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The Challenge - 1
Radiation protection
The recommended quality factors to scale from low- to
high-LET cancer risks are based on the use of a limited
range of WR values of:
• 1 for photons, electrons and muons
• 2 for protons and charged pions
• 20 for α-particles, fission fragments, heavy particles
• A continuous function versus energy is used for
neutrons
Question – Can we do better?

The Challenge - 2
Radiation Risk
• We need to understand the mechanisms
which determine individual sensitivity to
radiation exposure and the consequence of
different qualities of exposure
• This is also key to the delivery of personalised
(or stratified) medicine
Less sensitive
individuals

Hypersensitive
individuals

Model Systems for Radiation Studies -1
• Epidemiology allows the study of real people
and real exposures

• Challenges (outside a clinical trial)
– Restricted doses – spatial/temporal/radiation
quality
– After the event, not controlled
– Dose assessment, endpoint measurements and
statistical power (< 100 mSv)
– Limited for Hypothesis testing

Model Systems for Radiation Studies
• To develop integrated models of radiation
response requires studies in a range of models
• Studies in 2D cell and 3D tissue models can fill
the gaps between more basic studies and
animal and human studies
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Radiation track distributions

Cell Population

Radiation Tracks
Current occupational limit in the UK (20 mSv) is equivalent to a cell
receiving a single alpha-particle track every 400 years and a single
electron track every 2 weeks
Therefore to study low doses, you need to study the consequences of
individual radiation tracks

Non-targeted effect model

Morgan W F , Sowa M B PNAS
2005;102:14127-14128

RBE/LET Survival Studies
• Summary of all
previously
published
survival data
(889 studies)
with ions
• Relationship
with LET,
differences
between ions
and significant
variation
between cell
models
Friederich et al., 2013 J.
Radiat Res 54, 494

Dose, LET and RBE
-The radiobiological effect is determined by the level and quality of DNA damage, which
reflects the energy deposition pattern.

X-rays

54 keV/µm Si ions

174 keV/µm Fe ions

- Severity of DNA damage depends on lesion proximity and repairability, hence it is not a
constant value but depends on physical (particle type, LET, dose) and biological (cell
type, oxygenation status, repair capacity) parameters.

- RBE varies extremely with the particle energy and the change of the beam composition
(SOBP and nuclear fragmentations): its distribution is not homogenous along the ion
track
- Estimates of the RBE of each specific irradiation scenario and position along the ion
path are important

Long term effects
- Ion beams are not only more efficient at cell killing but may also cause long-term effects such
as mutation, transformation and carcinogenesis (e.g. Newhauser and Durante, Assessing the risk of
second malignancies after modern radiotherapy, Nature vol. 11, 438-448, 2011)
- Sub-lethal exposure to charged particles appears very effective at causing in vitro stressinduced premature senescence in normal cells, potentially leading in vivo to normal tissue
complications, organ failure (e.g. cardiovascular damage) and other non-cancer late effects
(Ottolenghi et al, The risks to healthy tissues from the use of existing and emerging techniques for
radiation therapy, Radiat. Prot. Dosim. Vol.143,533–535, 2011)
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Precise measurements of biological endpoints along particle tracks are required to implement
better biophysical modelling of high-LET radiation effects and in turn to improve risk calculations .

New 2-D models
• Most studies done in single cell models
• What are relevant single cell models for
radiation LET studies
• Low dose risk –
• primary cells
• Stem cells

• Limited studies in co-culture approaches
monitoring signalling
• Limited studies in pre-cancerous
transformed/non-transformed systems

A model of breast carcinogenesis
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Radiation carcinogenesis
A possible mechanism of lose dose radiation carcinogenesis:
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Intercellular Signalling Studies
• Induction of apoptosis in
transformed cells by irradiated
non-transformed cells using a
co-culture model
• In the case where 208F cells are
irradiated with a very low dose
(1.43 mGy α particles), only the
NO/ONOO2 pathway is
enhanced.
• When 208F cells are irradiated
with a relatively higher dose
(460 mGy α particles) , the
NO/ONOO2 pathway is
enhanced and the POD/HOCl
pathway is stimulated.
• Protective radiation-induced
mechanisms against
carcinogenesis?

Abdelrazzak et al., 2011, Rad Res 176, 346

3D Tissue models
• A range of models are available replicating
components of human/animal tissue
• Can be grown ex vivo
• Commercial constructs available
• Limited lifespan (~ 6weeks)

3D tissue models
• Replicate key
cellular
interactions
• Replicate key
physiological
processes
• Probe
microenviron
mental
signalling

Radiation studies in 3D tissue models
3-D Human Skin Reconstruct Model

Belyakov et al. (2005) Proc. Natl. Acad. Sci. USA 102, 14203-14208

Bystander effect – range in tissue
Apoptotic cells

Micronucleated cells

• Bystander response observed in 3-D tissue
• Range of up to 1 mm from exposed cells
Belyakov et al. (2005) Proc. Natl. Acad. Sci. USA 102, 14203-14208

3D mammary gland model
In vitro model

The mammary gland
Tissue section

E-cadherin
Golgi
Nucleus
Debnath et al, Methods, 2003

3D glandular epithelium model
Single cells on layer of matrigel

Cells replicate to form ball that
becomes polarized (~day 8)

Cells in centre die to leave
hollow lumen structure

Debnath et al, Methods, 2003

Golgi
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Organotypic Models
• Brain slices
• Irradiated with Xrays or carbon ions
• Functional changes
measured
• Radiation quality
differences (at high
dose)

Yoshida et al., 2012 J.Radiat Res, 53, 87

Summary
• A range of 2D and 3D systems are available to ask
important questions regarding both whether radiation
effects may be qualitatively different as well as
quantitatively different for different radiation qualities.
• Little is known regarding stem cell responses to different
radiation qualities
• Limited studies have been performed with different
qualities of radiation and there is a need to relate
functional changes in these models with molecular
changes using transcriptomics, proteomics etc
• These can act as a bridge between more fundamental
studies in model systems to focussed studies in animal
models and epidemiology

Some Questions
• How do cells integrate dose from different
radiation qualities?
• How do tissues integrate dose?
• What is the molecular signature of a complex
lesion within a cell?
• What is the relationship between lethal and
non-lethal effects for carcinogenesis?
• What common mutations will impact on
human radiosensitivity to different radiation
qualities?

