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VHEEs enable deeper tissue penetration and reduced lateral scattering compared to
conventional electron beams, improving treatment of deep-seated tumors.

When delivered at ultra-high dose rates (UHDR, >40 Gy/s), VHEE irradiation may
combine the physical advantages of deep penetration with the radiobiological benefits
of the so-called “FLASH effect”, which has been associated with increased normal-
tissue sparing while maintaining tumor control.

Laser plasma accelerators (LPAs) produce electron beams with instantaneous dose
rates >10' Gy/s and ultra-short pulses, opening new opportunities to explore
radiation—matter interactions on subcellular timescales.

The biological effects of LPA-driven VHEE beams require comprehensive investigation.

? @ della Ricerca

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

. Ministero . . . . Y
dell’Universita - l W Ilaliadomani ¢O € Tuecany Health Ecosystem
. *k

e Deep tissue

penetration
50-250 MeV

e Reduced lateral

e Laser-plasmaaccelerators (LPAs) scattering
* Reduced
¢ Conventionalradiofrequency(RF) | \ sensitivity to
linear accelerators (LINACs) ) N anatomical

inhomogeneities

Deep-seated
tumors

Biological impact of VHEE beams
remains largely unexplored
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Underlying biological mechanisms - The role of DNA damage
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Fried! et al. Med Phys. 2022
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Cytokinesis-block micronucleus assay - The gold standard endpoint for radiobiological studies
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Borghini et al. Int J Mol Sci. 2024
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Telomere length and mitochondrial DNA
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Figure adapted with Servier Medical Art
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Telomeres have been proposed as “hallmarks of radiosensitivity”.

Telomeres are the ending areas of chromosomes - protective «caps» that
ensure the stability of chromosomes.

Telomeres are preferred targets for reactive oxygen species, which cause their
progressive shortening and subsequent chromosomal instability.

Mitochondrial DNA is another target of ionizing radiation.

mtDNA is more susceptible to damage under exogenous and endogenous stresses
due to its close proximity to the sites of oxidative phosphorylation and the
deficiency of protection from histones.

The number of mitochondria varies across cell types, ranging from just a few to
hundreds, and each mitochondrion may contain from 2 to 10 mtDNA copies.
Mitochondrial DNA copy number (mtDNAcn) is a marker of mitochondrial health.
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Direct and Bystander Effects

. lonizing radiation affects both exposed and nearby unexposed cells.
This phenomenon, called the bystander effect, causes non-irradiated
cells to exhibit radiation-like damage.

. Bystander cells show multiple harmful biological changes. These
include increased apoptosis, micronucleus (MN) formation, DNA
strand breaks, altered regulatory protein levels, and reduced
clonogenic survival.

. The effect is mediated through cell communication and has clinical
significance. It occurs via gap junction signaling and secreted factors,
and it may impact health risk assessment—especially for tissues
outside the main radiation field during radiotherapy.
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First in vitro experiments using laser-induced UHDR VHEE irradiation
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Figure 5. Comparison of "number of p-y-H2AX foci per nucleus” values for each tested irradiation condition.
The bar graphs show the comparisons between treatments for the overall A375 and NHEM co-cultures (a), for
the A375 cells in co-cultures (b), and for the NHEM cells in co-cultures (¢). Sampled areas of PW-irradiated
specimens and the standard pulsed X-ray-irradiated cells were compared to non-irradiated controls. Medians
of each data set and 95% confidence intervals are displayed. The statistical differences were determined using
the nonparametric Mann-Whitney test, (n=4473-10,629 analysed nuclei, *p <0.05, ***p < 0.001, ****p <0.0001,

ns=not significant).
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More DNA-damaged cell nuclei were generated by LPA electrons than by X-ray irradiation.

In certain areas, a differential response of normal cells vs. cancer cells occurred when
exposed to LPA electrons; if present, this differential response could account for the
FLASH effect.

Orobeti et al. Sci Rep. 2024

First experimental characterization of a laser-accelerator able to deliver, in a single pulse, doses in
excess of 1 Gy on timescales of tens of femtoseconds (dose rate= 1013 Gy/s).

A significant decrease in survival was observed in both cell lines, accompanied by a reduction in
tumour cell radioresistance. These effects may be attributed to the increased complexity of DNA
damage induced by UHDR VHEE irradiation, rather than to the overall DNA damage assessed as the
average number of foci per cell.

McAnespie et al. Phys Rev E. 2025

THE TUSCANY HEALTH ECOSYSTEM — SPOKE 1



Finanziato
dall’Unione europea
NextGenerationEU

Experimental setup

. Whole blood was collected from a healthy donor via venipuncture. To assess
reproducibility, independent experiments were conducted using human PBLs exposed to
laser-driven VHEE and reference X-ray doses, performed during separate beam sessions.

. Direct radiation effects - Blood samples were divided into vials and irradiated at doses
from O to 4 Gy. After irradiation, samples were analyzed for TL, mtDNAcn, and MN yield.

. Bystander effects - Two hours post-irradiation, samples were centrifuged. Supernatant
plasma from irradiated samples was transferred to non-irradiated blood samples, and
MN vield was investigated.

Figure adapted with Servier Medical Art
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*All p<0.05 vs. control value

Effects of VHEE and X-ray beams on micronucleus yield: An increase in MN frequency with increasing dose was observed for both targeted (a,c) and
bystander effects (b,d).
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Micronucleus, VHEEs and X-rays: Decreased chromosomal damage, as indicated by lower micronucleus yields, following VHEE irradiation compared

to X-ray beams for both targeted (a) and bystander effects (b).
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Telomere length
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Effects of VHEE and X-ray beams on telomere length: Telomere shortening was observed at each dose following irradiation with VHEEs (a) and X-rays (b)
compared to baseline values. At each dose, a reduction in telomere shortening was observed after VHEE compared to X-ray irradiation. This reached a statistical

significance at 0.3 Gy, 1 Gy, 2 Gy, and 3 Gy (p < 0.05).
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Mitochondrial DNA copy number
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Effects of VHEE and X-ray beams on mitochondrial health: No significant changes in mtDNAcn were observed with increasing doses for both VHEE (a)

and X-ray (b) irradiation compared to baseline values.
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Conclusion and future perspectives

Our data demonstrate, for the first time, the radiobiological response of laser-plasma-accelerated VHEEs in terms of MN induction and
telomere length reduction in human PBLs. VHEEs induced less chromosomal damage and telomere shortening compared to X-rays at
each investigated dose for both direct and bystander effects.

These findings establish an important reference point for evaluating the radiobiological properties and therapeutic potential of VHEEs
in preclinical research, particularly in light of their ultra-high instantaneous dose rates. However, further investigation is required to
clarify the underlying biological mechanisms and to optimize their translation into clinical practice.

Future studies should focus on elucidating the cellular and molecular responses induced by VHEEs, with special attention to
alterations in both nuclear and mitochondrial DNA. A comparison of LPA-generated VHEE irradiation effects in cancer cells and their
corresponding normal counterparts is essential. Such an approach will enhance understanding of bystander effects and help determine
potential differences between VHEEs and conventional irradiation across diverse cell lines.
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