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RT: biology-driven discipline

importance of the ‘non-targeted’ effects
to improve the therapeutic index in RT 

cell signalling effects 

vascular changes

stromal changes 

immunological changes 

Mothersill C, et al. (2019). Cancers (Basel) 11, 1236–1261
Rodel F et al. (2015). Cancer Letters 356, 105–113. 
Park HJ et al. (2012). Radiation Research 177, 311–327
Weichselbaum RR et al. (2017) Nature Reviews Clinical Oncology 14, 365–379



activation/modulation of the ‘non-targeted’ effects 
by tuning the physical parameters (dose delivery method) of irradiation

1 - Temporal schemes using very high-dose RT in one fraction could transform the immunosuppressive 
TME, resulting in an intense CD8 T-cell tumour infiltrate 

Filatenkov A et al. (2015) Clinical Cancer Research 21, 3727–3739. 

2 - Very high-dose rates (>40 Gy/s), as those employed in FLASH, appear to prevent both activations of 
the TGF-β/SMAD cascade and acute apoptosis in blood vessels resulting in a significant gain in normal 
tissue tolerances

Friedl AA et al. (2022) Mar;49(3):1993-2013.

3 - The use of protons is advantageous mainly because of a more localized release of dose. 
Protons might also have distinct biological properties such as an enhanced ability to inhibit tumour
angiogenesis or an increased sensitivity to T-lymphocyte killing of tumour cells

Girdhani S, et al (2013). Radiation Research 179, 257–272.             Gameiro SR et al. (2016). IJROBP, 95, 120–130.  

4 - The utilization of distinct spatial distributions, such as in spatially fractionated radiotherapy (SFRT) 
that uses a combination of spatial fractionation of the dose and narrow beams

Mohiuddin M et al. (1999) IJROBP 45, 721–727. 



Temporal schemes using very high-dose
Demaria and Formenti T-cell dependent radiation response

FIGURE 1 | Ionizing radiation acts as a modifier of the tumor
microenvironment converting the tumor into an in situ vaccine.
Radiation induces an immunogenic cell death of tumor cells characterized by
calreticulin translocation to the surface of dying cells, and release of HMGB-1
and ATP. Calreticulin allows uptake of dying cells by dendritic cells via
scavenger receptor(s). HMGB-1 binds to TLR4 and promotes the
cross-presentation of tumor antigens, while ATP binds to P2X7 and triggers
the activation of the inflammasome. Activated dendritic cells migrate to the
draining lymph node, where they activate naïve T cells specific for tumor

antigens. Activated CD8 T cells acquire effector functions and traffic to the
tumor guided by radiation-induced chemokines. Tumor infiltration by CTLs is
facilitated by radiation-induced upregulation of VCAM-1 on the vascular
endothelium. Once in the tumor, CTLs interact efficiently with tumor cells
expressing increased levels of MHC-I, ICAM-1, NKG2D ligands, and Fas that
promote the formation of stable immunological synapses between targets
and effectors and facilitate the killing of tumor cells by CTLs. Tumor cells
killed by CTLs become a source of antigens for cross-presentation, thus
fueling the process.

(Formenti and Demaria, 2009). In murine models, exogenously
prepared DC injected in the tumor following radiation induced
anti-tumor immune responses (Nikitina and Gabrilovich, 2001;
Teitz-Tennenbaum et al., 2003; Kim et al., 2004). These effects
were translated in the majority of patients with hepatoma and
high risk sarcoma treated in two early clinical trials (Chi et al.,
2005; Finkelstein et al., 2012). In preclinical models molecu-
lar mimics of the danger signals associated with pathogens, like
olygodeoxynucleotides containing CpG motifs that bind to TLR9,
when injected intratumorally enhanced DC activation and ability
to cross-present tumor antigens released by radiation (Milas et al.,
2004; Mason et al., 2005). A similar combination of local radio-
therapy and CpG administration was tested in 15 patients with
low-grade B-cell lymphoma, showing abscopal responses, asso-
ciated with development of tumor-specific T cells (Brody et al.,
2010). Taken together, the data support the ability of radiation to
generate an in situ vaccine: the efficacy of this approach is depen-
dent on DC fitness and can be enhanced by interventions directed
at improving DC.

A complementary strategy is based on targeting checkpoint co-
inhibitory receptors or co-stimulatory receptors expressed by T
cells with blocking or agonistic antibodies, respectively, to achieve
stronger and more sustained responses of anti-tumor T cells.
Our group tested the hypothesis that inhibiting a key checkpoint
receptor, CTLA-4, in combination with radiotherapy would

induce therapeutically effective anti-tumor responses. While
CTLA-4 is a dominant inhibitory receptor for T cells, as demon-
strated by the development of uncontrolled T cell proliferation
in mice deficient in CTLA-4 (Chambers et al., 1997), CTLA-4
blockade as monotherapy failed to induce regression of poorly
immunogenic tumors, requiring its use in combination with vac-
cination (Peggs et al., 2008). Therefore, we hypothesized that
radiotherapy would synergize with anti-CTLA-4, due to its abil-
ity to generate an in situ vaccine. This hypothesis was confirmed
in mice models of poorly immunogenic carcinomas (Demaria
et al., 2005; Dewan et al., 2009). The therapeutic efficacy of the
anti-tumor T cells activated by treatment was enhanced by other
effects of radiation such as an improved tumor infiltration by
effector T cells, confirming it’s beneficial effects at both the prim-
ing and effector phase of anti-tumor responses (Matsumura et al.,
2008). A recent case report suggests that the success of the com-
bination of local radiotherapy and anti-CTLA-4 can be translated
in melanoma patients (Postow et al., 2012), with multiple clinical
trials being conducted to confirm these results.

Targeting of other co-stimulatory or co-inhibitory receptors
expressed by T cells, CD137 and programmed death (PD)-1,
respectively, has also shown some success in combination with
radiation in mice models (Newcomb et al., 2010; Verbrugge et al.,
2012), supporting more studies to develop these strategies for
clinical use.

Frontiers in Oncology | Molecular and Cellular Oncology August 2012 | Volume 2 | Article 95 | 4

In situ vaccine

Demaria S, Frontiers in Oncology 2012
Formenti S, Demaria S, IJROBP 2012
Vanpouille-Box C, Clin Canc Res 2018



Temporal schemes using ultrahigh dose rates - FLASH

Beddok A, et al. IJROBP, Vol. 113, No. 5, pp. 985−995, 2022
Bourhis J, Radioth Onc 2019, 139. 11-17
Friedl AA et al. (2022) Mar;49(3):1993-2013.

Very high-dose rates (>40 Gy/s) 

FLASH effect was found to be reproducibile with 
a) 1-10 pulses of 1,8-2 microsecond
b) an overall time <200 ms
c) a dose rate within the pulse > 105Gy/s

→Increase the differential effect tumors/normal tissues

→ Extremely short time of exposure: early modulation of radiochemical
events that depend upon oxygen concentration in irradiated volume. 
FLASH could cause a rapid consumption of local oxygen and elicit a 
transient radiation-induced hypoxia.

→ Prevent both activations of the TGF-β/SMAD cascade and acute 
apoptosis in blood vessels resulting in a significant gain in normal tissue 
tolerances



spatially fractionated radiotherapy 
SFRT

Laissue J, et al. Z Med Phys 2012;22:90-99. 
Mohiuddin M, et al. Cancer 1990;66:114-118.



spatially fractionated radiotherapy 
SFRT

Prezado Y (2022). Expert Reviews in Molecular Medicine 24, e3, 1–12. 



spatially fractionated radiotherapy 
SFRT

Prezado Y (2022). Expert Reviews in Molecular Medicine 24, e3, 1–12. 



spatially fractionated radiotherapy 
SFRT

Prezado Y (2022). Expert Reviews in Molecular Medicine 24, e3, 1–12. 



spatially fractionated radiotherapy SFRT

Prezado Y (2022). Expert Reviews in Molecular Medicine 24, e3, 1–12. 



Collimator block Multileaf collimator Proton GRID

GRID

Billena C et al. (2019) IJROBP, Vol 104, No1, pp 177e187



Microbeam radiation therapy 
MRT

25–100 μm-wide beams spaced by 200–400 μm
in animal models: 300–600 Gy peak dose in one 

fraction

Minibeam radiation therapy
MBRT/pMBRT

LATTICE (3-dimensional GRID) 



Clinical Trials 

Billena C et al. (2019) IJROBP, Vol 104, No1, pp 177e187



Biological mechanisms in SFRT

5 - Free radical production and diffusion covering the valley regions in the 
tumours

1 - Differential vascular effects 

2 - Cell signalizing effects (bystander-like effects)/abscopal effects 

3 - Inflammation and immunomodulatory effects 

4 - Cell migration 



in MRT experiments:
preferential damaging effect on the immature vessels, while 
mature microvasculature is preserved 
Sabatasso S et al. (2011) IJROBP 80, 1522–1532.

Differential vascular effects

The effect might vary depending on the tumour type, the beam width, spacing and doses 
Bouchet A et al. (2015) Physica Medica: PM 31, 634–641

MBRT: vascular effects at dose much higher than therapeutic doses 
Bronnimann D et al. (2016) Scientific Reports 6, 33601

GRID: indirect observations on impact on vasculature → Enhanced sphingomyelinase activity and 
ceramide levels were only observed in patients with complete or partial response Sathishkumar S et al. (2005). 
Cancer Biology & Therapy 4, 979–986

LRT: mice bearing Lewis lung carcinoma: → serum exhibited increased acid sphingomyelinase 
levels 

Kanagavelu S et al. (2014) Radiation Research 182, 149–162

acid 
sphingo
myelinase

ceramide



Cell signalizing effects 

GRID-adjacent cells → increased expression of genes involved in DNA repair, cell cycle arrest, 
heat shock protein and apoptosis after exposure
Asur RS et al. (2012). Radiation Research 177, 751–765.

Pts treated with GRID and mice with LRT→ significant increase of TNFα in the serum
Sathishkumar S et al. (2002) Technology in Cancer Research & Treatment 1, 141–147
Kanagavelu S et al. (2014) Radiation Research 182, 149–162

bystander-like effects/ abscopal effects

Xenograft A549 lung adenocarcinoma implanted in the two flanks of 
mice, one of the two tumours irradiated with LRT
→ the growth of both tumours was reduced
→ increase in the number of infiltrating CD3+ T cells in both the 
irradiated site and the distant site
Kanagavelu S et al. (2014) Radiation Research 182, 149–162



Immunomodulation

Bouchet A et al. (2013). PLoS ONE 8, e81874. 

Johnsrud AJ et al. (2020) 
Radiation Research 194, 688–697. 



Cell migration
Hypothesis: the sparing of normal tissue could be explained by the migration and 

proliferation of stem cells in the valley regions to repair the tissue regions under the peak 

different migration patterns between 
tumour and healthy tissues

Crosbie JC et al. (2010) IJROBP77, 886–894 

TUMOR NORMAL SKIN

After MRT
4h

12h

24h



Free radicals production

The H2O2 produced in the dose-peaks diffuses to the dose-valleys during beam-on leading to a 
homogeneous ROS distribution over the target. 
Model tested on three previous independent photon micro-beam and proton mini-beam animal experiments. 

Wealth of evidence that ROS contribute to the bystander effect extracellularly and also intracellularly 
through a continuous cascade of events.

H2O2
H2O2

H2O2

H2O2

H2O2
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H2O2

H2O2

The ROS generation in proton beams is more important than that of photon radiation
Dal Bello R, et al(2020) Front. Phys. 8:564836         Mitteer RA et al. (2015). Scientific Reports 5, 13961        Azzam EI et al. (2002). Cancer Research 62, 5436–5442



Spatiotemporal fractionation

Telarovic J, ett al. Phys. Med. Biol. 65(22):22NT02, 2020
Unkelback J et al. IJROBP, Vol. 95, No. 3, pp. 1067e1074, 2016 



Conclusions
The advancement of both technology and radiobiology knowledge is generating a considerable interest in spatial and
temporal fractionation

Non-targeted effects improve the the therapeutic index in RT

Radiobiological experiments support the participation of radiation-induced bystander effects, vascular alterations, and
immunologic interactions.

The use of charged particles may modify the underlying mechanisms and their relative weights with respect to photons (i.e.
charged particles are more effective activating the immune system)

Combination with immunotherapy to explore

New modalities using radically different ways of depositing the dose can offer 
enormous opportunities for optimal patient treatments


