.
Another adaptation required is changing to the full simulation of the radionuc-
lide decay chain instead of using mean α-energies as a source. The above-cited
study, which evaluated the impact of different α-radionuclides, also performed a
simulation using isotropic discrete α-energies as sources rather than simulating
the full decay chain [122]. In contrast to the simulation employing the full decay
chain, which showed significant differences in the number of DNA damages in-
duced by different radionuclides, using only the α-energies showed no significant
difference anymore between the different radionuclides. This highlights the crit-
ical importance of accurately modeling the decay chain to capture the full biolo-
gical impact, particularly when comparing different radionuclides.
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Following the implementation of all modifications tomeasure absorbed dose, the
next step would be to extend the single-cell simulation model to incorporate the
simulation of induced DNA damage and repair, analogous to the cited public-
ation above. To simulate induced DNA damage, the geometry and source modi-
fications applied to the single-cell model should be integrated into the GEANT4
DNA example moleculardna. A detailed description of the model and its applica-
tions can be found in the relevant literature [105, 110, 111, 129]. This model simu-
lates early direct and indirect DNA damage, allowing for discrimination between
single-strand breaks, double-strand breaks, and complex double-strand breaks.
The simulation of this model demands substantial computing power due to the
complex nature of DNA geometries and interactions involved.
The ultimate objective is to validate the model by comparing its predictions with
experimentally determined DNA damage. Since experimental determination of
DNA damage is resource-intensive, an established and validated simulation can
be used to explore additional parameters (e.g., varying activities) in silico, identify-
ing promising scenarios for subsequent experimental verification. This approach
optimizes resource use and streamlines research. For instance, a study demon-
strated the potential of this method in conducting in silico clonogenic cell survival
assays [128].

Furthermore, while DNAdamage occurs at themolecular level due to radiation, ac-
curate simulations must account for cross-irradiation effects that affect neighbor-
ing cells on a larger spatial scale and contribute to overall biological effectivenes
as emphasized in this thesis. Long-range β−-emitters are particularly known for
crossfire effects, which enhance their ability to treat heterogeneous and larger
cell clusters by increasing the absorbed dose in cell clusters. This underscores
the necessity of moving beyond single-cell simulations and incorporating multi-
cell monolayermodels to more accurately represent experimental conditions.
With this approach, complex interactions of radionuclides on cell clusters can be
studied. For instance, Tamborino et al. employed a simulation framework featur-
ing a planar cellular cluster to study DNA damage caused by [177Lu]Lu-DOTA-TATE,
taking into account different distributions of the radionuclide (internalization in
cytoplasm or golgi apparatus) [109]. Another example is the comparison of de-
posited doses from the β−-emitters 177Lu and 161Tb, which analyzed the impact of
cell cluster size, ratio of labeled cells within the cluster, and the subcellular loc-
alization of radioactivity on dose delivery [91]. Notably, these simulation studies
revealed that 161Tb can achieve similar deposited doses with smaller activities.
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Finally, in contrast to simulations involving external radiation sources, the dose
distribution in internal radiation therapy is highly heterogeneous, posing signific-
ant challenges for modeling. While simulations can estimate deposited energies
and DNA strand breaks, predicting cell survival remains impossible with these
parameters alone. This limitation arises because additional biological effects, such
as the bystander effect, cannot be captured by simulating physical particle-matter
interactions. Furthermore, cell survival rates exhibit significant variability depend-
ing on the specific cell line, with some cells displaying greater radioresistance than
others, particularly in cancer cells. These differences are often linked to modi-
fications in DNA repair pathways, which can be difficult to incorporate into sim-
ulations due to their complexity and variability. Consequently, extensive experi-
mental investigation of these differences is essential before they can be used as in-
put for simulations. Therefore, simulation results must be interpreted cautiously
and validated against experimental data to ensure their accuracy and reliability.

6.3 DNA Damage Evolution at Late Time Points -

Repair and Persistent DNA Damage

What biological differences exist in the induction (e.g., size, structure)
and long-term repair of DNA damage caused by α- and β−-emitters?

• α-particles induce larger, more complex DNA damage sites compared
to the smaller damage sites caused by β−-particles and external
photon irradiation;

• DNA damage persists in cells treated with α-emitters up to 72 hours,
while it is repaired (reduced to near-control levels) after 48 hours in
cells exposed to β−-emitters and external photon irradiation;

• Differences in DNA damage pattern and biological effect between α-
emitters and common findings of external photon irradiation and β−-
emitters align with the prevalent mechanism in DNA damage induc-
tion (direct vs. indirect).

To optimizemonotherapy strategies and develop effective combination therapies,
understanding the underlying mechanisms of DNA repair after TRT is critical. Cur-
rent knowledge onDNA repair primarily stems fromstudies using external photon
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irradiation. However, as previously shown in Section 6.1, the distinct biological re-
sponse between TRT and external photon irradiation in DNA damage across short
time points (comparing DNA damage from 1 h to 4 h after equal exposure time),
suggests differing DNA repair response. Specifically, DNA damage increased for
TRT during this period, while it decreased for external photon irradiation. This
is further supported by studies demonstrating a non-linear correlation in radio-
sensitivity between 177Lu-based treatments and external photon radiation across
multiple cell lines [130, 131]. Additionally, this work demonstrated that the initial
extent of DNA damage alone does not fully predict biological outcomes. Despite
comparable levels of DNA damage induction across all radiation types (with adjus-
ted activity levels), the long-term proliferation assay revealed that the α-emitter
outperformed the β−-emitter even at adjusted activity levels. Therefore, to ad-
dress this gap and evaluate these discrepancies further, the number and charac-
teristics of γH2AX foci (including size and intensity) were examined at early (up to
4 h) and late time points (up to 72 h), following treatment with three distinct radi-
ation types: α- and β−-emitters, and external photon irradiation.
As a reference point, external photon irradiation was used as the gold stand-
ard of radiobiology. Notably, a return of DNA damage levels to control values
by 48 h after irradiation exposure was observed across all doses [0.5Gy to 2.5Gy].
This alignswith current knowledge, as in a study comparing external photon irradi-
ation to carbon ions, a drop of γH2AX foci to the control level at 48 h after exposure
to external photon irradiation of 1Gy is reported [117]. Furthermore, the peak in
γH2AX foci number at 30min after radiation exposure is consistent with previous
studies as well that have reportedmaximum increases in γH2AX foci within 15min
- 1 h after 2Gy [131].
Although the number of γH2AX foci has decreased to control levels at 48 h, the
characteristics of the remaining foci, however, were distinct from those at con-
trol levels. In particular, an increase in foci area at late time points was observed,
which may be attributed to persistent or challenging-to-repair DNA damage. This
can lead to opened chromatin structures that facilitate the repair process and lar-
ger damage sites. Consistently, larger areas of γH2AX foci were also reported at
48 h in the aforementioned publication.
A striking observation was the higher number of γH2AX foci detected in the PC-3
cell line even at the late time point of 48 h. This behaviour contrasts with its ra-
dioresistant behavior observed in the separate cell proliferation assay, where the
cell line showed only minimal response to a dose of 1.5Gy. However, the γH2AX
assay demonstrated that DNA damage was indeed induced and not fully repaired
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at later time points. This discrepancy between the two assays may suggest that
the PC-3 cell line employs an escape mechanism to disregard DNA damage and
continue proliferating. Indeed, PC-3 cells are reported in multiple studies as less
radiosensitive. RNA-seq analysis identified contrasting regulation of a DNA repair
and replication pathway in PC-3 versus LNCaP cells [132]. In response to radiother-
apy, the radiosensitive LNCaP cells showed decreased expression of DNA repair
and replication genes, whereas the radioresistant PC-3 cells increased the expres-
sion of these genes to enhance survival. Another study exploring the inherent
radiation resistance of PC-3 cells concluded that these cells exhibit a deficiency in
the DNA repair regulator protein p53, while LNCaP cells possess functional p53
[133]. Notably, delayed repair of DNA damage is reported in other studies for cell
lines deficient in p53 [134].
Regarding the γH2AX foci characteristics after TRT at short time points, the β−-
emitter induced similar DNA damage patterns in size as external photon irradi-
ation. The similarities between foci induced by β−-emitters and external photon
irradiation are also congruent with the dominant mechanism of DNA damage in-
duction shared by these two radiation types. Specifically, both primarily induce
DNA damage through an indirect mechanism, involving ionization of water mo-
lecules and subsequent production of ROS.
In contrast, treatment with α-emitters at early time points up to 4 h revealed char-
acteristic track structures and larger, more intense DNA damage sites. These dis-
tinct DNApatterns are typically associatedwithα-particles and heavy ions, and are
related to the direct and complex DNA damage induced by these particles. The ob-
servations are consistent with previous reports in the literature for the α-emitter
223Ra, which attributed cell killing efficacy to the induced clustered DNA damage
sites [135, 136]. Similarly, Lopez Perez et al. reported that carbon ion radiation
induced larger γH2AX foci compared to photon radiation [117].
The assessment of γH2AX foci at late time points (up to 72 h) for all radiation
types revealed that, similar to samples treated with external photon irradiation,
γH2AX foci levels dropped for β−-emitters at the late time point at 24 h. Studies
evaluating the effect of 5MBq [177Lu]Lu-DOTA-TATE for a 4 h incubation period, con-
cluded that common radiobiological mechanisms are induced by the β−-emitter
and external irradiation of 2Gy [131]. Interestingly, these studies observed slightly
different kinetics, e.g., in γH2AX foci pattern over time, with no pronounced peak
in the γH2AX signal at early time points for β−-treatment, but instead a constant
yet small increase.
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Regarding the α-emitters, the experiments indicated that their higher biological
effectiveness is strongly correlated with their potential to induce persistent DNA
damage. While at earlier time point, the DNA damage across the three radiation
types was comparable (for 4 h exposure time to TRT, compare Figure 5.1), it was
mostly repaired at 24 h for treatment with 177Lu and external photon irradiation. In
contrast, the DNA damage induced by the α-emitter remained consistently high
throughout all investigated time points. Notably, the two activity levels (5 and
10 kBq) did not exhibit large differences in overall behavior, giving further evid-
ence that the amount of activity is not the primary determinant of biological ef-
fect. While, in alignment with observations at early time points, a comparison
between targeted and non-targeted treatments revealed that targeted treatment
is also essential for inducing consistent and maximal biological effects. Specific-
ally, some samples receiving non-targeted treatment exhibited a slight reduction
in DNA damage (refer to Figure 5.12 and 5.13).
Although no study could be found analyzing the late DNA damage after TαT in an
identical setup, the overall results share common observations with findings in
the literature. An increase in DNA damage over time (up to 24 h) was observed
as well after treatment with 223Ra in ovarian cancer cell lines [136]. However, 223Ra
(1.3 kBq/cm2) was not put in direct cell contact by incubation in the medium, but
placed as an external source, whichmight have limited the efficacy due to a lack of
internalization. The finding of an increasing number of nuclei without foci at the
late time point could be related to this study design. A different study assessed
the effect of DNA damage in peripheral blood mononuclear cells after internal ex
vivo irradiation with [223Ra]RaCl2 (absorbed dose to the blood from 0.2 - 6.5 kBq)
[137]. They observed a decrease in α-track frequency after 24 h, but overall, the
number of α-tracks was still significantly increased compared to control samples.
One study measured DNA damage induced by 225Ac at different time points [138].
DNA damage was assessed by staining for 53BP1 foci as a marker for DSBs. Pro-
state cancer cell line (PSMA-positive, PC-3 PIP) were exposed for 3 h to 0.555 kBq
of [225Ac]Ac-PSMA-I&T or 600 kBq [177Lu]Lu-PSMA-I&T. They observed an increase
in DNA damage at earlier time points for both radionuclides. For the β−-emitter,
the DNA damage then decreased to a level slightly above pretreatment levels at
24 h and remained constant at this level to 96 h. Comparable to findings in this
work, the DNA damage induced by the α-emitter remained at a higher level but
decreased as well to a level slightly above pretreatment at the 72 h observation
point. However, the lower activities in this assay might have led to the slight dif-
ference in the observations in this work.
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Overall, these findings underline the knowledge gaps of late DNA repair after TαT
and highlight the importance of this work. These findings indicate that further
investigation of later time points for the β−-emitter is necessary, as studies sug-
gest a small amount of persistent DNA damage in contrast to treatment with ex-
ternal photon irradiation, despite similarities in DNA damage pattern at earlier
time points. Additionally, observingDNAdamage induction and repair in a live-cell
imaging system would enhance deeper understanding, particularly for long-term
time points. Furthermore, the staining for γH2AX does not allow differentiation
between the two major repair pathways, NHEJ and HR. Therefore, to investigate
these pathways specifically, it would be beneficial to use markers that are indicat-
ive of each pathway. The different radiosensitivities observed between 177Lu and
external photon radiation imply that different biological mechanisms may be in-
volved [130]. Furthermore, an assessment of ROS levels after 4 h treatment with
[177Lu]Lu-DOTATATE and external irradiation, surprisingly revealed elevated ROS
levels in only two out of six cell lines for 177Lu, while four out of six cell lines dis-
played significantly elevated ROS levels after exposure to external irradiation [131].
This challenges the hypothesis that DNA damage caused by β−-particles is primar-
ily mediated via the indirect effects of ROS. Therefore, the question remains as
to whether the biological mechanisms of β−-emitters and external radiation are
distinct or common.
6.4 Combination Therapy with DNA Repair

Inhibitor

Can combination therapy with a DNA repair inhibitor improve treat-
ment outcomes by enhancing efficacy, reducing required activities,
and potentially overcoming radioresistance?

• Combination therapy with a DNA-PKi outperforms monotherapy with
all irradiation types but is more effective with TRT, particularly when
using α-emitters;

• In combination therapy, α-emitters exhibit a greater potential for activ-
ity reduction compared to β−-emitters;

• Even in radioresistant and non-PSMA-expressing PC-3 cells, com-
bination therapy with α-emitters demonstrates a strong response,
whereas external irradiation and β−-emitters show little to no effect.
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Despite the overall success of TRT, 30–40% of patients remain unresponsive to
TRT [88]. Switching from a β−-emitter like 177Lu, to a more potent α-emitter can
sometimes overcome therapy resistances. This was reported for neuroendocrine
tumours treated with the α-emitter [213Bi]Bi-DOTATOC after disease progression
under [177Lu]Lu-DOTATOC [139]. Similarly, patients changing to [225Ac]Ac-PSMA-617
after non-responding to conventional [177Lu]Lu-PSMA-617, have shown improved
outcomes [140]. Unfortunately, patients receiving TαT also display treatment res-
istances, with 20-30% of patients poor or no response to [225Ac]Ac-PSMA-617 [14,
141]. The study of Kratochwil et al. revealed uncovered mutations in genes in-
volved in DNA damage repair and checkpoint mechanisms in biopsies from non-
responsive patients [14, 141]. These patients could potentially benefit from a com-
bination therapy of TαT and a DNA repair inhibitor to overcome treatment resist-
ances.
Furthermore, a common side effect reported in treatment with [225Ac]Ac-PSMA-
617 is severe xerostomia, which can even lead to discontinuation of the therapy in
10%of patients [141]. Lowering the activity of 225Ac in tandem therapywith [177Lu]Lu-
PSMA-617 has been shown to reduce xerostomia severity while maintaining dis-
ease control [13, 123].
Recent reviews have highlighted the potential of combining a DNA-PKi with TRT
to overcome limitations associated with TRT, such as radioresistance [142]. How-
ever, this combination approach has primarily been investigated in conjunction
with external irradiation, such as external beam radiation therapy (EBRT) [31]. In
that study, the combination of the DNA-PKi Nedisertib®, which was also used in
the scope of this work, has shown a statistically significant tumor growth inhibi-
tion in combination therapy with 2Gy of external irradiation in a xenograft mouse
model. Only two publications have explored the potential of a DNA-PKi combined
with either TαT using 227Th in PSMA-positive prostate cancer or TRT using 177Lu in
neuroendocrine tumors in vitro and in vivo [143, 144]. In both studies, the combina-
tion therapy increased antitumor efficacy compared to the corresponding mono-
therapy and was well tolerated without severe side effects in the mouse model.
These studies highlight the potential for combination therapies but also reveal
a research gap in this area. Consequently, the primary objective of this work
was to evaluate the therapeutic potential of combining the commercially avail-
able DNA-PKi Nedisertib® with two clinically relevant and established radionuc-
lides, 177Lu and 225Ac, using radiopharmaceuticals targeting the PSMA in prostate
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cancer, namely [177Lu]Lu-PSMA-617 and [225Ac]Ac-PSMA-716, in comparison to ex-
ternal photon irradiation. Additionally, the focus was on assessing the potential
of radiosensitization and dose reduction.

The combinationperformedwith 1.5Gyexternal irradiation as the first trial, prov-
ed to be more effective than the monotherapy, effectively lowering cell prolifer-
ation in PSMA-positive cell lines, LNCaP and C4-2, to 36- 44% for moderate con-
centration of Nedisertib® (up to 1 µM), compared to control. The combination
treatment still overcame the monotherapy for the PSMA-negative PC-3 cell line,
but was less effective with a reduction to only 80%.
For TRT, with both radionuclides, the combination therapy demonstrated greater
effectiveness than monotherapy with either DNA-PKi or TRT. While the combina-
tion (up to 1 µM) with 1.25MBq/mL of β−-emitter achieved a lower reduction in cell
proliferation compared to external photon irradiation (69-72%), 2.5 kBq/mL of the
α-emitter demonstrated the greatest effect of all combination therapies (10-19%).
Notably, even a low concentration of the DNA-PKi (0.1 µM), combined with the
lowest concentration of TαT ([225Ac]Ac-PSMA-716 0.156 kBq/mL), was sufficient to
achieve a response comparable to that of the highest dose of TαT alone, indicating
potential for dose reduction.

Comparing the characteristics of different radiation types, α, β−, and external
photon irradiation, it was observed that β−-emitters share similar features with
external photon irradiation, similar to findings for monotherapies. In contrast,
combination therapy with α-emitter yielded distinct results and demonstrated an
overall higher biological effectiveness. Furthermore, the combination of [225Ac]Ac-
PSMA-716 and DNA-PKi had a profound impact on the most radioresistant cell
line, PC-3, compared to monotherapy with 225Ac, which only achieved a signific-
ant reduction in cell proliferation at the highest concentration of 225Ac (51%). The
reduction to 49% of cell proliferation in the combined setting is even more re-
markable as the PSMA-negative cell line does not benefit from the potentiating
effect internalization has for the α-emitter. This finding demonstrates that the
combination therapy could also be beneficial in heterogeneous target expression
environments, suggesting that this combination therapy holds promise for over-
coming radioresistance associated with TαT.
As previous mentioned combination studies utilized different DNA-PKi and radio-
pharmaceuticals, direct comparisons to these are challenging. Furthermore, this
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study is the first to directly compare the three different radiation types, α, β− and
external photon irradiation, in one setup, which allows for quantitatively distin-
guishing their biological effectiveness in the combined setting.
The importance of the findings presented in this work, is underscored by compar-
ison to another recently emerged class of DNA repair inhibitors, the PARPi. Since
the first FDA approval in 2014 of olaparib (Lynparza®, Astra Zeneca, Cambridge,
UK), six PARPi have been approved as single agents, but despite multiple clinical
trials exploring their combination with radiotherapy, none have progressed to be
a successful combination therapy [145]. Moreover, preclinical evaluation of three
PARPi (veliparib, olaparib or talazoparib) with TRT ([177Lu]Lu-PSMA-I&T) in prostate
cancer models (PC3-PIP and LNCaP) failed to demonstrate a synergistic effect on
either clonogenic survival or cell viability, nor on improved tumor control com-
pared to monotherapy in the in vivo model [146]. In contrast to this study, which
demonstrated that combining with TRT with a DNA-PKi enhanced treatment effic-
acy across all three prostate cancer cell lines examined.
When establishing a combination therapy, it is crucial to consider not only the indi-
vidual effects of each treatment but also potential interactions and interferences.
This includes evaluating how one therapy might influence the efficacy or uptake
of another and identifying synergies or antagonisms that could affect therapeutic
outcomes [147]. Optimizing dose, fractionation, and scheduling is essential to
avoid suboptimal efficacy or increased toxicity.
While the initial exploration of treatment schedules did not reveal significant
differences between alternating and parallel treatments with recovery time in-
between, further investigation into optimal treatment regimens and schedules
is crucial for successful combination therapy, as emphasized above. For instance,
one finding in this study illustrates a possible interaction in the tested combina-
tion therapy: cellular uptake assays indicated that pretreatment with the DNA-PKi
may hinder the binding and internalization of TRT, suggesting that receptor ex-
pression could be affected by the pretreatment. A more detailed examination of
this effect is essential to determine the optimal time interval between treatments
and to ensure that the combination therapy is delivered in a manner that maxim-
izes its therapeutic potential.
While this study provides valuable insights into the potential of combination ther-
apy of TRT with Nedisertib® in prostate cancer, it is essential to acknowledge
certain limitations that may influence the broader applicability of these findings.
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Chapter 6. Discussion

Since conventional 2D cell cultures do not accurately replicate biological condi-
tions, in vitro experiments using 3D spheroids provide a valuable intermediate
model for gaining insights before progressing to in vivo studies. To evaluate the de-
tailed mechanism of the combination therapy, further biological assays like DNA
damage assessment would be helpful. Moreover, additional in vitro and in vivo
studies should be conducted to refine the understanding of the therapeutic po-
tential of this combination and optimize treatment schedule. Notably, as demon-
strated by the experiments with the PARPi the specific findings regarding p53 ex-
pression in the prostate cancer cell lines utilized,the treatment outcome of com-
bination therapy depends strongly on the biological model used. Therefore, its
efficacy needs to be determined specifically for each model, making translation
challenging. Furthermore, interactions in an in vivomodel are more complex and
therefore results can differ from in vitro experiments.
In conclusion, this study provides evidence for an enhancement of treatment effic-
acy when combining TRT and DNA-PKi Nedisertib®, and demonstrates potential
for activity reduction, particularly in combination with α-emitters. Furthermore,
the treatment outcomes observed in the PSMA-negative and radioresistant PC-3
cell line suggest that this combination therapy may help overcome radioresist-
ance. Building on the success of this proof-of-concept study, further investiga-
tions are necessary to elucidate the additive or synergistic effects of combination
therapy and optimize treatment conditions. Since both therapies have been previ-
ously evaluated as monotherapies in preclinical models, this facilitates the design
and implementation of studies aimed at translating the combination approach
into an in vivo setting. Additionally, one clinical trial (Phase 1/Phase 2) is currently
investigating the combination of [223Ra]RaCl2 (Xofigo®) with Nedisertib® in patients
with mCRPC (NCT04071236).
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7 Closing

7.1 Key Findings and Impact

This work aimed to bridge the knowledge gap in radiobiology of TRT. This know-
ledge is indispensable for optimizing TRT to meet the specific needs of each pa-
tient case, enabling informed decision-making that leads to effective treatment
while utilizing the limited amount of radionuclides efficiently. Furthermore, a pre-
cise understanding of radiobiological mechanisms and biological effectiveness is
crucial for increasing treatment efficacy and managing side effects, e.g., by lower-
ing the administered activity. Particularly in combination treatments, which rep-
resent the next steps in advancing TRT in clinical applications, it is imperative to
gain detailed insights into the radiobiology of TRT. This knowledge will also facilit-
ate the selection of themost beneficial and promising candidates for combination
therapy, allowing for the alignment of treatment regimens and schedules.
The study identified key differences between theα-emitter 225Ac and theβ−-emitter
177Lu. While cellular internalization was found to be the most critical parameter
determining biological effectiveness for the short-range α-emitter, activity and ex-
posure time were deemed more relevant for the long-range β−-emitter, with in-
ternalization playing a relatively minor role. These findings have important implic-
ations for the future development of radiopharmaceuticals tailored to the specific
characteristics of the desired radionuclide. Furthermore, internalization proper-
ties should be carefully considered in a clinical settingwhen transitioning fromone
emitter type to another, such as switching from [177Lu]Lu-PSMA-617 to [225Ac]Ac-
PSMA-617. Specifically, the α-emitter can only lead to improved clinical outcomes
if adequate internalization of the radiopharmaceutical is ensured.
Moreover, observations of DNA damage at later time points (up to 72 h) revealed
valuable insights into biological repair mechanisms which differ distinctly for α-
and β−-emitters. The severity of α-induced DNA damage was prominent in the
persistent DNA damage across all time points, whereas β−-induced DNA damage
regressed over time. While results in DNA damage and cell proliferation assays
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Chapter 7. Closing

suggested that common features are shared between β−-emitters and external
photon irradiation, further literature research indicated potential differences in
the underlying biological response, as evidenced by distinct radiosensitivities to
both radiation types in different cell lines and unexpectedly low ROS levels in β−-
treated cell lines [130, 131]. This underscores the importance of studying DNA dam-
age over time and other biological endpoints, such as cell proliferation. Under-
standing the differences in biological response is crucial for identifying suitable
targets for combination therapy and designing effective treatment schedules.
Furthermore, the combination therapy of TRT and the DNA repair inhibitor Nedi-
sertib® demonstrated the potential benefits of a combined treatment approach
for dose reduction (thereby minimizing side effects) and overcoming radioresist-
ances (expanding the therapeutic range to additional patients). Given that studies
thoroughly investigating combination therapies with TRT are scarce, and combin-
ation therapy with PARPi has not shown the desired effect [146], further strategies
are urgently needed. The results of this work provide evidence for this approach,
and experiments should be expanded to fully explore its potential.
Lastly, research on designing a single-cell simulation to estimate absorbed dose
as a function of subcellular radionuclide localization revealed the challenges and
complexity inherent in this field, but also highlighted the need and relevance for
such a simulation. In particular, the finding of high unspecific binding of non-
targeted activity is highly relevant for the community, as it can be a confounding
factor in accurately determining the uptake behavior of a radiopharmaceutical.
Neglecting the effect of impurities on radiochemical yield when designing experi-
ments could lead to biased and unreliable results.
In summary, this work provided valuable insights into the radiobiological mechan-
isms of TRT, with direct implications for the development of radiopharmaceuticals
and promising strategies for combination therapies aimed at optimizing TRT. By
systematically evaluation of TRT using both α- and β−-emitters within a consistent
experimental framework, this study enables quantitative comparisons between
these radiation types, aswell as against external photon irradiation, the gold stand-
ard in radiobiology. Therefore, this study stands out among previous work. Ad-
ditionally, by assessing non-targeted radiation effects as a baseline, a factor of-
ten overlooked, this research highlighted the critical importance of targeting and
internalization for each emitter type, along with the necessity of radiochemical
purity. The long-term observation of DNA damage and additional endpoint of cell
proliferation complemented each other, offering a comprehensive understand-
ing of biological mechanisms and repair dynamics. Finally, this study represents
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7.2. Future Directions

the first successful implementation of combination therapy involving TRT and a
DNA-PKi in prostate cancer cell lines. These findings lay the groundwork for fur-
ther investigations into this therapeutic approach both in vitro and in vivo, paving
the way for future advancements in TRT.
In the long-term perspective, these findings will hopefully contribute to better-
tolerated and more effective cancer treatments. The ultimate goal is to shift the
perception of cancer from an uncertain, life-threatening, and frightening disease
to a severe but effectively manageable condition. As fear of the unknown often
prevents people from taking advantage of early screening and prevention pro-
grams, a less fearful picture of cancer could motivate individuals to participate in
screening programs more readily. This could lead to overall earlier detection of
cancer and improve the chances of successful therapy.

7.2 Future Directions

Based on the key findings of this work discussed previously and the comparison
with reports in the literature, the next logical steps are outlined in the following.
Considering the DNA damage assessment, further investigation into DNA repair
dynamics at late time points (up to 72 h) for the β−-emitter 177Lu could provide
more clarity on the biological mechanisms compared to external photon irradi-
ation. Moreover, after thorough evaluation of different concentrations of activity
of TRT and DNA-PKi compound via the cell proliferation assays, assessing DNA
damage for the most promising combinations in comparison to monotherapy
could provide valuable insights into the underlying mechanism leading to the im-
proved treatment outcomes observed. Performing the DNA damage assay with
a low and moderate concentration of activity (1-10 kBq) and low concentration of
DNA-PKi (0.1 and 1 µM) and could also further illuminate the potential for activity
reduction while maintaining treatment efficacy. Especially, observations of DNA
damage at late time points (up to 72 h) should be taken into account.
While this work has given the first evidence of the benefits in treatment outcome
of a combined treatment of TRT and DNA-PKi, further experiments should be con-
ducted to gain evidence on the additive or synergistic effect of this combination.
Moreover, as emphasized by the literature, studies should be carried out to de-
termine themost effective treatment schedule. The experiments in this work eval-
uated the optimal treatment regime for activity concentrations and DNA-PKi con-
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centrations. Therefore, the next step is to investigate the sequence of treatment
and the potential effect of recovery time between treatments. A question remain-
ing after initial experiments on treatment schedule is the impact of preincuba-
tion with DNA-PKi on internalization of radiopharmaceutical, a mechanism which
proved crucial for the α-emitters. Additionally, evaluating first-line treatment with
TRT followed by incubation of DNA-PKi was not feasible due to laboratory organ-
ization and equipment constraints. Therefore, the effect of this treatment order
should be assessed in future studies.
While results on the radioresistant PC-3 cell line have shown potential for the
combined treatment to overcome radioresistance, further evaluation in this dir-
ection should be conducted. Potentially, the combination therapy could be ex-
panded to other cell lines reported to be radioresistant as well. To further invest-
igate radioresistance, alternative approaches should incorporate 3D cell cultures
or spheroid models, which replicate the tumor microenvironment more accur-
ately. Studies have indicated that the tumor microenvironment plays a decisive
role in the mechanisms underlying radioresistance. For instance, increased anti-
oxidative activity induced by the tumor microenvironment has been proposed as
a mechanism of resistance in both preclinical and clinical studies of neuroendo-
crine tumors treated with [177Lu]Lu-DOTATATE [148]. This enhanced antioxidative
response helps to neutralize ROS produced by radiation, thereby reducing DNA
damage in cancer cells.
In vitro evaluation of the most effective treatment regime is especially relevant
for follow-up in vivo studies and determining ideal conditions. To translate the
combination therapy into clinics, in vivo studies are essential. Furthermore, these
studies will also be necessary to assess potential side effects of the combined
treatment, which are critical to judge the translation potential of this therapy.
Regarding the simulation framework, whose development was initiated, the out-
linedmodifications should be implemented in themodel. Estimation of the depos-
ited energy and absorbed dose would be most interesting, as it allows for further
comparison with other studies. Furthermore, the expansion to a multi-cell model
should be prioritized, as only a multi-cell model fits the needs of a long-range β−-
emitter and can determine the influence of the crossfire effect. Moreover, the
unspecific binding of non-targeted radionuclides is not understood yet and re-
quires further investigation. Experiments performed with chelated activity, which
did not express the unspecific binding, led to the hypothesis of unspecific binding
related to a charge effect of charged ions and the bipolar cell membrane. Addi-
tionally, literature research revealed that the effect is not consistent for each ra-
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dionuclide, as the phenomenon was not observed for [111In]InCl3 and [68Ga]GaCl3
[127]. Therefore, conducting similar assays with other radionuclides and poten-
tially with chelators that alter the overall charge of the system differently could be
highly relevant for unraveling the mechanism behind this effect.
Finally, following these concrete experiments that extend the current studies, ad-
ditional ideas for future experiments - beyond the scope of this project - have
emerged. A study performed on U2O2 cells reported significant changes in DNA
damage characteristics and dynamics, when α-radiation was combined with ex-
ternal photon irradiation [149]. Foci observed in this combined treatment were
larger, and their movement was strongly attenuated in this treatment regime. In
contrast, foci induced by a pretreatment with external irradiation followed by α-
exposure, declined quickly. Therefore, evaluating an interaction between the dif-
ferent radiation types is proposed as a promising combination therapy as well.
Furthermore, in vitro studies combining α- and β−-emitters could provide valu-
able insights and contribute to optimizing dual TRT treatment modalities, which
are currently evaluated in clinical trials. Moreover, live-cell imaging of γH2AX foci
could provide deeper insights into the repair dynamics between the different ra-
diation types.
In summary, this work provided fundamental knowledge that contributes essen-
tial pieces to the puzzle of unraveling the radiobiological mechanisms behind TRT.
However, it also revealsmore questions about the uniquemechanismsunderlying
TRT. The puzzle is not solved yet, but its complete picture will eventually emerge
through the collective efforts of many researchers, driven by creativity and col-
laboration - as exemplified by the interdisciplinary approaches and vivid scientific
discussion and inter-institutional exchange which have guided and shaped this
thesis.
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A. Protocol DNA Damage Induction and Repair via Immunofluorescent Microscopy

A Protocol DNA Damage Induction and Repair via

Immunofluorescent Microscopy

• Cell lines: LNCaP, C4-2, PC-3

• Cell culture (from PAN Biotech): phosphate-buffered saline (PBS; pH 7.4,
#P04-36500), Roswell ParkMemorial Institute 1640medium (RPMI-1640#P04-
16500) supplemented with 10% fetal calf serum (FCS, #P40-37500) and 1%
L-glutamine (L-GLN, #P04-82100) and 0.05% trypsin (#P10-023100) for cell de-
tachment

• Neubauer cell counting slide (#4668323, Th. Geyer), cell culture insert with
0.4 µm transparent PET membrane (sterile, #353095 ) and 24-well TC treated
companion plate (sterile, #353504, Falcon®)

• Treatment: compounds PSMA-617 and analogue PSMA-macropa; radionuc-
lides 225Ac, 223Ra, 227Th, 177Lu in solution, buffers for radiolabeling and rp-TLC
for labeling control (TLC Silica gel 60 RP-18 F254s, #1055600001, Merck, Darm-
stadt, Germany); liquid phase Na citrate 0.1M, pH 5.5

• Fixation and permabilization: fixation solution 3% paraformaldehyde (PFA)
in PBS (non supplementedw/o Calcium,Magnesium); permeabilization 0.5%
Triton X-100 in dPBS; for wash dPBS (non sterile)

• Immunofluorescent staining: primary γH2AXantibody (#BLD-613402, Biozol),
secondary AlexaFluor™ 488-labeled antibody (#AB_2534088, Thermo Fisher
Scientific), cell nucleus stainingwithDAPI (4’,6-Diamidin-2-phenylindol, #D1306,
Thermo Fischer Scientific), Image-iT FX signal enhancer (#I36933, Thermo
Fischer Scientific), mounting medium Fluoromount G (#SBA-0100-01, Biozol
Diagnostica), coverslips (round, 12mm) and microscopy slides (76 x 26 mm).
Washing solution: 0.5% BSA (Bovine SerumAlbumin, # A2153, Sigma-Aldrich)
in dPBS; Blocking solution: 3% BSA in dPBS with 0.3% Triton X-100; Solution
for antibody dilution 3% BSA in dPBS
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A.1 Procedure

Cell Culture - One Day Prior to Treatment

• Remove medium from flask, wash with PBS, and trypsinize. Stop trypsin-
ization with medium and centrifuge cells 5min at 200 rcf. Remove the re-
maining medium and resuspend the pellet in medium. Count the cells via a
Neubauer cell counting slide.

• For each cell line (LNCaP, C4-2, PC3) prepare a solution of 1.6 · 105 cellsmL−1

in supplemented RPMI-1640.
• Seed cells with total volume of 300 µL of cell solution and incubated until
experiment next day (37 °C, 5% CO2).

Treatment with Radioactivity

• Perform radiolabeling under the defined conditions (Table 4.1) and check via
rp-TLC that radiochemical yield is above 99% for 177Lu and 96% for 225Ac.

• For both, radiopharmaceuticals and free radionuclides, prepare solutions
with specified activities (Table 4.2) in supplemented RPMI-1640 (total activity
per solution depends on the number of samples; calculate 300 µLper sample
plus safety margin of 10% of total volume)

• Remove medium in inserts and replace with 300 µL per insert of prepared
activity solutions. Incubate cells for 4 h at 37 °C, 5% CO2. During incubation
time, youmay distribute inserts with spatial distance onmultiple companion
plates to limit cross-irradiation (especially relevant for samples with total
activity of 100 kBq).

• After 4 h, remove active medium and replace with usual, supplemented me-
dium. Depending on the planned experiment, start directly with sample fix-
ation and permeabilization or reincubate samples until a defined fixation
time point.
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A. Protocol DNA Damage Induction and Repair via Immunofluorescent Microscopy

Fixation and Permeabilization

• Prepare solutions for fixation andpermeabilization aheadof the experiment.
Fixation solution (3% PFA/PBS) can be stored aliquoted at −20 °C (avoid re-
freezing), permeabilization should be prepared on experimental day or one
day prior.

• Discard medium and wash once with 200 µL of dPBS per insert.
• Fixate cells with 200 µL of 3% PFA/PBS per insert for 15min at room temper-
ature.

• Discard fixation and wash once with 200 µL of dPBS per insert.
• Permeabilize with 200 µL of 0.5% Triton X-100/PBS per insert for 30min at
room temperature.

• Discard permeabilization and add 200 µL of PBS per insert. Store parafilm-
covered 24-well plates in fridge at 4 °Cuntil immunofluorescent staining (max-
imum one week).

Immunofluorescent Staining for γH2AX

• Prepare solutions for washing, blocking, and antibody solution freshly be-
fore starting with the staining procedure and store at 4 °C during the differ-
ent steps of the staining procedure
Primary antibody staining

• Discard PBS and incubate each insert with one droplet of Image-iT FX Signal
Enhancer for 30min at room temperature.

• Discard signal enhancer andwash three times with 200 µL per insert of wash-
ing solution (0.5% BSA/PBS) for 5min.

• Incubate with 200 µL of blocking solution (3% BSA/PBS + 0.3% Triton X-100)
per insert for 30min at room temperature.

• Incubate samples overnight at 4 °Cwith 50 µL per samples of primary γH2AX
antibody diluted 1:2000 in 3%BSA/PBS. Cover plates with parafilm to prevent
drying of samples.
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Secondary Antibody Staining

• Remove primary antibody and wash three times with 200 µL per insert of
washing solution (0.5% BSA/PBS) for 5min.

• Incubate samples for 1 h in the dark at room temperature with 50 µL per
samples of secondary AlexaFluor488 labeled antibody diluted 1:250 in 3%
BSA/PBS. Cover plates with parafilm to prevent drying of samples.
DAPI Staining and Embedding

• Remove secondary antibody and wash three times with 200 µL per insert of
washing solution (0.5% BSA/PBS) for 5min.

• Wash once with 200 µL per insert with deionized H2O (milliQ).
• Incubate each sample for 15min in the dark at room temperature with 50 µL
of 1 µgmL−1 DAPI in H2O.

• Rinse again with deionized H2O. Cut out the membrane with a sharp scalpel
and mount the sample with Fluoromount G on a glass slide with a coverslip.

• Let samples dry at least overnight at room temperature in the dark before
microscopy. Store samples until further processing at 4 °C.
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A. Protocol DNA Damage Induction and Repair via Immunofluorescent Microscopy

A.2 Parameters MATLAB processing

Table A.1: Parameters for the nuclei segmentation: list of the parameter settings usedin the analysis performed with the script selectNuclei_v1 for segmenting nuc-lei in DAPI-stained images. Each parameter is accompanied by its correspond-ing value and a brief description.
Parameter Value Description

Image Input

imgType 0 Single field of view
Preprocessing

removeNuclearStainBG 1 (true) Apply top-hat filter to remove background
from nuclear image

removeNoise 1 (true) Apply median filter before segmenting nuc-
lei to get smoother edges

sharpenNimg 1 (true) Sharpen image to improve edge detection
Segmentation

intTHsteps 1 Number of intensity threshold steps
Segmentation - intTHsteps options

intTHmode [4 0 0] Use local thresholding based on average fil-
ter and offset defined in localTHoffset; effi-
cient 1-step strategy without background re-
moval or edge refinement

intTH [1500
1100
700]

Minimumabsolute DAPI intensity. Only used
if intTHmode == 0 or 5

localTHoffset 0.05 Offset for local thresholding; should be
between 0 and 1

refineEdges 1 (true) Enable border refinement of nuclei
refineEdgeTH 0.1 Edge threshold used during border refine-

ment
separateTouchingNuclei 1 Try to separate touching nuclei regardless of

size; works even if object fails area filters
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Parameter Value Description

Segmentation – further parameters

useEdgeDetection 0 (false) Edge detection is disabled
maxGapLength 25 Not relevant because useEdgeDetection is

disabled
minNucleusArea 800 Minimum area of detected nucleus [px]
maxNucleusArea 5000 Maximum area of detected nucleus [px]
maxAspectRatio 2.5 Ratio of major axis length to minor axis

length
minCompactness 0.5 Nucleus area divided by bounding box area
minCircularity 0.8 1 = perfect circle
minSolidity 0.8 Area divided by convex hull area (1 = convex

object)
maxIrregularity 100 Maximum ratio of missing pixels compared

to elliptic fit
maxConcavityDepth 14 Maximum minimal distance between con-

tour and convex hull
maxIntegralConcavityDepth 1.5 Normalized sum of all concavity depths

around contour
maxEllipticDeviation 0.25 Non-overlapping areawith equivalent ellipse

/ overlapping area
maxEccentricty 0.5 0 = circle, 1 = line
minSharpness 150 Minimum sharpness index; helps remove

out-of-focus nuclei
maxSharpness 700 Maximum sharpness index; helps remove

mitotic or overly sharp nuclei
frqTh 0.1 Possibly a frequency threshold (context not

fully specified)
borderExtensionBG 10 Border extension applied to exclude signals

from background [px]
Marker-specific Analysis

markerSpecificAnalysis 0 (false) No additional staining used; disables
marker-based analysis
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A. Protocol DNA Damage Induction and Repair via Immunofluorescent Microscopy

Parameter Value Description

Background Signal Analysis

bgFilterMode [1, 0, 0] Switch for defining max allowed background
intensity. 0: use maxBG and maxHighBGfrq, 1:
use estimated median × maxBGfactor

maxBG [4000,
3000,
3000]

Maximum allowed background intensity for
each signal channel (excluding DAPI). Used if
bgFilterMode == 0

maxHighBGfrq [0.2, 0.2,
0.2]

Max frequency of pixels exceeding maxBG re-
lative to non-zero pixels in background re-
gion

maxBGfactor [2.5, 1.3,
1.4[

Factor applied to global median background
intensity. Used if bgFilterMode == 1

Table A.2: Parameters for γH2AX foci segmentation: Configuration settings for the
AnalyzeFoci_v1_1C.m script used for segmenting of γH2AX foci. Each para-meter is listed with its value and a short description.

Parameter Value Description

General Foci Segmentation Parameters

removeBG 3 Local background subtraction using a Gaus-
sian filter. The blurred image is subtracted
from the original, and the result is rescaled to
the original maximum intensity.

equalizeFociInt 0 No equalization of foci intensities applied.
equalizeFociOpt [ ] No additional options specified for intensity

equalization.
segMethod 2 Seed-based segmentation with local signal-to-

noise filtering for foci validation.
intTH 30 Intensity threshold for foci detection (meaning

depends on THmethod).
THmethod 3 intTH is interpreted as a percentage of the

maximum intensity of each individual image.
Higher values reduce foci detection.
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Parameter Value Description

Intensity Threshold-Based Segmentation

histoPmaxLevel 10 Upper histogram level used in thresholding.
maxScale 10 Maximum intensity scaling factor (in %) to en-

hance dim foci.
satPx 200 Maximum number of saturated pixels al-

lowed when scaling, limiting oversaturation
that would impair segmentation of bright foci.

Seed-Based Segmentation Parameters

HmaxTH 5 H-maxima transform threshold to identify
seed regions. Higher values yield larger seeds.

seedsTH 0.01 Threshold for expanding seeds to approximate
full foci size. Higher values enlarge masks but
may reduce separation quality.

minSNratio 1.3 Minimum signal-to-noise ratio: average seed
intensitymust be 1.3× higher than average pan-
nuclear intensity.

Post-processing and Size Filtering

ws 1 Enable watershed segmentation to separate
overlapping foci. Applicable to all segmenta-
tion methods.

minSize 8 Minimum number of pixels for an object to be
counted as a focus.

maxSize 120 Maximum number of pixels for an object to be
counted as a focus.
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B. Protocol Cellular Uptake Assay

B Protocol Cellular Uptake Assay

B.1 Material

• Cell lines: LNCaP, C4-2, PC-3
• Cell culture (from PAN Biotech): phosphate-buffered saline (PBS; pH 7.4,
#P04-36500), Roswell ParkMemorial Institute 1640medium (RPMI-1640#P04-
16500) supplemented with 10% fetal calf serum (FCS, #P40-37500) and 1%
L-glutamine (L-GLN, #P04-82100) and 0.05% trypsin (#P10-023100) for cell de-
tachment

• Neubauer cell counting slide (#4668323, Th. Geyer), 24-well culture treated
plate

• Poly-L-Lysin-hydrobromid (#P6282, Merck)
• Treatment: compounds PSMA-617 and analogue PSMA-macropa; radionuc-
lides 225Ac, 223Ra, 227Th, 177Lu in solution, buffers for radiolabeling and rp-TLC
for labeling control (TLC Silica gel 60 RP-18 F254s, #1055600001, Merck, Darm-
stadt, Germany); liquid phase Na citrate 0.1M, pH 5.5.

• Glycin buffer (50mM); pH 2.8; NaOH (0.3M; pH 14); dPBS (non sterile)

B.2 Procedure

Cell Culture - One Day Prior to Treatment

• Coat each well of 24-well plate with 500 µL of Poly-L-Lysin (5mg dissolved
in 50mL of sterile H2O). Leave Poly-L-Lysin for 30min, then wash once with
sterile PBS and cover plates with PBS until seeding.

• Remove medium from flask, wash with PBS and trypsinize. Stop trypsin-
ization with medium and centrifuge cells 5min at 200 rcf. Remove the re-
maining medium and resuspend the pellet in medium. Count the cells via a
Neubauer cell counting slide.

• Prepare a solution of 1 · 105 cellsmL−1 in supplemented RPMI-1640 for C4-2
and PC-3, 2 · 105 cellsmL−1 for LNCaP
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• Seed cells with total volume of 1mL of cell solution and incubated until ex-
periment next day (37 °C, 5% CO2).

Treatment with Radioactivity

• Perform radiolabeling under the defined conditions (Table 4.1) and check via
rp-TLC that radiochemical yield is above 99% for 177Lu and 96% for 225Ac.

• For both, radiopharmaceuticals and unlabeled radionuclides, prepare solu-
tions with specified activities (calculate 250 µL per sample plus a safety mar-
gin of 10% of the total volume) with supplemented RPMI-1640.

• Remove medium in well and incubate cells with 250 µL per well with activity
solution for specific time (1- 4 h) at 37 °C, 5% CO2.

Cellular Uptake Assay

• Prepare Glycin buffer and NAOH shortly before assay (either during incuba-
tion or one day before)

• Remove active medium and wash three times with 500 µL ice-cold dPBS.
• Collectmembrane-bound fraction in two 5minwasheswith 500 µLGlycin buf-
fer, place fraction into gamma counter tubes.

• Wash once with 500 µL ice-cold dPBS.
• Collect internalized fraction by lysation of cells with 500 µLNaOH. Pipette the
fraction up and down several times to rinse the bottom of the well to collect
the complete lysate. Place the collected fraction again in gamma counter
tubes.

• Measure fractions and standards of incubation solution in the gammacounter.
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C. Protocol Effect of Mono- and Combination Therapy on Cell Proliferation

C Protocol Effect of Mono- and Combination

Therapy on Cell Proliferation

C.1 Material

• Cell lines: LNCaP, C4-2, PC-3
• Cell culture (from PAN Biotech): phosphate-buffered saline (PBS; pH 7.4,
#P04-36500), Roswell ParkMemorial Institute 1640medium (RPMI-1640#P04-
16500) supplemented with 10% fetal calf serum (FCS, #P40-37500) and 1%
L-glutamine (L-GLN, #P04-82100) and 0.05% trypsin (#P10-023100) for cell de-
tachment

• Neubauer cell counting slide (#4668323, Th. Geyer), 96-well flat bottomplates
(sterile cell culture plate with flat bottom, color: black with transparent bot-
tom, #644090, Kisker Biotech).

• Treatment: compounds PSMA-617 and analogue PSMA-macropa; radionuc-
lides 225Ac, 223Ra, 227Th, 177Lu in solution, buffers for radiolabeling and rp-TLC
for labeling control (TLC Silica gel 60 RP-18 F254s, #1055600001, Merck, Darm-
stadt, Germany); liquid phase Na citrate 0.1M, pH 5.5;
DNA-PKi Nedisertib (M3814, Peposertib, MSC2490484; #S8586, Selleckchem)

• Resazurin sodium salt (#10053737, Th. Geyer)

C.2 Procedure

Cell Culture - One Day Prior to Treatment

• Remove medium from flask, wash with PBS, and trypsinize. Stop trypsin-
ization with medium and centrifuge cells 5min at 200 rcf. Remove the re-
maining medium and resuspend the pellet in medium. Count the cells via a
Neubauer cell counting slide.

• For each cell line (LNCaP, C4-2, PC3) prepare a solution of desired density in
supplemented RPMI-1640 (LNCaP: 1750 cell per well, 1.17 · 104 cellsmL−1, C4-
2: 1300 cell per well, 8.67 · 103 cellsmL−1, PC-3: 1000 cell per well,
6.67 · 103 cellsmL−1).
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• Seed cells with total volume of 150 µL of cell solution and incubated until
experiment next day (37 °C, 5% CO2).

• For statistical purpose, seed at least triplicates for each experiment condi-
tion

Mono- and Combination Treatments

Different treatments were performed at various time points (either Day 1 or Day 2
after seeding). Details of how the various treatments were prepared and carried
out are given below.

External ohoton irradiation

• Place plates at Shelf 4 of the Multirad225-X-ray Faxitron and irradiate at the
referred times for specific doses (refer to Table 4.3).

• Reincubate plates directly after irradiation, no change of medium.
DNA repair inhibitor (DNA-PKi Nedisertib)

• Prepare initial stock according to manufacturer instructions, the stock solu-
tion of 1000 µM is prepared with DMSO (Dimethylsulfoxid) (5mg in 1.038mL
DMSO, molecular weight Nedisertib 481.91 gmol−1)

• From stock prepare dilution with supplemented RPMI-1640 for concentra-
tions used in the experiments (refer to Table 4.3). Prepare a DMSO control,
whose concentration is equal to the DMSO concentration of the highest con-
centration used in the experiment

• For the total volume of concentration solutions, calculate with 150 µL for
each sample per concentration and add a safety margin of 10% of the total
volume.

• For treatment, remove medium and replace by 150 µL per well of DNA-PKi
concentrations. Incubate cells for 24 h at 37 °C, 5% CO2. After 24 h, remove
DNA-PKi-supplemented medium and replace it with the usual, supplemen-
ted medium. Depending on the experimental design, continue with addi-
tional treatment or reincubate cells until the experimental endpoint.
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C. Protocol Effect of Mono- and Combination Therapy on Cell Proliferation

Targeted radionuclide therapy

• Perform radiolabeling under the defined conditions (Table 4.1) and check via
rp-TLC that radiochemical yield is above 99% for 177Lu and 96% for 225Ac.

• For both, radiopharmaceuticals and free radionuclides, prepare solutions
with specified activities (Table 4.3) in supplemented RPMI-1640 (total activity
per solution depends on the number of samples; calculate 150 µLper sample
plus a safety margin of 10% of the total volume)

• Remove medium and replace with 150 µL per well of prepared activity solu-
tion. Incubate cells for 4 h at 37 °C, 5% CO2. After 4 h, remove the active
medium and replace it with the usual, supplemented medium. Reincubate
plates until the endpoint of the experiment.

(a) Monotherapy treatments

(b) Combination therapy treatments
Figure C.1: Cell proliferation - overview of treatment procedures: Monotherapy (a)and Combination Therapy (b) are depicted with used concentrations. Treat-ment with radionuclides involdes treatment with targeted compounds as wellas non-complexed radionuclides
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Resazurin Assay

• Prepare a stock solution of resazurin. Dissolve 15mg of resazurin powder
in 100mL of PBS (pH 7.4). Filter sterilized solution and store in aliquots at
−20 °C.

• For measurement of cell proliferation, prepare a solution of supplemented
RPMI-1640 with 10% of resazurin stock solution (calculate with 150 µL of me-
dium and 15 µL of resazurin, thus in total 165 µL per sample for total volume).

• Remove medium and replace with 165 µL of resazurin dilution. Incubate
plates at 37 °C, 5% CO2 for 2.5 h.

• After 2.5 h measure fluorescence signal of plates in plate reader (excitation:
530 nm and emission: 590 nm). Measure each plate five time for statistical
purpose.
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