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 UNIVERSE: multipurpose mechanistic modelling framework of radiation
action

* Goal: Translating the action of “effect-modifiers” (e.g., DNA damage
inhibition) from readily available photon data to charged particle scenarios
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Building blocks of the UNIVERSE — Giant Loops

Giant Loops:
Chromatin substructure containing = 2 Mbp, with
either side attached to a backbone

N N
Isolated DSB (iDSB): [ 1
- one DSB inside loop
- associated with fast repair kinetics
Clustered/Complex DSB (cDSB):
- two or more DSB inside loop

- associated with slow repair kinetics

- associated with high risk of chromatin loss \\ //

Intact DNA-Loops

Clustered DSB
Isolated DSB 2 DSB 5 DSB

Adapted from Friedrich et al. 2012 and Yokota et al. 1995



Survival in the UNIVERSE

Subdivide nucleus into domains of = 2 Mbp (Giant Loops)
Simulate number of isolated and complex DSB (N;ps5 and N.psg)
Associate DSBs with inactivation probabilities (K;psp and K. psp)

= w N e

Calculate the Survival Fraction following:

S =(1—Kipsg)Vipse - (1 — Kpgp)epse



Oxygen Status and Reference Radiation Quality in the UNIVERSE

Adapted from Mairani et al. 2013
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Survival after irradiation with photons under hypoxia can be described by reducing the total number
of induced DSB by a hypoxia reduction factor (HRF) while keeping K ;psp and K .psp constant!

The HRF resembles the Oxygen Enhancement Ratio (OER)
/Radiation Quality:

\
Low Energy Photons (e.g. X-rays) and High Energy Photons (e.g. LINAC)/Electrons induce different
amounts of DSB per unit dose (yield)

\Effect directly considered using RBE pgp from the literature as yield modifying factor.
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A FLASH in the UNIVERSE?

* A search for ,,FLASH radiotherapy” using Google Scholar finds ~14.000 results
published since 2014

* Wide range of biological endpoints, radiation qualities, doses, dose-rates
and environmental oxygen levels employed complicate clear characterization

* UNIVERSE can model their impact and aid development, experimentation
and assessment of FLASH and other dose-rate effects

* Development of a time-dependent dynamic UNIVERSE



Dose-Rate: Repair

Rejoining-Kinetics of DSB can be described
by double-exponential decay (fast and slow
component)

Tommasino et al. succesfully predicted ratio
of fast and slow component by associating
N;psp With fast and N _.p¢p with slow repair

Tipsg~ minutes

T.psg~ hours
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Dose-Rate: Radiolytic Oxygen Depletion

Time-dependent oxygen level O(t) as suggested by Petersson et al. 2020
g D

’ Z_i =—gDO(®) oxygen depletion g: depletion rate constant (0.053 Gy ™)

* Z_(Z = A (Oeny — O(1)) re-oxygenation A : oxygen recovery rate (1 s™1)
\_ O.nv : environmental oxygen level y,

7

> % =—g D O(t) +A (Opny — O(t))]

( )
2 0(t) = Oppy (% + (1 — %) e‘yt) with:y = gD + A

.

( )
> HRF(t) = = :";%” m=31 K=027
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UNIVERSE predicts in vitro data (Adrian et al. 2019)

- DU 145, Normoxia - DU 145, Hypoxia (1.6 %) 100 DU 145, variable O,
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DU145 survival after irradiation with conventional (0.23 Gy/s) and high dose-rate (600 Gy/s) of 10 MeV electron radiation under normoxia (20% 02) (A),

hypoxia (1.6% 02) (B) and different oxygen levels at 18 Gy (C) taken from Adrian 2019. Lethality parameters fitted to high dose-rate data under normoxia
Repair half-life times taken from literature [ElI-Awady 2003].




RTVS of U87 Xenografts in Mice
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UNIVERSE predicts in vivo data
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(A) Relative Tumor Volume Suppression of U87 xenografts in mice, after irradiation with 5-6 MeV electrons at 0.1 Gy/s (red) and 125 Gy/s (black) [Bourhis 2019]
(B) ND50 of mice tail necrosis over dose-rates of 10 MeV electrons in oxygenated (blue) and anoxic environment (green: N2 + clamping of tail) [Hendry 1982]
(C) LD50 after whole-body-irradiation of mice with either 250kV x-rays (purple) or ~8 MeV electrons (orange) over a range of dose-rates [Hornsey 1966+1971]



FLASH dependencies in UNIVERSE

Survival

Survival
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DSB Yield [DSB/(Gy*Cell)]

Oxygen Depletion or Nothing?

600 Gy/sm = 3.1, K= 0.27 [02] = 1.6%
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Any mechanism that reproduces the
same DSB yield kinetics would produce
identical results

Possibly a connection to indirect damage
that is susceptible to radio-chemical
mechanisms?

Also subpopulations would be possible
to implement using sampling



Core of the UNIVERSE

Survival

Simulation of Dose on
GPU

1000

13




Survival Fraction

Cell Survival as function of LET for clinical relevant dose levels : HSG and V79
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Radiosensitization

* Hypothesis: Supression of DNA-Damage-Repair by drugs and
mutations only influences the lethality of isolated DSB (K ;psg)

* Introduction of ,,Radiosensitization Factor” = RSF

S = (1 — RSF - K;psg)NiPsB - (1 — K psp)"cDSB

15



Survival Fraction

Survival Fraction
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Survival of DNA Repair Deficient Cell Lines
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Survival Fraction

Survival Fraction
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Survival of HPV Positive/Negative Cell Lines
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lons hypoxic model and ion FLASH ?

* Hypothesis: Oxygen in track and Oxygen depletion hypothesis
-> Development of MonteRay-DNA: a flexible MC for biological investigations

Monte

RaYDNA




Thank you for your attention!




