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Obiettivo generale

* Investigare (a livello teorico e sperimentale) i
meccanismi di azione delle radiazioni ionizzanti sulle
strutture biologiche, dalle interazioni fisiche al danno
biologico a livello sub-cellulare, cellulare e
sovracellulare.

In particolare:

* ruolo della qualita della radiazione
targeted

* ruolo deqli effetti

™ non targeted



. g 1 Gy y-rays
Irradiation in one nucleus

Cross sections Irradiated Excitations and 105 s ~ 100000 lonisations

cell lonisations in the hit cell =~ 2000 lon. in DNA
_ . Dissociation: 102 s

Dissociation schemes oroduction of radicals

Diffusion coefficients m
E Damage to DNA and other mol. E[EES

Reaction rate constants

DNA breaks minute ~ 1000 ssb
=40 dsb

=~1-2 cl
h Chromosome = 0.5-1 Chrom. Ab.
aberrations hours
Damage at cell level ~0.5-1 lethal events
*mutation = 105 HPRT mut.

*transformation
cell death

=~ 105 neopl. trasf.

. 20

Damage at organ and organism levels years << 107 cancers




ESPERIMENTO MIDPAC 2003-2005

RADIATION-INDUCED DNA DAMAGE

a) Local damage (010 bp)
+ role of the environment Scavenging Capacity
and of the target structure
+ role of track structure >> damage complexity

b) Local damage (Okbp - Mbp)
role of track structure:
+ protons more effective thany rays in inducing
small fragments
implementation of spatial correlation effects
within single tracks

c) Regional damage (1100 Mbp. i.e. 01 i m)
+ Role of track structure: average number of
chromosomes hit by a single track
» Chromosome aberration induction

RADIATION-INDUCED DAMAGE TO TARGETS
OTHER THAN DNA

a) Oxidative damage
(late metabolic effects in human cells after irradiation

with 62 MeV protons and y rays, measured with MRS)
+ Variation in the concentration of triglycerides:
10 Gy protons produced the same effects of 20

Gy y rays.




PROPOSTA DI ESPERIMENTO EPICA 2006-2008

1. Effetti in cellule direttamente irraggiate (effetti fargeted)

1.1 Misure sperimentali
1.1.1. ISS - Danno al DNA ed effetti a livello cellulare
- Danno al DNA.
- Induzione di micronuclei (MN).
- Morte riproduttiva.
1.1.2 ISS - Effetti sui lipidi e sul metabolismo ossidativo
1.1.3 Pavia - Rilascio di citochine ed espressione di recettori di membrana
1.2 Modelli teorici e simulazioni
1.2.1 Pavia — modelli meccanicistici
- Danno al DNA.
- Aberrazioni Cromosomiche.
1.2.2 ISS — modelli fenomenologici

2. Conseqgquenze dell'irraggiamento sulla comunicazione cellulare ed
effetto bystander (effetti non-targeted)

2.1 Misure sperimentali
2.1.1 ISS —Danno molecolare e cellulare in cellule bystander
2.1.2 ISS - Meccanismi di signalling intercellulare studiati mediante la MRS
2.1.3 Pavia - Signalling
2.2 Modelli teorici e simulazioni
2.2.1 Pavia-ISS




ESPERIMENTO EPICA

1. DANNO AL DNA IN FUNZIONE DELLA QUALITA DELLA RADIAZIONE
1.1 Simulazione Monte Carlo della frammentazione del DNA indotta da
ioni ferro da 115 MeV/u in fibroblasti umani e confronto con le misure
sperimentali effettuate dal gruppo di ricerca con la tecnica PFGE (Pulsed
Field Gel Electroforesis)

1.2 Valutazione del danno al DNA (e di effetti a livello cellulare) indotto da
radiazione gamma e ioni Carbonio mediante I'analisi delle cinetiche di
fosforilazione-defosorilazione dell’istone H2AX

2. EFFETTI SUL METABOLISMO CELLULARE
Effetti sui lipidi
Effetti sul glutatione

3. MODULAZIONE RADIOINDOTTA DEI MEDIATORI DI COMUNICAZIONE
CELLULARE

4. EFFETTI “NON TARGETED” DELLE RADIAZIONI IONIZZANTI:
BYSTANDER EFFECT




ESPERIMENTO EPICA

1. DANNO AL DNA IN FUNZIONE DELLA QUALITA DELLA RADIAZIONE
1.1 Simulazione Monte Carlo della frammentazione del DNA indotta da
ioni ferro da 115 MeV/u in fibroblasti umani e confronto con le misure
sperimentali effettuate dal gruppo di ricerca con la tecnica PFGE (Pulsed
Field Gel Electroforesis)




PARTRAC code

(GSF, Munich, Germany — University of Pavia and INFN, Pavia, Italy)

1. Irradiation conditions
+ Description of specific experimental arrangements or model scenarios by homogeneous bodies
described via complex combinatorial geometry

2. Track structure calculations (Physical stage)
+ Electrons (Inelastic-scattering cross sections in liquid water [Dingfelder et al., 1998])
+ Photons (interaction cross section according to elemental composition of bodies)
+ Protons (Inelastic-collision cross sections in liquid water [Dingfelder et al., 2000])
+ lons

3. Track structure time evolution (Physico-chemical and chemical stages)
+ Step by step approach for water radical transport (Ballarini et al, 2000)

4. DNA Target model (6 levels of organization) (Friedland et al,1998, 1999)

* Nucleotides (atomic description)

+ DNA double helix (including hydration shells)
* Nucleosomes

+ Chromatin fiber (various arrangements tested)

+ Chromatin fiber loops
Loops connected to form chromosomes (organized in domains)

5. Damage induction models (e.g. ssb and dsb)
+ lonisations inside van der Waals radii of DNA strand atoms (direct effect)
+ lonisations inside water shell attached to phosphate and sugar (quasi-direct effect)
Interaction of OH-radical with deoxyribose (indirect effect)

6. Scoring of (Friedland et al,1999):
* Number and complexity of ssbs, dsbs, base damages
+ Spatial distribution of ssbs and dsbs and resulting size distribution of small DNA fragments (< 5 kbp
from single tracks) and large DNA fragments (including inter-track effects and chromosomal breaks)
Patterns of partial and total deletions of HPRT exons induced in human fibroblasts



Heavy lon cross sections (scaling from DNA fragmentation induced
proton cross sections) in PARTRAC in human fibroblast by 115-
MeV/u Fe-56 ions
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* Where measures are available (1-5700 kbp),
PARTRAC predictions are in good agreement with
experimental data.

* Fragments < 1 kbp (in the non measured range)
predicted by PARTRAC are = half of the total
number of ion induced DNA fragments

[] ][] experimental RBE for dsb (1-5700 kbp): 1.34
calculated RBE for dsb  (all sizes) : 2.39

Alloni et al, Adv. in Space Research, 2007 (coll. INFN/UniPv-Pavia, INFN/ISS-Roma, GSF-Munich)
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A Monte Carlo code for the
induction of chromosome
aberrations
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Basic assumptions

. Chromosome aberrations arise from
clustered DNA breaks

e a chromosome exchange requires (at
least) 2 radiation-induced lesions

e only free ends in neighbouring
chromosome territories or in the same
territory can give rise to an exchange



Model validation
l. Photons and light ions
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Ballarini et al 2002, Rad Prot Dosim Ballarini & Ottolenghi 2003, Adv Space Res 31

99
Il. Heavy ions £\
(First results on CA induced by heavy ions (milestone 2008))
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PCC data!

Ballarini et al Adv Space Res, 2007



ESPERIMENTO EPICA

1. DANNO AL DNA IN FUNZIONE DELLA QUALITA DELLA RADIAZIONE

1.2 Valutazione del danno al DNA (e di effetti a livello cellulare) indotto da
radiazione gamma e ioni Carbonio mediante I'analisi delle cinetiche di
fosforilazione-defosorilazione dell’istone H2AX



AG1522 (fibroblasti umani)
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Danno al DNA di cellule AG1522 indotto da radiazione gamma e da
particelle alpha mediante I’analisi della fosforilazione dell’istone
H2AX

GSamma
CN (d0x) 30 min (100

-l Alpha & Alpha
1 h (40x) 30 min {(100x)



Danno al DNA di cellule AG1522 indotto da radiazione gamma e da
particelle alpha mediante I’analisi della fosforilazione dell’istone
H2AX

Cinetiche di fosforilazione-defosforilazione o s B
dell’istone H2AX a seguito di irradiazione con
60.5 Gy di radiazione gamma o di particelle alpha

N max foci consistente con il n di
tracce che producono almeno 1
DSB

Riparazione delle DSB valutata dal
“Persistence Ratio”* dei foci
radioindotti, piu efficiente per
raggi gamma rispetto a particelle
alpha

Q
O
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*PR 2h *PR 4h

Gamma | 0.48 0.20

Alpha | 0.81 0.77

*persistence Ratio (PR) = n radiation induced foci t

n radiation induced foci t,



Morte riproduttiva “early” e “late” di AG1522 irradiate con dosi crescenti di
raggi gamma e particelle alfa
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| AG1522 gamma rays | | AG1522 125 keV/um alpha particles

1 2 3 . 1
Dose / Gy Dose / Gy

RBE early 3.6 £ 0.1 RBE late 3.7 £ 0.4
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2. EFFETTI SUL METABOLISMO CELLULARE
Effetti sul glutatione, radioprotettore endogeno dai ROS (reactive oxigen

species)

= dd ~ g B [JH-—~H1H



Metabolism by Magn. Reson. Spectroscopy (MRS)
Signals, detectable in vivo, related to selected biological outcomes
1mm microprobe, sample volumes 12 pl

Biology

Cells with different radiosensivity

1)From breast cancer MCF 7
cervix cancer Hela

2)From glioma T98G
A172

- Cell killing
- Cell death by apoptosis
- Cell cycle

MRS

@ Reduced

glutathione
(GSH)
major antioxidant

i. Increased activity of the y-glutamyl

cysteine synthetase

ii. GSH consumption by detoxification reactions

@ Mobile lipids
(ML)
mostly triglycerides

ML difference

10,0
9,0 1 20 Gy gamma (H)
801 10 Gy protons (_\) ]
7,0
6,0 -
50 A
4,0
3,0
2,0
1,0 4 A
00 B ;

ML signal increase is LET dependent



i gamma protons
Apoptosis
HelLa 24 h 48 h
in comparison with gamma rays
protons shift to later times MCF 7
Effect of LET (1)

not significative

> | MCF 7 after 24h

inibition GSH synthesis

48h

Proton beams . % apoptosis at the
entrance and close to Bragg peak
Effect of LET (2)
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MRS DATA ON GSH AND RADIORESISTANCE

Radiosensitive Radioresistant
Cys-GSH _
Free Glu / G?SH Free Glu
Cys-GSH

/ J

A172 T98G
/\/\/\Jv]\ﬁeLa SRV MCF-7
3.0 2.8 (ppm)2.6 24 3.0 2.8 (ppm)2.6 24
A172: human glioblastoma T98G: human glioblastoma
HeLa: human uterine cervix || MCF-7: mammary carcinoma
LOW GSH HIGH GSH
LOW y-glutamyl cysteine HIGH y-glutamyl cysteine
Synthetase activity Synthetase activity




ESPERIMENTO EPICA

3. MODULAZIONE RADIOINDOTTA DEI MEDIATORI DI COMUNICAZIONE
CELLULARE




MODULAZIONE RADIOINDOTTA DEI MEDIATORI DI
COMUNICAZIONE CELLULARE

Perturbing agents CULTURE MEDIUM
(radiation) Feedback and signal depletion

(autocrine)

, Signal degradation
Signal release ,
cylokine e» <@ scavenger
? (e.g. enzyme)
signal depletion __ il
(paracrine) i

Enzymes



Quantification of cytokines in cell medium after irradiation

A theoretical approach based on differential equations

The time increment of cytokines can be expressed as the difference between the production
rate and the decay.

+ The production rate at time t is proportional to the number of cells at time 1

* The decay rate is proportional to the number (or mass) of cytokine molecules at time .

M Nk ‘
(i ‘

where:
t =time, t =0when the culture medium is changed ] ,'J
M = number (or mass) of cytokine molecules at time 1| |
N = number of cells at time

cytokine production rate per cell (generally not cnnStant Wlth tlme']

decay rate of the cytokine molecules {generally not constant with time!)

i iowil

i & ,'E'g" -
If cells are in exponential growth (i.e. far from confluence). we have N=A +¢ ° and equation

(1) becomes:
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— kN e™ — k.M
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150

> How do the parameters k, k,, and k, depend on 10

time, cytokine concentration, other factors etc.? "
> How do radiation modify these parameters? {

L= 22 = (=L =) =1 190




Quantification of cytokines in cell medium after irradiation
Measurements to quantify experimental conditions effects

+ Does exist a “cell-number effect”?
(cell/volume ratio fixed)

o . s
ihy

v’ Does exist a “dilution effect”??

el

v Does exist a “cell densitv effect”?

D1

D2

. = 5% =
Fo, e

037

3,50E-02 -

3,00E-02 - + cell fix6,5ml

= cellfix 13 ml
cell fix 26ml
volume fix 125000

2,50E-02 -

2,00E-02 )
x  volume fix 250000

® volume fix 375000

+ ratio fix 125000

- ratio fix 250000

- ratio fix 375000
—e— mean

pglcell

1,50E-02

1,00E-02 4 *

5,00E-03 -

0,00E+00 +—

Apparently (at least in
these experimental
conditions) the

release of the signal
“IL6” is independent
of the medium volume
and the cell density.



Quantification of cytokines in cell medium after irradiation
Examples of dependence on dose and radiation quality

Gamma rays Carbon ions

B 10 12
Tirma (hi

Time {h}

Dose dependence: maximum Radiation quality dependence:
release at 0.25 Gy at relative short times (< 5 h)
the cytokine release is faster



Effects of radiation on the expression of cytokine receptors

0 Gy 0.5 Gy

Directly
irradiated

Bystander
(20h)




Effects of radiation on the expression of cytokine receptors

0 Gy 0.5 Gy

Directly
irradiated

Bystander
(20h)




Quantification of cytokines in cell medium after irradiation
A Monte Carlo approach

MEDIUM -~ Random * ;
" trajectory  thickness of
~— Sigmal | culture medium
\ ) \
Y Emitting cell

Basic assumptions

each cell releases a certain no. of J(x,t) = - DLC(x)
signalling molecules (cytokines) with Step by step random walk
constant rate simulation

the signals move in the culture medium ) = \/r:z = J6DA ¢
according to pure diffusion Time step At=0.1s

whenever a signal falls below a distance
d from a cell, it is internalized by that cell




Simulazioni Monte Carlo e misure della concentrazione della citochina IL-6 nel
terreno di fibroblasti umani (70000 cellule/cn?) nei casi “sham irradiated”, 0.25
Gy e1Gy
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ESPERIMENTO EPICA
ATTIVITA SVOLTA LUGLIO 2006-GIUGNO 2007

4. EFFETTI “NON TARGETED” DELLE RADIAZIONI IONIZZANTI:

BYSTANDER EFFECT




IRRADIATORE ALPHA REALIZZATO IN ISS

EEEEE

Irrad)'étore di particelle a da
241Am

(Esposito et al., Heath Physics 2006) >6 mm dia
22 mm dia
17.7 mm h
Capsule Petri in acciaio _—
realizzata per irradiazione .zmm 17.7 mm h
di colture cellulari con la ™" Ay .

sorgente a i 16.8 mm h



DNA damage observed in bystander cells

(alpha dose to irradiated cells: 0.5 Gy)

H2AX ASSAY

For each experimental condition, 3 independent experiments were performmed, with ~1100 cells scored in total.

25

]
L=
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L=]
I

¥ ol T-H2AX posilive cells
m
=
r_

=]

] h [ d = F

Significance of differences with respect to the sham iradiated
control {a) vare assessed using the Student's [ test. All the
caonditions, b] through [, weare significamthy different from aj at
probability leve] gD 01,

a) Sham: 1 h on the alpha source with closed shutter
b) t,=30min+t,=0 Total time : 30 min
c) t,=30min+t,=1.5h Totaltime:2h

d) t,=1h+t,=0 Totaltime: 1 h
el t,=1h+t,=1h Total time : 2 h
fl t,=2h+t,=0 Total time : 2 h

% of bystander cells showing H2AX foci, in different experimental conditions




Misura dell’ossido di azoto (NO) in cellule bystander

A: cellule AG1522 di controllo.

B: cellule AG1522 “bystander” incubate per 30 min in presenza d
cellule AG1522 irradiate con 0.5 Gy di particelle a.

La colorazione verde delle cellule indica la produzione di NO.



Cell killing: directly induced by alpha particles or observed
in bystander cells after incubation in the presence of
medium from cells alpha irradiated and kept for 1h at 37°C

SF vs Bystander induced SF
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Maggior chiarezza su:

Danno subcellulare e cellulare radioindotto
* Dipendenza dalla dose, tipo di radiazione e condizioni sperimentali del danno al DNA e
della sua evoluzione temporale (riparo, aberrazioni cromosomiche, ecc.)

Modulazione radioindotta del segnale extracellulare
* Dipendenza dalla dose, tipo di cellula, tipo di radiazione e condizioni sperimentali nel
rilascio e ricezione di segnali intercellulari (NO, citochine, ecc)

Risposta a segnali extracellulari radioindotti

* Dipendenza dalla dose, tipo di cellula, tipo di radiazione e condizioni sperimentali nella
modulazione dei recettori in cellule fargeted e non targeted

* Danni subcellulari e cellulari (vedi sopra) in cellule bystander

Per |l futuro:

Obiettivo generale
* Investigare (a livello teorico e sperimentale) i meccanismi di

azione delle radiazioni ionizzanti sulle strutture biologiche, dalle
interazioni fisiche al danno biologico a livello sub-cellulare,
cellulare e sovracellulare.

In particolare piu enfasi su:

* non-DNA-targeted damage (importante per il danno alle basse dosi

* passaggio dai sistemi cellulari 2D ai sistemi 3D

* interazioni tra agenti fisici e agenti chimici

* particelle cariche pesanti (e.g. ioni carbonio)




Attivita sul medesimo argomento in essere
con collaborazioni internazionali in atto
(ad esempio FP VI- UE)
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NOTE - TOWARDS A NEW PARADIGM
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No | Organisation name Acronym Country Scientific contact person
1 Radiation and Nuclear Safety Authority STUK Finland Prof. Sisko Salomaa
2 University of Dundee UNIVDUN UK Prof. Eric G. Wright
3 Leipzig University UL Germany | Dr. Guido Hildebrandt
4 MRC Radiat and Genome Stability Unit MRC UK Dr. Munira Kadhim
5 Imperial College ICFM UK Dr. Mark Little
6 Gray Cancer Institute GCI UK Dr. Kevin M. Prise
7 Belgian Nuclear Research Centre SCK-CEN Belgium Dr. Paul Jacquet
8 Dublin Institute of Technology RESC Ireland Dr. Fiona Lyng
9 National Institute of Health ISS Italy Dr. M. Antonella Tabocchini
10 | University of Leicester ULEICS UK Prof. Yuri Dubrova
11 | McMaster University MAC Canada Prof. Carmel Mothersill
12 | Atomic Energy of Canada Limited AECL Canada Dr. Ron Mitchel
13 | Nat. Res. Inst Radiobiology and Radiohygiene NRIRR Hungary Dr. Géza Safrany
14 | Nat. Res. Centre for Environment and Health GSF Germany | Dr. Werner Friedland
15 | University of Pavia UniPy Italy Prof. Andrea Ottolenghi
16 | University of Erlangen-Nuremberg FAU Germany | Dr. Franz Roedel
17 | University of Duisburg-Essen UDE Germany | Prof. George Iliakis
18 | Norwegian Radium Hospital RR HF Norway Dr. Jostein Dahle
19 | Ottawa Heart Institute Research Corporation OHIRC Canada Dr. Stewart Whitman




HLE G -Members
FP7 —-EURATOM  Name | Country |

Future calls on radiobiology Rt RACES

(Low Dose Risk Research) LiEkEERUIUISSL
Mauro Belli Italy

Jean-Marc Cosset

La Commissione ha recentemente istituito _

un “High Level Group (HLEG) on Rog

European Low Dose Risk Research’ IaBSllsl _

dove sono rappresentate le nazioni Eelils|EVAEI L )= _

europee maggiormente attive nel settore. Janet Hall
Mats Harms-Ringdahl

Gli obiettivi dellHLEG sono: J —
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generali della ricerca sui rischi alle NEERRREEINIITFEI]
passe dost e

* sviluppare una pianificazione :

R e e L e Sl ~\ndrea Ottolenghi ltaly
ricerche europee su tali rischi; Jacques Repussard

o stabilirg nel §gttore ’un quadro Sisko Salomaa
operativo sostenibile per 'Europa. .

Hilary Walker
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Cell killing: directly induced by gamma rays or observed in
bystander cells after incubation in the presence of medium
from cells gamma irradiated and kept for 1h at 37°C
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Chemiarrays per la rilevazione di citochine nel terreno di coltura.

* Terreno raccolto 30 minuti e 20 ore dopo 0,5 Gy di irraggiamento gamma
(Cobalto-60, Policlinico di Pavia) e con particelle alfa (presso ISS).

* mappa della localizzazione delle diverse citochine sulle membrane.




