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RT
DNA
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SSBs
DSBs
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DDR

ROS
H2AX

1 ( a! 8 Phosphorylated H2AX at serine 139

lonizing radiation

Radiation therapy
Deoxyribonucleic acid

Linear energy transfer

Relative biological effectiveness
Single strand Breaks

Double strand breaks

Base pair

DNA damage response

Reactive oxygen species
Histone variant H2AX
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2.1 Radiation Physics: the basics
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Figurel. The electromagnetic spectryit]

Electromagnetic Radiation
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- Xraysare produced extranuclearly, in an electrical device that accelerates electrons
to high energy and then stops them abruptly in a target usually made of tungsten. A
LI NI 2F GKS St SOUNRYaQ rayaySGiAO SySNEE Aia 02
- Gamma raysare emitted by radioactive isotopes; they are produced intranulcearly.
An unstable nucleus, in its efford to reach stability, breaks up and decays, giving off
the excessive energy. This energy is gamma rays.



Tablel The electromagnetic spectrum of IR and its properties

Frequency

Wavelength

Properties related to biological

v (s1) < Energy Type of IR matter
. 1 Produced by the excitation ¢
ot ¥an 10nm 124 ev inner electrons inside atoms
Soft Xrays 9 Strongabsorption
o1 s 100pm 12.4 kev 9 Can cause ionization
) 1 Produced by the excitation of
oi fn 100pm 124 keV | . internal electrons of atoms
Diagnostic X
rays and Xray lamps
oi ®1n 10pm 124 keV 1 Sgnificanta.bsgrpt?on
1 Can cause ionization
) iraysand |1 t N2 RdzZOSR o6& !
ot %n 10pm 124 keV | therapeutic accelerators respectively
3 Xrays |1 Limited dsorption
o1 %n Ipm 1.24MeV 1 Cause ionization
9 t NPRdzOSR o6&
o % 100fm 12 4 MeV therapeutic af:c_eleratorsres_pectlvely
Xrays 7 Limited dsorption
{1 Cause ionization
proton
synchrotrors | used for research purposes
> T Fn| <100fm >124MeV | andlarge |1 Limited dsorption
linear M Cause ionization

accelerators

Electromagnetic radiation interactions
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Figure2. Dominant types of interactions as a function of the atomic number Z of the absortidhe energy of
the photon radiatior{2].

Photoelectric absorption
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Photoelectron

Incident photon

Figure3. Photoelectric effect: total absorption of the incident photon as it ejects an inner shell electron, known as
a photoelectron. The empty shell is filled with an electron from an upper orbit, resulting in the release of
characteristic radiatiofi3].

Auger electrons
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Figure4. Compton effect: the interaction between medivemergy x and gamma rays and outer shell electrons.
The interaction results in ionization of the target atom (with ejection of a Compton electron) and deflection of
the incident ray with lower energy.

Particulate Radiation
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Table2. Typical LET and RBE values for various radiatior$s]
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Collective dose
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Table3. Summary of radiation doses and units

Dose Sl unit Old unit conversion

Exposure Clkg air Roentgen PpY ch gy p 6 QB QI
Absorbed gray (Gy) rad 1rad =1 cGy
Equivalent | sievert (Sv) rem 100 rem = 1 Sv

2.2 Radiation Biology: theasics
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Table4. Time domain of radiation actiof®] [7].
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Direct effects
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Figure5. Direct and indirect action of radiatiomdapted from DOI:10.13140/2.1.1665.76§06 direct action,
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molecule to produce a hydroxyl radical that will damage the [idékbone $: sugar, P: phosphojusor
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Factors affecting the action of ionizing radiation
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Figure?7. Simplified diagram of the double stranded DNA structure:dinands of nucleotides consisting of sugar
phosphate molecules and complementary bases that bind the two strands together with hydrogen bohti§](left)
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pair of the DNA(right) [17].
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Figure9 . Distribution of DNA damage inducing events after exposure@ (dvenly distributed OHadicals) and
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Carcinogenesis
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DNADamage Response and Repair (DDR/R)
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U Base Excision Repair (BEf®)rects modified base lesions. BER is initiated by a DNA
glycosylase that recognizes, removes and replaces the base lesion, forming abasic
sites. The induced SSB is repaired to regenerate an intact mo[gelle

U Nucleotide excision repair (NERemoves bulky single strand lesions, such as
intrastrand crosslinks, pyrimidine dimer and bulky adducts conjugated to bases. NER
opens the damaged DNA, creates a single strand gap (approximatedp 25
nucleotides long) around the damage and replacesttiigsing nucleotides.

U Mismatch repair (MMRYemoves base mismatches introduced during the replication.
MMR enzymes identify mismatched nucleotides and parental strand, remove the part
of strand with the mismatch and the new daughter strand is rebuilt with the correct
nucleotides.

KY



U Homologous Recombination (HRY the only erroffree DSB repair pathway. HR is
restrictedto S and G2 phasef the cell cycle (where there is a sister chromatid
available) and uses the homologous chromosome as a template to repair a DSB.

0 NonHomologous End Joining (NHEddnselectively rejoins the DSB endad
operates throughout the cell cycl&NHEJ is the simplest pathway, seals DSBs very
rapidly but is an erreprone mechanism, as there is no homologous template to lead.
Joining incompatible ends may end in chromosome aberrations (particularly
translocations]s8].

U Alternative Nonhomologous Entbining (ARNHEJ) or Microhomologyediated end
joining (MMEJ)uses microhomologous sequences during alignment of broken ends
before joining, resulting in deletions flanking original break-NHEJ repair is low in
GO0/G1 phase but is increased duringttase and G2 phase of the cell cyantelis the
ultimate backup for abrogated classicédlR and NHEJ. ANHEJ is frequently
associated with chromosome abnormalities such as deletions, translocations,
inversions and other comgk rearrangement§s0] [61].
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Genomic instability

' f 6K2dzZAK 55wkw LI GKgIl a&da 2T (BRI Fedark2 y aNB2 ¥ Sd X
NEBLI NFoa2y LI GKglea 2F OfdzAGSNBR RIYIF3IS INB Yy
GKFG a2YSoYSa NBYRSNAE dnkud® s 828 8 LI5S i B & K S NMB/LOH
1y26ft SRIST | 3ISYSNIt Y2RS 27F | Osa2y 2NJ RSOl A
RANBOos2y 2F RSO2RAYy3 (G(KS NBaLrRyaS FyR NBLI AN
NE F062dzi GKS LINRGSAya Wyees§NRLI YN LINESASNG 4.8 ¢
0KS ySAIKO2NAY3I RFEYFASR aAliSacedSO8 BIFVKILRG
RSyaArde Aa RANBOGEe NBfFGISR (2 Az2yhbEazy RS\

K hu



ANN} RAlIla2y®d ¢KS&aS O2yRAoaz2ya ONBIGS Y2NB O2 YL
GKS OKItftSy3asS 2F NBLIANE &aAyOS | 8#dliSR NBLI

Carcinogenesis

Cancer remains the second leading cause of death (the first is heart disease), despite the
giant steps in the comprehension and the clinical management ofdikease. The
International Agency for Research on Cancer (IARC) reports nearly 10 million deaths in
2020 or nearly one in six deaths. Worldwide, in 2015, the five most common types of
cancer (in order of frequency) that kill men are: lung, liver, stomaolgrectal and
prostate cancers, and respectively for women: breast, lung, colorectal, cervical and
stomach cance(g8]. According to the USA National Cancer Institute, the most common
cancer types among children include leukemia, brain and other nervous system, and
lymphoma, with increasing incidence trends for all three from 20018. At the same

time the economic impdcof cancer is significant and increasing. The total annual
economic cost of cancer in 2010 was estimated at 1.16 trillis&. Worldwide, only about

14% of people who need palliative care currently receive it. Only one in three countries
reported high quéty cancer incidence data in 2016®].
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Chronic immune response
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Detection of DNAamage
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Molecular techniques

Polymerase chain reaction (PCR) and agarose gel electrop{dGis)s
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DNA repair proteins as molecular markers
Ku protein

Ku protein, also known as Ku70/Ku80 or the Ku heterodimer, plays a critical role in DNA
damage detection and repair, specifically in the fimmologous end joining (NHEJ) pathway.
This protein complex binds to DSBs and acts as an initial sensor of damabedBy
recognizing and binding to DSB ends, Ku protein helps recruit other repair factors and initiates
the repair process. Due to its pivotal role in DNA damage response, Ku protein has emerged
as a promising biomarker for DNA damage detection. Anabfsisu protein levels or its
phosphorylation status can provide valuable insights into the extent of DNA damage and the
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efficiency of repair mechanisms. Additionally, the aberrant expression or dysfunction of Ku
protein has been associated with various diseases, including cancer and autoimmune
disorders, or hypersensitivity to ionizing radiatif@0] [91]. Hence, the use of Ku protein as a
biomarker in DNA damage detection holds significant potential for assessing the effectiveness
of therapeutic interventions, predicting treatment outcomes, and developing personalized
approaches for managing DNA damaghated conditiong92].

X-ray repair cross complementing 1 (XRCC1) protein

XRCC1 plays a crucial role in the detection and repair of DNA damage. It is a key protein
involved in the base excision repair (BER) pathway, which is responsible for addressing various
types of DNA lesions, including SSBs and base modificg@@inXRCC1 acts as a scaffold
protein, facilitating the assembly of multiprotein complexes involved in BER. By interacting
with other repair enzymes and signaling factors, XRCC1 coordinates the repair process and
ensures efficient and accurate DNA damage deéba. Its involvement in BER makes XRCC1

an important biomarker for assessing DNA damage and the overall repair capacity of cells. By
studying XRCC1 expression levels or genetic variations, researchers can gain insights into the
susceptibility of individals to DNA damage, as well as their potential response to-DNA
damaging agents or environmental factors. Thus, XRCC1 holds promise as a valuable tool in
DNA damage detection and personalized medicine approaches aimed at optimizing treatment
strategies andeducing the risk of genomic instabilitglated diseasef@4].

Phosphorylated histone 2AMHRAX) protein
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Fluorescence strategies
Comet assay

Comet assay (single cell gel electrophoresis assay) is a widely used method for detecting and
guantifying DNA damage in individual cells. To perform the comet assay, cells are embedded
in a thin layer of agarose on a microscope slide. The cells are thet iy remove cellular
proteins and membranes, leaving behind the intact DNA. The DNA is subsequently subjected
to electrophoresis, which causes the fragmented DNA to migrate towards the anode due to
its negatively charged nature. Following electrophorgsie DNA is stained with a fluorescent

dye that intercalates within the DNA strands, allowing the visualization of DNA fragmentation
under a fluorescence microscope. The fragmented DNA appears as asioaped structure

with a bright head (containing uathaged DNA) and a tail (containing fragmented DNA). The
length and intensity of the comet tail correlate with the extent of DNA damage, providing a
guantitative measure of genotoxicity.

The comet assay fluorescence technique enables the analysis of individual cells, allowing for
the assessment of heterogeneity within a population. Moreover, it requires relatively small
cell numbers, making it suitable for various sample types, including cultured cells, tissues, and
even whole organisms. Additionally, the comet assay can be combitledpdgcific enzymes

or antibodies to investigate specific types of DNA damageerall, the comet assay
fluorescence technique is a powerful tool in the field of genotoxicity assessment of various
agents, such as chemicals, radiation, and environmentdltaolts, providing researchers

with valuable information about DNA damage and aiding in the evaluation of potential
mutagens and carcinogelfg4].

Variants of comet assay are thikaline comet assay (for SSBs and alkalie sites in DNA),

the neutral comet assay (DSBs detection under neutral pH conditions), the emagdited
comet assay (involves specific enzymatic treatment to detect oxidative base modifications or
DNA adduct) and the micronucleus comet assay (simultaneous evaluation of both DNA
damage and chromosomal damage).

Use of lesiospecific enzymes

Utilizing enzymes that target specific DNA lesions can asdise iidentification of various

forms of DNA damage beyond SSBs and DSBs, such as oxidized bases or pyrimidine dimers. By
eliminating the damaged base, lestspecific enzymes generate apurinic/apyrimidinic sites.
Endonucleases are particularly effective ietecting oxidized pyrimidines, while
formamidopyrimidine DNA glycosylases are capable of identifyimgp& ,8-dihydroguanine

and ring openegpurines. This enzymatic approach enhances the sensitivity and specificity of
DNA damage detection, allowing fomere comprehensive assessment of genotoxicity.
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Huorescence in situ hybridization (FISH)

Fluorescence in situ hybridization (FISH) is a powerful molecular cytogenetic technique that
allows for the visualization and localization of specific DNA sequences within cells and tissues.
FISH employs fluorescently labeled DNA probes that are complanyetd target DNA
sequences of interest. These probes hybridize with their complementary sequences in the
target DNA, enabling their precise localization and detection under a fluorescence
microscope.

To perform FISH, the cells/tissue samples are first fixed and denatured to expose the DNA
strands. Fluorescently labeled DNA probes (synthesized with specific nucleotide sequences or
obtained commercially) are applied and hybridize with their complemergaguences in the

DNA, forming stable duplexes. Upon visualization using a fluorescence microscope, the
fluorescently labeled DNA probes emit light at specific wavelengths when excited by the
appropriate light source. This emission produces distinct flecgat signals that indicate the
presence and precise location of the target DNA sequences within the cell/tissue.

FISH has a wide range of applications in genetics and cytogenetics. It can be used to detect
chromosomal abnormalities, such as translocations, deletions, duplications, and inversions,
providing valuable diagnostic information in clinical settings. FISHsds instrumental in
studying gene expression patterns, as it allows for the visualization of gene loci and their
transcriptional activity within cells. Additionally, FISH plays a crucial role in research areas such
as cancer genetics, prenatal diagnostievolutionary studies, and the mapping of genomic
regions.

Halo assay

This technigue relies on these of propidium iodide (PI), which intercalates into the DNA helix,
causing the DNA to adopt a supercoiled structure. After cell lysis, the nucleoids of individual
cells appear as "halos," representing DNA loops that can be measured to assess chromatin
fragility. The diameter of the "halo" is directly related to the concentration of Pl and reflects
the degree of relaxed or rewound supercoiling, with low PI concentrations indicating relaxed
supercoils and high PI concentrations indicating rewound superddils method is useful for
studying the effects of induced DNA damage, but it can only detect changes in DNA
organization if the damage remains unrepaired, typically observed at radiation doses of 2 Gy.
The sensitivity of this assay is limited; howevenffers the advantage of measuring DNA
damage in individual cells without the need for radioactive labeling of DNA precursors.

FCMAnNnexin V labeling

It is crucial to distinguish between necrosis, autolysis, and apoptosis after DNA fragmentation.
Flow cytometry (FCM) enables the measurement of a significant quantity of cells and is
employed to detect apoptosis, DNA strand fragmentation, chromosomal ratadidies, and
chemical adducts in DNA. The Annexin V protein is utilized for quantifying the quantity of cells
that are dead or undergoing apoptosis. In healthy cells, the lipid bilayer prevents Annexin V
from binding. However, in cells undergoing apojgoénnexin V attaches to the outer surface

of the cell membrane after phosphatidylserine translocates in the presence of Ca2+. The
number of apoptotic cells can be determined using FCM. By employing a secondary antibody
labeled withfluorescein isothiocyanate (FITC) or propidium iodide, (RI$ approach can
identify significant proteins involved in DNA repair complexes. FCM demonstrates the ability
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to rapidly and sensitively measure DNA damage in comparison to the commonly used comet
assay methodiL05]

Terminal deoxynucleotidyl transferase (TdT) dUTfmitlabeling (TUNEL) assay

TUNEL assay detects SSBs or DSBs and assess apoptosis or necrosis. In this assay, the enzyme

¢tR¢ AYyO2NLIRNIGSa ydzOf S20ARS Fylf23dzS®ODHO2y 2dz3al

of a DNA strand, visualizing the nuclei containing fragmented DNA. Rdeores detection

can be achieved using an antibody conjugated with a fluorescent dye that recognizes biotin
or digoxigeniragged nucleotides. Various techniques such as microscopy, FCM,- photo
multipliers, and chargeoupled device arrays can be employedietect and quantify damage

by visualizing DNA fragments. The morphological changes occurring in the nucleus (alterations
in structural organization and chromatin collapse) facilitate the visualization of DNA damage.
Endonucleases enzymes generate a dpepattern of fragments during DNA degradation,
resulting in the fragmentation of genomic DNA into lower molecular weight fragments. TUNEL
assay cannot distinguish the origin of DNA fragmentation in cells undergoing apoptosis or non
apoptotic DNA damagend it should be accompanied by a complementary method.

Radioimmunoassay (RIA)

Radioimmunoassay (RIA) is a sensitive and precise technique used to measure the
concentration of specific substances, such as hormones, drugs, or antigens. It relies on the
principle of competitive binding between a radioactiiadeled molecule (tracer) ahthe

target molecule for a limited number of antibody binding sitdsknown amount of the
radioactive tracer is mixed with the sample containing the target molecule and a fixed amount
of specific antibody. As tharget molecules compete with the tracer for binding to the limited
antibody sites, the amount of tracer bound to the antibody is inversely proportional to the
concentration of the target molecule in the sample. After separating the bound and unbound
fractions, the radioactivity is measured, and the concentration of the target molecule is
determined based on the degree of competition.

RIA has also been utilized in the field of DNA damage detection by invlonving radiolabeled
antibodies that can selectively recognize and bind to the DNA adducts or damage sites of
interest. However, due to the involvement of radioactive isotopes, RIA megjsipecialized
handling and disposal procedures to ensure safety and minimize radiation exposure.
Alternative nonradioactive methods, such as enzyme immunoassays (EIAs) or fluorescent
immunoassays (FIAs), are now often preferred for DNA damage detadtiento their
improved safety profiles while maintaining comparable sensitivity and accuracy.

Chemiluminescence strategies
Enzymdinked immunosorbent assay (ELISA)

ELISA is a widely used immunological method for detection and quantification of DNA damage.
The method involves special absorbant microplates, that provide a surface for the target
antigen to be mounted on, and an antibody linked to an enzyme that maybatified via

the addition of an appropriate substrate (colored, fluorescent or radioacth@s) [107][106].

Each ELISA measures a specific antigen, and kits for a variety of antigens are widely available.
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Immunohistochemical assay

Immunohistochemical (IHC) assay is a technique eyepl to visualize specific proteins or
antigens in tissue samples (formalin fixed paraffin/plastic embedded tissues or frozen
sections). It involves specific antibodies that bind to the target proteins within tissue sections.
The antibodies are labeled withdetectable marker, such as an enzyme or a fluorescent dye,
allowing for the visualization of the target proteins under a microscope (optic or
fluorescence). This assay is commonly used in research and diagnostic settings to study
protein expression paérns, to detect alterations in certain metabolites and identify specific
cell types within tissue sampl¢r08].

Immunological assay
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Analytical strategies

High performance liquid chromatography (HRil€)trospray tandem mass spectrometry
(MS)

HPLC is used to separate and purify DNA samples, enabling the isolation of specific DNA
adducts or damage products of interest, based on their chemical properties (size, charge, or
hydrophobicit), ensuring the isolation of the target analytes from complex DNA mixtures. The
collected fraction is directed into the electrospray ionization source of the tandem mass
spectrometer. In the electrospray process, the isolated fraction iseédrénd analyzed in the

mass spectrometer, where the masscharge ratios are measured with high accuracy. By
comparing the mass spectra obtained from the fraction of interest with reference standards,
the specific types of DNA damage can be identified.

HPLC coupled to tandem MS with an electrospray ionization mode, may be a sensitive and
accurate method for Quantification of oxidized nucleosides within isolated and cellular DNA
S E LJ2 & Sr&ys[1de detection of the type, location and quantity of damage and tandem
DNA lesion§l10]. Although this assay offers the benefit of accuracy, there are drawbacks such
as high cost and requiring a significant level of expertise to effectively employ the technique
in monitoring low levels of damage. Nevertheless, it continues to be the prefemsthod for
guantifying DNA bases modification.

Gas chromatographsnass spectrometry (G@a@s)

GCMS is a powerful analytical technique that combines the separation capabilities of gas
chromatography with the detection and identification capabilities of mass spectrorfigtty

In GEGMS, the sample is first vaporized and introduced into a gas chromatograph, where it is
separated into its individual components based on their differing chemical properties. The
separated compounds are then directed into the mass spectrometer, ey are ionized,
fragmented and analyzed based on their mésgharge ratios. This method enables the
identification and quantification of a wide range of products of DNA damage. MS can provide
the sensitivity to detect a single lesion in DNA sampléh multiple lesions, monitor the
kinetics of repair enzymes and the expression levels of repair prdteipg113].
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Electrochemical methods (EM)

Electrochemical DNBased sensors that exploit the inherent sensitivity of BiNédiated
charge transport (CT) to base pair stacking perturbations are capable of detecting base pair
mismatches and the majority of common base damage produd). Electrocatalysis has
provided as a foundation for innovative assays aimed at detecting low levels of lesions. It holds
potential as an early diagnostic tool for identifying various forms of damage. While this
method offers advantages such as high sevigjti selectivity, and affordability in detecting
DNA damage, it also has a limitation: it cannot identify thymidine dimer lesions before the
DNA double helix distortiof107].
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3. Materials and methods

Protonradiation effects on plasmid PBR322

Plasmids are small circular pieces of exth@omosomal DNA with the ability to
replicate independently from the host chromosomal DNA. Unlike the large
chromosomes that carry all the essential for life genetic information, plasmids contain
specific additioal genes that are used in certain conditions and are naturally found in
bacteria. There are single copy plasmids (one plasmid DNA/cell);caopitiplasmids
(maintained as 1442 genomes/cell) and plasmids under relaxed replication control
(can increase thir number up to 100/cell).

Artificial plasmids are used in molecular cloning as easily manipulated vedriomsg

the replication ofrecombinant DNAsequences within a host organisidowever, in
order to use a type of plasmid as cloning vector should meet with the following
criteria:

- Plasmid should be easily isolated from the host cells.

- Plasmid should have single restriction site for one or more restriction enzymes.

- Insertion of a linear foreign DNA at one end of these sites should not alter its
replication properties.

- Plasmid should be reintroduced into the host cells, with the cells that carry the
plasmid having the ability to be identified/selected.

pBRvector plasmidsere created in 1977 in the laboratory of Herbert Boyer at the

University of California, San Francisand is one of the first widely usé&d colcloning

vectors[115]. ¢ KSe& gSNB yI YSR FFTFOGSN) Ada ONBFG2NRY
G. 2t AGFNE YR w FransidcoiBolvda Nap@alz$é poStdodtofali S NJ
researcher and Raymond L. RodriguBze pBR group of plasmids is the most widely

used as

- cloning vehicles

- amodel system for procariotic transcription and translation studies

- a model system to investigate the effects of topological changes on DNA
conformation.

pBR322molecule is a doublstranded circle 4361 base paif$482 nm)in length
(considered middlesized), its molecular weight is 2.83 xé taltons and its circular
nucleotide sequence is presentedhigure 31. At the present study, plasmid serves

as a simplified model to study the effect of radiation on DNA. This model does not
include repair mechanisms, the natural reaction of cells to such a stimulus, allowing
to study the initial interactions between radiah and DNA. Furthermore, since
plasmid is longerm stable, the molecules are identical and conveniently small, it
excels in topological studies towards actual DNA molecules, since chromosomes are
larger, with rather complex cetlycle dependent structure
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Figure 31 A schematic representation of the pBR322 vector with restriction sites indicated
https://international.neb.com/

3.1 DNA ample preparation
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3.2 Irradiation and dosimetry
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3.2.1. Seup
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Figure 3.2. (left) llustration of the Teflon frame that holds the samiilébes in the correct position inside the
radiation field. (right) e metal base of the solid water RW3 slab phantasiit was set in front of the nozzle of

the beamfor dosimetric quality assurance procedure with the ionization chamber ROOS (PTW, Freiburg,)Germany
The frame with the DNA samples was placed vertically behind vegtévalent PMMA plates. Behing the metal
base and at the end of the beam pathway, water containers are placed for safegnsea

3.2.2. Proton irradiation
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Figure 33. Ratient alignment system (PAS) in the treatment rcatriedAustron lon Beam Therapy Cer{i&fiener
Neustadt, Austrip The robotic PPS consists of a six axes KUKA robot (Augsburg, Germany) that is mounted on an
additional linear axi®n the ceiling
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Figure 34 General treatmenplan dose distribution: the %dose (dashed line) deposited when irradiating a volume
of a hypothetical tumor of 4 cm thickness and approximately 13 cm under the skin (grey tumor area), as exported
by TPS and the equivalent LET change over depth inwatér{sR f Ay S0 ® ¢KS GKNBS LRaAGA2Y A
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along the treatment plan are also marked: the beam entrance (A), the middle of SOBP plateau (B) and the SOBP
fall-off (C).

Table 3.1 Irradiation parameters along the therapeutic proton SOBP

Irradiation position | Depth inPMMA (cm) | [ 9 ¢ &6 1 § Energy range (MeV
Ac beam entrance 2 1 198
B¢ plateau of SOBJ 15 3 137167
C1i tail of SOBP 16.8 9 137-167
3.2.3. XRays
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3.3 Postirradiation treatment DNA damage detection
3.3.1 Agarose Gel Electrophoresis in-&istateEDTA (TAE) buffer

Gel electrophoresis is a routinely used method to concentrate, separate, purify, identify and
perform molecular weight characterization on biological macromolecules, based on their
ability to move in an electric field. The method is based onphenomenon that most
biomolecules are electricalgharged particles, possessing ionizable functional groups.
Biological macromolecules in a solution of a given pH exist as either positively or negatively
charged ions.Charged molecules under an electric field migrate at a different velocity,
depending on their mass and net charge in the solution: negatively charged molecules (anions)
migrate towards the cathode (pulled by the positivelyarged electrode and pushed Hye
negativelycharged anode), whilegsitively-charged molecules (cations) migrate towards the
anode. A migration pattern is formed by molecules with similar properties, leading to the
separation of samplesomponents.

Ly OFrasS 2F !'3FNRraS DSt 9 fiomccuBesiigratibhasians G KS a
agarose gel bathed in buffer solution. The galm@nfluid crosslinked polymer network, that

serves as a support medium, but also as a separation matrix, that filters the molecules
according to their size in its porous volume. The buffer solution ensures a safe electrically
conductive environment tS§ Yy K yOS G KS OKINASR Y2t SOdz SaQ YA
stable pH value and temperature. The gel is cast into slabs with samafileand when it is

completely polymerizedt is submerged in buffer solution and each sample is loaded into

each well. The electric current is applied and the electrophoretic separation initiates. By
adjusting the gel polymer composition, the pore size can be modified, allowing the use of
electroptoresis to a variety of biomolecules.
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Figure 35. The electrophoresis concept: Each plasmid sample is added in a well (cathode side), electric field is
applied at the gel edges and under the electric potential difference, the negatively charged DNA is migrating to the
anode side through the gelet. Dueto the netlike agarose gel, different DNA forms are separated according to the

size of each form that created three clearly distinguishable bands. Supercoiled (SC) plasmid (small sized twisted
DNA) is moving easier and faster, crossing a larger pathveige the gel and appears as a more distant band. The

large circular (C) and linear (L) molecules have lower mobility than SC and they are trapped in areas closer to the
well. Therefore, the unfolded C appears as higher band in the gel and L forms a lbetdéen. Additionally,

smaller DNA fragments (F) of higher mobility appear as a smear inside the gel. SC is the compact initial DNA with
no break, C is caused by the cleavage of one DNA strand (SSB) and L by the cleavage of two strands (DSB). F results
from further nicking, cannot be safely measured via AGE and is excluded from present analysis. By defining the
amount of SC, C and L and employing Cowan model [42] (equations above) we translate it into number of SSB and
DSB.
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Figure 3.6. A representativeexample of gel image analyspgogram MYImageAnalysis Software Thermo
Scientifi¢ after the agarose gel isisualized with green filter on a MYECL Imatgensilluminator. With this
software the relative luminosity of a band is converted into uspfahtitativeinformation.
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3.3.2 The Cowan model
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3.33 AFM analysis
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Figure 37. The experimental atomic force microscofi?l{) setup The sample is scanned by a nanofabricated tip
mounted on the cantilever. The oscillation amplitude changes as the AFM cantilever serfeesethérom the
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Figure 38. The setup dNanoscope dilnnova device (Veeco Metrology, Santa Barbard IBAPNA sample lies
on the mica disc in the center of the picture.
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Figure 3.9. A simple pixel object described with the displayed
connected Freeman chain codg) (and a more realistic comple
structure with the used-éonnected systenBf [129].
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Low XRay doses on Lymphocytes
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1 Plasma (~55% of total blood volume), transports nutrients, hormones and proteins

1 Red blood cellgrythrocytes(~4045% of total blood volume), oxygen/carbon dioxide
carriers to/away from cells, hemoglobin in their cytoplasm is responsible for the red
color of the blood

1 Plateletsthrombocytes(<1% of total blood volume), control bleeding by forming clots
(hemostatic action)

1 White blood cells/leukocytes (<1% of total blood volume), part of the immune system
involved in protecting the organism from infections.
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https://en.wikipedia.org/wiki/Monocyte
https://en.wikipedia.org/wiki/Lymphocyte

[BYLIK2080dSa IINB Life dzaSR AYy AYYdzy2adul AyAy3a L
FRKSNByYy G F2NJ 0KS F2ft26Ay3 NBlFazyay
1 Easy, nofinvasive and safe isolation of a large cell population from one donor
9 Peripheral blood lymphocytes are a naturally occurring population of GO cells ensuring
independence of the cell cycle phase
1 They have low @3 wackground and as a result they form brigh@{z uoci

I They show a low detection threshold of a few mGy.

3.4 Patient cohort and exposure conditions
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3.5 Lymphocyte isolation
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Figure 310Blood components before and after centrifugation of blood Wwitmphosepsolution[130].
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Figure 3.12. Representative images of lympiytes stained for-H2AX detection: DAP
stained cell nuclei appear blue aneH2AX foci appear redroci of different size anc
intensityare formed Cells under stress are easily distinguidd@mong background cells
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v-H2AX foci induction after Cobalt-60

irradiation
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Figure 313.1-H2AX foci induction to dose for lymphocytes after total blood irradiation with GéBalhe author
of this study was used as a blood donor. Regression analysis reveals a linear relationship between the dose and the
number of foci that are observed (edimn y=10,41x+1.20, y: number of foci per cell and x:dose (Gy)).
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4. Results
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A. Proton radiation effects on plasmid PBR322
B. Xray effects on human lymphocytes after partial body exposure

Proton radiation effects on plasmid PBR322
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Figure 41 General treatment plan dose distributiafong with rradiation parameters along thiénerapeutic proton

SOBPThe %dose (dashed line) deposited when irradiating a volume of a hypothetical tumor of 4 cm thickness and
approximately 13 cm under the skin (grey tumor area), as exported by TPS and the equivalent LET change over
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4.1 Plasmid structural analysis with AGE
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Fragments

Figure 42 Electrophoretic plasmid analys(g) gel image of plasmid form transition for 10 different doses from 0

to 50Gy with DNA ladder also included (right column). SC, C and L are separated as expected due to their different
DNA molecule mobility in the field. The image presented oversaturateden to visualize the fragments (smear

in the last lanes).
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Figure 43 Three plasmid forms transition with increasing dose as quantified according langintensity.
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Figure 44 Comparison between the gel images of samples with different scavenging concentration and identical
irradiation conditiong(protons 198 MeV at thbeam entrance position). Each gel contains plasmid samples in

increasing dose order {80 Gy). In the first column, where plasmid contains no scavenger (scavenging capacity is
that of residual Tris, B&1) the SC plasmid fraction almost disappears after the dose of 10 Gy, while for both TRIS

and C3CA SC becomes more persistent with increasing scavenging cap&asiyl&* and 1@ s from top to

bottom). At the same time the L band almost disappears even in 50 Gy and we observe a decreasirge exchan
between SC and C as the scavenging increases, since plasmid is secured from ROS production and remain in the

intact form on a larger scale.
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Table 41 Mean damage induction rates at the entrance of the proton beam, where LET valueSigtlk x Y
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A. In the first scenario, considering the steep slope shift in LET and the dose distribution
at the end of the beam trajectoryF{gure 41), where LET increases abruptly but not
critically, lower levels of DNA damage is an astounding proof of the successful use of
protons for patient treatment: the healthy tissue area in very close proximity (within
a few millimeters) of the tumor is only tdly stressed, reducing the risk of side effects
after radiotherapy. Especially the low DSB and clustered damage levels, which are
potentially lethal for a cell, imply a relatively safe cell environment.

B. On the other hand, the apparent lower level of damage recorded at the SOR¥ fall
might be a result of underestimation of the damage due to the highly complex and
fragmented DNA molecules. This is probably due to method limitations, since in
agarose geélectrophoresis shorter DNA fragments may escape the analysis due to
their higher mobility.

Table 42 Mean damage induction rates alongtheNR2 (i 2y ¢ NBF GYSyd ttly

Damage induction rate (MbpGy-1)
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Radioprotection/ROS scavenging alongRtaon Treatment Plan
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Figure 411 Example of RBE calculation from the plot of Linear form of plasmid (%) to dose (Gy) for the entrance
of the beam. According to the definition, BBEquals to the ratio of the dose ofrdys that causes 50% Linear
plasmid to the dose of protons that cause the same result.
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Figure 412 The RBE values for different proton energies as calculated based on DSB induction for a dose of 1 Gy,
with 1 GeV electron radiation as the reference, using simulations with the MCDS progeastata were generously
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Table 44 . IR (protons, ions and electromagnetic radiation) damage induction rate on plasmid systems: results from the preserd stpdytad in literature.

type pl asn scav| SSB DSB Bas_e 190 D
LET Lesi ¢ cl ust
rad/ pr scaver plasmconcefcapal Mbp err Mb g err err err
energy o< on €£Ln (93 Gyt Gyt Mb § Mb p
Gyt Gyt
nescav
(resi« pBR322
this st X-rays TRI S) sol ut 10 10 89.5 4.49 3.14 0.14191.:10.8 14.7.:0.38
TRI S 10 30.2 1.09 0.5z 0.21 65.5 3.1¢ 3.91 0. 8
10 4.55 0.740.1C 0.01 18.6 3.417 0.63 0.0
19 1.13 0.3 0.1C 0.0% 4.65 1.0(¢ 0.26 0.0
C3CA 16 24.3 1.19 0.6C 0.14q 61.2 6.8¢§ 3.99 0.0
10 4.92 0.1¢ 0.11 0.01 9.56 0.11 0.72 0.0
19 1.37 0.0 0.12 0.09 2.13 0.123 0.13 0.0
no sc
(resi« pBR322
this st p 198 1 TRI S) sol ut 10 10 101. 16.8 1.91 0.24 275. ¢114. 10. 9C1. 7
1 TRI S 10 45.8 5.03 1.5 0.24130.t240.6 13.2 . 4
1 10 11.6 4.6 0.0¢ 0.04 30.4 0.2 0.42 0.0
1 19 2.08 1.35 0.0z 0.01 5.10 0.2%3 0.07 0.0
1 C3CA 10 34.3 4.6 0.4t 0.04 75.7 16.4 3.17 0.0
1 10 9.43 1.49 0.1€ 0.0 32.6 8.271 0.65 0.0
1 19 4.14 0.8 0.04 0.01 10.7 .94 0.05 0.0
nescav
p 116377 (resi« pBR322
Me V 4 TRI S) sol ut 10 10 96.0 27.2 1.5z 0.1 52.0 2.3¢ 10. 4 . 6
TRI S 106 39.1 0.7H4 .47 4 74.8 5.2 2.91
10 12.8 2. 27 . 0¢ 3 25.2 4.3% 0.50




4 19 2.72 1.1 0.0z 0.0 37.6 25.4 1. 1.5
4 C3CA 190 37.1 3.842 0.4¢ 0.1¢q 63.8 -1.1 4. 0.1
4 10 9.92 2.7 0.12 0.0 18.9 0.071 oO. 0.0
4 19 2.22 0.74 0.0z 0.00 4.59 0.44 o0. 0.0
necav
116377 (resi« pBR322
Me V 9 TRI S) sol ut 10 10 51.0 6.94 0.57 0.0 54.4 6.34% 3. 0.0
9 TRI S 190 9.58 0.94 0.1z 0.0 17.4 8.31 0. 0. 3
9 10 2.27 0.23 0.0&8 0.0 3.74 1.8¢ O. 0.0
9 19 0.2¢ 0.0 0.0C 0.0 1.26 0.671 O. 0.1
9 C3CA 10 11.5 2.4 0.17 0.03 12.7 5.61 0. 0. 4
9 10 3.08 0.69 0.0t 0.0 4.01 1.94 0. 1.4
9 19 0.71 0.23 0.0: 0.0131 0.86 0.25% 0. 0.0
pBR322
30 N 1.9 TE buf sol ut 14159 ({113. 17.0 3.9¢ 113.(
C3CA 6. 8A 24.7 3.771 1.9¢: 18.0
C3CA 6. 8A 9.17 1.37 0. 8¢ 13.3
C3CA 6. 8A 1.22 0.1§ 0. 7€ 3.39
Sui 20: puUC1l9
[ 148] 15 N 3.6 TRIECI sol ut 100 3A%( 9.95 0.79 0.0€ 0.00 16.5 1. 4(
Lel oup pHAZE
[ 149] p 249 0.39 glyce 1liquid 3.8A 18.8 3.9(0Q 0.3% 0.03 1. 0.2
p 19.3 2.7 3.8A 5.00 1.95 0.1C 0. 07 0. 0.1
p 1.03 25.5 3.8A 1.69 0.26 0.1€ 0.017 0. 0.1
p 249 0.39 glyce 3.8A 0.91 0.19 0.0z 0.00¢ 0. 0.0
p 19.3 2.7 3.8A 0.39 0.09 0.01 0.00¢ 0. 0.0
p 1.03 25.5 3.8A 0.38 0.05 0.01 0.00¢ 0. 0.0



Vyg2n 2
[ 150] p 10 N 6. 39 TE buf pBR322 30 0.0C 0.0 O.0C 0.0 0.08 .00
p 20 N 3.64 0.05 0.0 0.0C 0.0 O0.08 .00
p 30 N 2.61 0.04 0.0 0.0C 0.0 O0.08 .00
pBR32
p 20 M 3.6l.9! TE buf Il i qui 58. 9 2.60 2.0C 0.20q 45. 8 .50
p 30 M 1.263 39.7 8.20¢Q 1.5C 0.80 45. 9 .90
Ohsawa pBR322
[ 151] p 27.5 2.3 TE buf sol ut 50 2.47 0.03 0.0z 0.00¢
p 27.5
FLASH 2.3 2.01 0.185 0.0z 0. 00¢(
Smal | pBR322
[152] e 1MdeOV no sc sol ut 15.4 0.8 0.3t 0. 04
e 100
FLASH 20.3 0.20 0.37 0.014
e 150 17.6 0.5%7 0.3E5 0. 037
e 150
FLASH 18.7 0.52 0.37 0. 04
e 200 20.1 0.5 0.3€ 0. 04
e 200
FLASH 21.2 0.38§ 0.3€ 0. 04
e 100 0.22 pBR322 69.8 8.72 3.6¢ 0. 47
e 150 0. 22 80.3 3.04 3.71 0.11
e 200 0.23 50.2 4.19 3.8 0. 4H4
Smal | : 606
[ 153] Me V 0.109 neGcayv pBR32 7.94 0.14 0.97 0. 1¢
6010
Me V 0.20 11.0 0.6 1.1 0. 0¢
6 Co015
Me V 0.20 7.71 0.03 1.2z 0.01
Pachner Car bon
2014928 400 MeV 11 TE buf pBR32 10 58A 128. 1.90 4.8C 0. 4(
Soui ci Ul tra-¢
[ 154] Rays 1, TRI S pBR32 5 5A 2.47 0.13 0.2z 0. 01
5A 0.78 0.014

wl



1.5A 0.16 0. 07
10 1.5A 2.38 0.0 0.2C 0. 02
1.5A 0.84 0.01
1.5A 0.18 0. 02
50 1.5A 2.10 0.09 0.12 0.01
1.5A 0.80 0. 03
1.5A 0.22 0.072
Shiina pucCcls )
[ 155] X-rays TRI S sol ut 50 1A% ( 5. 72 0. 11 9.03 0. 48
1.5A 1.10 0. 0z 1.43 0.09
3A®%( 0. 16 0.0C 0.65 0.02
1A%°q 0. 12 0.01
puc1is8
C6+ 29¢C 13 TRI S sol ut 50 1A% ( 5. 58 .22z 4.29 0.48
1. 5A 0 C 2.79 0.18
3A% ( 0. 32 1 1.30 0.05
pucC1l1s8
Ushigor hydr at
201256 He 2 + 2.2 fil ms 0.05 0.01 0.0CO0.0q 0.14 0.00
6 0.06 0.01 0.0C 0.04Qq 0.16 0.00
puC18
hydr at
C5+, C 13 fil ms 0.1C 0.04 0.0C 0.0 O0.25 0.00
87 0.04 0.0 0.0C 0.0 0.05 0.00
122 0.03 0.0 0.0C 0.0 O0.07 0.00
342 0.03 0.0 0.0CO0.04q 0.04 0.00
507 0.03 0.0 0.0C 0.0qQq 0.06 0.00
puCc18
hydr at
NelO+ 31 fil ms 0.08 0.04 0.0C 0.0 oO0.18 0.00

wt



361 0.03 0.0 0.0C 0.0Qq O0.06s 0.00
491 0.03 0.0 0.0C 0.0 O0.06s 0.00
842 0.03 0.04 0.0C 0.0 O.O083 0.00
Urushil
2008&5 g a mmacC ot puCl18 0.04 0.04 0.0C 0.0 O. 13 0.01
UHe 19 puUC18 0.04 0.0 0.0C 0.0Q 0.16 0.00
UHe 6 3 0.04 0.0 0.0C 0.0 O0.08 0.00
UHe 95 0.04 0.0 0.0C 0.0Q 0.04 0.00
UHe 121 0.03 0.0 0.0C 0.0Q4q 0.04 0.00
UHe 148 0.02 0.04 0.0C 0.0 O0.01 0.00
Yokoya 5
20p357] UP u 0.03 0.04 0.01 0.04q 0.01 0.00
KI i mcz:¢
19p258] gammaC ot pBR32 100 5A 26. 0C .21
5A 5. 8!
58A 1. 3
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4.2  Plasmid structural analysis with AFM
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Figure 414 wSLINB a Sy i A @S ! Ca AYI 3S 6 pdergormationsad\they ppear bryafnic&ksurfadeS@)Bwisted plasrhids Mat &e braided together. (b) Linear,
(c) Circulaand (d) covalently closed plectonemic coiling of plasmid molecule. Molecules like (a) and (d) are excluded from thermeatlysis length measurement is not countable and
leme DNA algorithm do not support distinction between DNA forms.
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Figure 4.15 AFM topographic images of plasmid pBR322 on mica substrate irradiated with protons:(2t Gy
column)and 30 Gy(right column) AFM reveals the different conformations of DNA from simple linear to complex
twisted loops. The difference in plasmid concentration between the two doses is incidental.
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Figure 416 Relative frequency distributions of apparent molecule lengths measured using AFM for plasmld pBR322
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Xray effects on human lymphocytes after partial body exposure
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Figure 4.17 Representative images c
lymphacytes  stained  for 1-H2AX
detection: DAR$tained cell nuclei appea
blue and'-H2AX foci appear red. Arron
indicate foci of different size and intensi
that were taken into account. Cells und
stress are easily distinguigbla among
background cells, as they show no r
signal.

4.4 Patient cohort, dose exposure antl2AX foci per cell nucleus results
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Table 45. Results of 23 cases (15 pediatric and 8 adult patients).

1 0.2 0.68 0.17 271 0.84 0.21 251 2.23
2 0.3 0.12 0.10 329 0.34 0.18 302 2.55
3 0.3 1.39 0.27 273 0.60 0.16 316 0.57
4 0.8 0.87 0.13 414 0.48 0.14 385
5 0.8 0.00 0.00 0 0.97 0.12 337
6 2 0.53 0.11 279 0.76 0.14 301
7 2 1.28 0.38 147 2.55 0.62 116 1.05
8 2 0.63 0.18 278 1.12 0.15 355
9 4 1.06 0.42 140 1.44 0.23 221 1.37
10 7 1.44 0.42 167 1.63 0.36 152 0.73
11 8 1.28 0.06 200 1.34 0.05 210 4.35
12 11 0.70 0.18 103 1.68 0.09 300 16.69
13 12 112 0.14 231 1.36 0.16 237 1.93
14 13 0.65 0.07 422 0.64 0.08 508
15 16 0.60 0.18 215 0.62 0.19 220 3.46
16 21 1.04 0.19 306 0.89 0.19 155
17 51 0.36 0.09 260 1.05 0.20 210
18 55 0.77 0.09 306 112 0.13 323
19 60 0.63 0.10 312 1.10 0.13 302
20 60 0.89 0.18 325 0.77 0.11 330
21 65 0.94 0.17 228 1.16 0.18 220
22 adult 131 0.29 117 1.79 0.30 151
23 adult 0.90 0.09 460 0.79 0.09 354
0.83 0.17 1.09 0.18
5783 6256
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Figure 418 The average number of detectede H Zfaci per cell, suggests a tendency for a small increase in the
number of foci in exposed samples compared to the corresponding control ones (peripheral blood lymphocytes
collected before eachmterventional cardiology procedurelhe subject with the lowest estimated effective dose
(0.57 mSvjs the only one showing moreentifiedfociin the control samplethan in the respectivexposedne.
Twosample unpaired-test reveals mostly no statistical significance (rbetween the pairs of contraxposed

results, except for samples exposed to 0.57 mSv and 16.69 mSv that show p>0.05 (*).
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within the range of coronary angiography limits (669 mSv). The mean value of foci per lymphocyte nuclei is

0.830.17 for control samples and 1§®18 for those after exposure. The pesposure increase in the foci

induction is 31% but is within error. T\sample paired-test (QiginPro 85) indicates the statistical significance of

this increase, ap=0.0138 is smaller than the level of significance.0.05
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5. OverallConclusion
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