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6. RADIOSENSITIVITY OF SUBCELLULAR 

STRUCTURES
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• Nucleoli are active transcribed DNA regions of ribosome coding DNA

• DNA content only 5% compared to remaining nucleus

→ Hypothesis: 

When only hitting nucleoli less genetic damage occurs compared to hitting the rest of the nucleus

Cell nucleus

X-Y                            X-Z X-Y                            X-Z

Confocal image of chromatin of  human cancer cells (HeLa)

Nucleolus

Source: C. Siebenwirth, PhD-theis, 2017

Radio sensitivity of nucleoli
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Method:

• Targeted irradiation setup at SNAKE

• Living cells were labelled for nucleoli

• Irradiation of either only nucleoli or only 

remaining nucleus

• Beam spot size ~ 1μm

• Studying micronucleus induction 48h after 

irradiation

Source: C. Siebenwirth, PhD-theis, 2017

HeLa cells, nucleolus labelled with Parp1-Chromobody 

Cell nucleus Targeted nucleolus

Radio sensitivity of nucleoli
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• Micronucleus (MN) induction

Source: C. Siebenwirth, PhD-theis, 2017

Nucleolus 

irradiation

Nucleus 

irradiation
Control

MN induction rate 0.27±0.06 0.21±0.05 0.07±0.02

• No difference between nucleolus and nucleus irradiation, both higher induction rate 

compared to control
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(Based on DNA content)

• Nucleolus irradiation induced more genetic damage 

Radio sensitivity of nucleoli

→ Nucleoli are radiosensitive region in cell nucleus
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Central Questions: 

Are there other sensitive regions in a cell than the cell nucleus?

What happens to mitochondria when they get irradiated?

High-LET Radiation and Mitochondria
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Image: Science Learning Hub – Pokapū Akoranga Pūtaiao, University of Waikato, www.sciencelearn.org.nz

• Power plants of the cell 

→ create energy from ATP

• Only other resource of DNA than 

nucleus in the cell

• Main role in Apoptosis

• Bacterium which were 

incorporated by cells during 

mammalian cell development

High-LET Radiation and Mitochondria
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10µm

High-LET Radiation and Mitochondria
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Signal intensity peak followed by loss of signal → depolarisation

High-LET Radiation and Mitochondria
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Targets irradiated with

1000 ions per point (6x6 

matrix)

Superoxide bursts during

irradiation

sec

High-LET Radiation and Mitochondria
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Targets irradiated with

1000 ions per point (6x6 

matrix)

Only targeted regions show 

an effect

High-LET Radiation and Mitochondria
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Irradiation time: 18 Seconds

Rise time: 17.1 Seconds

Irradiation time: 2.25 Seconds

Rise time: 2.23 Seconds

Superoxide induction directly connected to irradiation time

High-LET Radiation and Mitochondria
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▪ Mitochondria are depolarized after high dose of high LET 

radiation

▪ Super oxide induction localized in the irradiated

mitochondria

▪ Next step: investigate effects on cell survival

High-LET Radiation and Mitochondria
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Single cell survival

after targeted irradiation

Problem:

- Only several tenth or hundred cells can be irradiated

- Cell survival assay needs at least several ten thousand cells

→ Tracking of living cells using phase contrast imaging over several

days
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Single cell survival

after targeted irradiation
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Summary

▪ Research with ion beams requires dedicated accelerator based facilities

▪ Ion beam and especially microbeam research is necessary to

understand:

- the effect of high-LET particles on cells

- basic mechanisms in the cells and especially subcellular regions

16Contact: Prof. Dr. Judith Reindl, judith.reindl@unibw.de, 089 6004 4443
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▪ Radiotherapy utilizes capability of radiation to kill cells

▪ One of the four pillars in tumor therapy together with surgery, 

chemotherapy and immunotherapy

▪ Main draw back induction of side effects due to irradiation of normal 

tissue

o Acute side effects: Inflammation, hair loss, loss of sebaceous glands, 

necrosis, etc.

o Late side effects: Secondary tumor induction, impotence, 

incontinence, etc.

Radiation therapy
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▪ External beam radiation therapy (radiotherapy)

o Radiation is applied from the outside of the body

▪ Internal radiation therapy (Brachytherapy)

o Implantation of a sealed radiation source at or close to the tumor 

▪ Systemic radioisotope therapy

o Use of radiopharmaceuticals (drugs containing radioactive material) 

which are specifically designed to localize in or close to the tumor

Radiation therapy
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The external radiation therapy (radiotherapy) delivers radiation from the 

outside of the body through the skin and healthy tissue to the tumor

→ Risk of normal tissue damage often limiting factor for tumor dose

Side effects:

Erythema

Desquamation

Dryness

Hairloss

Fatigue

Secondary tumors

…

X-ray therapy plan of a lung tumor using 4 beams

Dose                  

Radiotherapy
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Blue: Tumor control probability (TCP)

Green: Normal tissue complication probability (NTCP)

Dotted line: Uncomplicated tumor control (UCP)

• Tumor control increases with increasing dose

• Normal tissue complications also increase with dose

→ Weigh the efficacy over risks

• Therapeutic window:

o Typically: TCP > 50% and NTCP < 10%

→ Can the therapeutic window be Expanded?

Either: Shift TCP to the left

o Fractionation

o Drugs which enhance the radio 

sensitivity of the tumor (e.g. 

immunotherapy)

o High-LET particles

Or: Shift NTCP to the right

o Fractionation

o Particle therapy

o FLASH therapy

o Minibeam therapy

Therapeutic window

Therapeutic window
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1. Fractionation

2. Proton therapy

3. Minibeam therapy

4. FLASH therapy

5. Combination of radiotherapy with immunotherapy

Outline
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1. FRACTIONATION
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• Total dose is not delivered in a single session but in several 

consecutive sessions with lower dose each (total dose must 

be higher)

• Typical scheme: 30 x 2Gy (5 days a week)

• Tumors have less damage repair capability than normal tissue

• Oxygen supply plays a role in radiation effects (inside of large 

tumor volumes often hypoxic (i.e. less radiation sensitive))

→ The recovery of normal tissue is faster than of tumor tissue

→ If large tumor cell volumes are killed at once, cytotoxic effects 

can occur due to dead cells which overcharge the immune 

system

→ Reoxygenation of inside of tumors makes therapy more 

efficient

Image: Elkind and Sutton, 1960: K Graham and E Unger, 2018, https://doi.org/10.2147/IJN.S140462

Fractionation

23



• • • •S N A K E

2. PARTICLE THERAPY
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Particle therapy
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• Due to dose distribution in tissue according to the 

Bragg peak no dose after the particle stops

• Overlay of beams with different energy and 

intensity spread-out Bragg peak is created

→ Highly localized and adapted dose to tumor

→ No dose behind the tumor

→ Still some dose in front of tumor

• Mainly done using protons (also carbon ions 

possible)

• RBE of protons considered to be 1, so no 

complicated approval process necessary (just take 

the methods from IMRT)

• Active (beam scanning) and passive (scattering) 

methods possible

Particle therapy
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IMRT Proton therapy

Particle therapy
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3. PROTON MINIBEAM THERAPY
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Proton therapy

Sparing of healthy tissue in front of the tumor by spatial redistribution of protons!

Proton Minibeam Therapy
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➢ Normal tumor 

control

➢ Tissue sparing, reduced side effects

Proton Minibeam Therapy

30



• • • •S N A K E
Proton Minibeam Therapy
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How to bring the concept into the clinic?

1. Test the sparing effects in cells and artificial tissue (Done)

2. Test the sparing effects in animal models (ongoing work)

3. Test whole treatment in an animal model (ongoing work)

4. Test treatment of patients

Proton Minibeam Therapy
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• Balb/c mice (8-12 weeks old, female)

• Right ear (thickness: ~240 µm, size: ~1 cm)

• Endpoints: ear swelling and skin reaction                

(90 days following irradiation)

• Irradiation of ear using 20MeV Protons and Mean dose 

60Gy

Proton Minibeam Radiotherapy
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• 20 MeV Protons, focused at SNAKE

• Beam sizes in σ: 90, 200, 310, 450, 560 and 900 (≅ homogeneous) 

µm, 

• 1.8 mm distance and mean dose 60 Gy

• 7 Groups with 8 Balb/c mice per group (right ear)

Beam size visualization using Gafchromic film behind the ear:

90 µmSham

(control)

200 µm 310 µm 450 µm 560 µm 900 µm

3.6 mm

Proton Minibeam Radiotherapy
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Sham 90µm 200µm

310µm 450µm 560µm 900µm

Maximum skin reaction

Proton Minibeam Radiotherapy
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Score

A
Erythema

3 Severe

1.5 Definite

0.5 Mild  

0 No

Score

B
Desquamation 

3 Moist desquamation

2 Crust formation

1 Dry desquamation

0 No

• No or mild effect at ≤ 200 µm

• Maximum acute skin reaction 

decreases for smaller beam sizes

Proton Minibeam Radiotherapy
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• No or mild swelling for ≤ 90 µm

• Maximum thickness increases 

for bigger beam sizes

Proton Minibeam Radiotherapy
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▪ Proton minibeam therapy reduces side effects and maintains same 

tumor dose than conventional therapy

▪ Already tests with glioblastoma in rats show at least same tumor control

while reducing side effects (working group in France)

▪ Next steps:

o Study effects on fractionation (Is it necessary to always hit the same channel?)

o Hypofractionation possible? (shortage of therapy from 6-8 weeks to 1-2 

weeks)

o Show whole tumor treatment with various tumor types (energies up to 70 MeV 

needed → LINAC necessary!)

Proton Minibeam Radiotherapy
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4. FLASH THERAPY
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▪ Idea:

Application of dose with (very) high dose rate spares 

normal tissue

▪ Conventional dose rate ~1-2 Gy/min

▪ FLASH >40Gy/s

▪ Very new concept but easy to adapt therapy systems 

→ IBA and Varian already adapting their systems

→ Hypofractionation possible? (shortage of therapy from 

6-8 weeks to 1-2 weeks)

→ Effects are not yet understood and further in-vitro cell 

and tissue as well as in-vivo animal studies necessary 

to be able to use full capacity of this effect

Image: Durante et al. , 2018, Br J Radiol, doi: 10.1259/bjr.20170628

Time dependence of pulmonary fibrosis in C57BL/6J 

mice after thoracic irradiation

FLASH Therapy
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FLASH Therapy

▪ Proton FLASH: 20 MeV protons with dose rates of 2Gy/min, 10Gy/s and 

1000 Gy/s

▪ In-vivo Experiment: right ear of Balb/c mice, different doses

▪ In-vitro Experiment: CHO cells, cell survival and apoptosis

41
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• Thickness decreases for high 

dose rates

FLASH Therapy

33 Gy
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• Thickness decreases for high 

dose rates

FLASH Therapy

23 Gy
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• Cell survival only different for 

high doses

FLASH Therapy
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• Apoptosis is clearly influenced 

by dose rate

• At 24h reduction of early and 

late apoptosis

FLASH Therapy
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5. COMBINATION OF RADIOTHERAPY 

WITH IMMUNOTHERAPY
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Radio-Immunotherapy

▪ Cells damaged or killed by radiotherapy

- release molecules that alert the

immunsystem (cell communication

(see lecture 3))

- Upregulate immunomodulatory cell

surface molecules

▪ Purposeful use of immunotherapy can

enhance therapy outcome

▪ Diverse approaches possible

47Image: Dolgin , 2017, PNAS, doi: 10.1073/pnas.1707802114
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PD-1/PD-L1

48Image: https://www.roche.de/pharma/forschung/krebsimmuntherapie/die-rolle-von-pd-l1.html

• Tumors can camouflage against immun response

• Expression of PD-L1 (programmed cell death ligand 1)

• T-cell binds via PD-1/PD-L1 to tumor cell and is inactivated

→ PD-1/PD-L1 block is needed for increased immun response
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CTLA 4 Block

▪ CTLA-4 is regulatory antigen of the

immunoglobulin superfamily

▪ Expression upon activation of T-cells

on T-helper cells and cytotoxic T-cells

▪ Transmission of inhibitory signals to T-

cells to avoid over reaction of immun

system

→ CTLA4 antagonizing drugs necessary

to prolong immun response

49Image:Buchbinder and hodi, 2015, J Clin Ivest., doi: 10.1172/JCI80012
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Radio-immunotherapy
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• Example:

Checkpoint inhibitors

• Anti-PD-1/PD-L1 therapy:

o Disabling of T-cell inhibition at tumor sites

→ Strong anti tumor T-cell response

→ Drugs: e.g. Pembrolizumab, Nivolumab, Cemiplimab

• Anti-CTLA-4 therapy:

o Block of T-cell „off switch“

→ Prolonged immun response

→ Drug: e.g. Ipilimumab

Image: Dolgin , 2017, PNAS, doi: 10.1073/pnas.1707802114
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▪ Radiotherapy is a key concept for tumor treatment

▪ Side effects are limiting factor to dose

▪ Fractionation extends treatment duration but decreases side effects

▪ Particle therapy spares tissue and decreases side effects

▪ Upcoming methods such as Proton minibeam radiotherapy and 

FLASH therapy further decrease side effects and open possibilities 

of hypofractionation

▪ Upcoming methods need to be fully investigated using in-vitro and in-

vivo studies to be able to tap the full potential (long time needed but 

it is worth) 

▪ Combination of radiotherapy with immunotherapy opens further 

possibilities to enhance the outcome of tumor treatment

Summary

51
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Any further questions? 

Do you want to join the research or my group?

judith.reindl@unibw.de, 089 6004 4443

or just ask!

Thank you, for your attention!
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