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Purpose: Radiation therapy can trigger activation of the cyclic GMP-AMP synthase (cGAS)- Stimulator of interferon genes (STING)

axis via cytoplasmic dsDNA fragment induction. The activation of cGAS-STING initiates innate immune signaling mediated by

interferon type I that can contribute to eradicate the malignancy. The effect was shown to depend on the fractionation scheme

employed. We hypothesized that the innate immune response can also depend on radiation quality because densely ionizing radiation,

such as carbon ions, have different effects on DNA lesion quality.

Methods and Materials: We exposed an in vitro 4T1 breast cancer model to either photons or carbon ions and measured the

clonogenic survival of cells with the colony-forming assay. The occurrence of cytosolic dsDNA fragments was assessed via

immunofluorescence, whereas the expression and release of interferon-b by quantitative reverse transcription polymerase chain

reaction and enzyme-linked immunosorbent assay. Bulk RNA sequencing was used to investigate global radiation-induced changes in

gene expression.

Results: We show here that carbon ions induced a significantly higher yield of cytosolic dsDNA fragments per unit dose as compared

to photons. The higher efficiency also translated in expression and release of interferon-b by the tumor cells. The rate of cytoplasmic

dsDNA foci as well as interferon-b release increased with doses up to 20 Gy and no differences for a fractionation scheme (3 £ 8 Gy)

were found as compared to the single high doses (20 or 24 Gy) of photons.

Sources of support: The results presented are based on the experiments SBio08_Fournier and SBio08_Jakob, performed at the SIS18 at the GSI Helm-

holtzzentrum f€ur Schwerionenforschung, Darmstadt (Germany) in the frame of FAIR Phase-0. We would like to thank the Marburg Ion-Beam Therapy

Center (MIT-2022-03, Marburg, Germany) for providing additional beam time; funded by Hessisches Ministerium f€ur Wissenschaft und Kunst. G. Volpi

was supported by the Erasmus+ program.

All data generated and analyzed during this study are included in this published article (and its supplementary files).
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Conclusions: In conclusion, we found that the release of interferon-b after radiation increases with the radiation dose up to 20 Gy and

that carbon ions have the potential to elicit a strong innate immune signaling.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Triple-negative breast cancer remains a challenge for
treatment because of its resistance to standard treatments,
especially chemotherapy and radiation therapy.1 As for radi-
ation therapy, the location of the tumor represents a further
challenge as lung and heart are sensitive organs at risk and
may receive a certain dose during treatment, increasing the
risk for late adverse cardiovascular effects.2 Because of a
higher precision and better sparing of healthy tissue, particle
therapy using protons is considered an alternative and has
been shown to be safe and feasible, reducing the dose to
nontarget structures while optimizing target coverage, but
long-term clinical data are yet scarce.3 Carbon ion radiation
therapy (CIRT) is also attractive because it offers comparable
precision as compared to protons plus an increased biologi-
cal effectiveness as compared to photons.4 This increased
biological effectiveness results in an improved control of
radioresistant tumors and may be also more immunogenic.5

Immunogenicity of the local radiation therapy treatment is
important for combination with immunotherapy, such as
immune checkpoint inhibitors.6 Vanpouille-Box et al.7 dem-
onstrated radiation-induced activation of the cGAS/STING
pathway with a subsequent type-I-interferon response, ini-
tially triggered by the occurrence of dsDNA fragments in
the cytoplasm. Additionally, the authors found a discontinu-
ous and nonlinear dose response, where the balance between
the presence of dsDNA fragments and expression of Trex1,
which clears the cytoplasm from the fragments, determines
the effectiveness. The most effective dose range in that con-
text was 8 to 12 Gy, and a fractionated 3 £ 8 Gy regimen
was superior to a single high dose of ≥20 Gy based on the
same mechanistic interplay.7 In this study, we investigate the
potential of CIRT in a murine triple-negative breast cancer
model in terms of overcoming radioresistance and especially
in triggering immunogenicity via the occurrence of cyto-
plasmic dsDNA fragments and a subsequent type-I-inter-
feron response.

Material and Methods

Cell lines and reagents

The mammary carcinoma cell line 4T1 was purchased
from ATCC (CRL-2539) and cultured in Roswell Park
Memorial Institute medium (RPMI 1640 + GlutaMAX-I,
Gibco) supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and 1% penicillin streptomycin (10000 Units/mL

Penicillin, 10 mg/mL Streptomycin, Gibco). The TS/A
mammary adenocarcinoma cell line was purchased from
EMDMillipore (SCC177) and cultured in Dulbecco’s Mod-
ified Eagle’s Medium (+ GlutaMAXT-I, Gibco) with high
glucose containing 10% fetal bovine serum (Sigma-Aldrich)
and 1% penicillin streptomycin (10,000 Units/mL penicillin,
10 mg/mL streptomycin, Gibco). All cell lines were main-
tained in culture with 20% O2, 5% CO2 at 37°C indepen-
dent of the experiment and routinely screened for
Mycoplasma [polymerase chain reaction (PCR) Myco-
plasma test kit, ITW Reagents]. For some of the experi-
ments, the cGAS inhibitor (RU.521, InvivoGen) was used at
20 mM, and the STING inhibitor (H-151, InvivoGen) at 1.5
mM. Both were added immediately before irradiation.

Irradiation

Cells were seeded in 25 cm2 tissue culture flasks and at
70%-80% of confluency were exposed to X-ray. For quanti-
fying cytoplasmic dsDNA, 7.5 £ 105 4T1 cells per 3.5 cm
Petri dishes were seeded 24 hours before irradiation. For
radiograph irradiation, we used the vertical irradiation cabi-
net [radiograph generator Isovolt DSI (Seifert, Ahrensberg),
7 mm beryllium, 1 mm aluminum, and 1 mm copper filter
system (250 kV/16 mA)] at a dose rate of 2 Gy/min at the
GSI Helmholtz Center for Heavy Ion Research (Darmstadt,
Germany). Carbon-ion irradiation (12C6+) was performed
at the Marburg Ion Beam Therapy center (MIT, Marburg,
Germany, MIT-2022-03) or at the SIS18 at the GSI Helm-
holtz Center for Heavy Ion Research, irradiating 5 £ 106

cells per dose (220 MeV/u; dose-averaged linear energy
transfer of 75 keV/mm, 4 cm Spread Out Bragg Peak,
SOBP) at a dose rate of about 2 Gy/min. Immediately after
irradiation, the cells were seeded in 25 cm2 tissue culture
flasks. For both radiation types, physical doses from 2 to 24
Gy were delivered. During irradiation, the cells were at
room temperature and after radiation exposure they were
immediately brought back to the previous culture condi-
tions (20% O2, 5% CO2 at 37°C). For carbon-ion irradia-
tion, some endpoints were performed only at doses of 2 Gy,
8 Gy, and 20 Gy, because of limitations in beam availability.
Additionally, a fractionation regimen of 8 Gy given in 3
consecutive days (3£ 8 Gy) was performed for X-ray.

Clonogenic cell survival

Clonogenic survival of 4T1 cells was assessed using the
colony-forming assay as described in.8 After irradiation,
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cells were counted and plated in triplicates into 25 cm2

tissue culture flasks. The appropriate number of cells was
seeded aiming at the statistically significant formation of
100 colonies. The cells were fixed and stained with methy-
lene blue solution after 1 week of incubation. A colony
was counted if composed of at least 50 cells.

Immunofluorescence, confocal microscopy,

and quantification of cytosolic dsDNA

For immunofluorescence staining, cells were fixed in 2%
formaldehyde and permeabilized with 0.1% Triton X-100 for
10 minutes and blocked with 0.4% Bovine serum albumin in
phosphate-buffered saline for 20 minutes. All antibodies
were diluted in 1£ phosphate-buffered saline, 0.4% Bovine
serum albumin: adsDNA (host: mouse; Abcam, ab27156)
was used at a concentration of 1 mg/mL and amouse Alexa
Fluor 488 (host: goat; Invitrogen, A-11017) at a concentra-
tion of 5 mg/mL. To visualize the cytoplasmic area, we
stained F-actin with Phalloidin-iFluor 647 Conjugate (Cay-
man, 20555). DNA was counterstained with 40,6-diamidino-
2-phenylindole (DAPI) (1 mg/mL, AppliChem, A1001). On
mounting in Slow Fade Diamond Antifade (Invitrogen,
S36963) the cells were imaged at a Nikon Eclipse Ti micro-
scope. The exposure time for the immunostained dsDNA
signal was optimized for the cytosolic signal, which in most
cases caused overexposure of the nuclear dsDNA signal. To
quantify the cytosolic dsDNA signals within the images, we
used the in-house developed software ImageD (versions
v1_7_0 and v2_0_4, plugin “cytoplasmic dsDNA detection”
https://github.com/DavidEilenstein/ImageD). With this soft-
ware, dsDNA signals ≥5 px were quantified as cytoplasmic
dsDNA foci, if they were located outside the DAPI-stained
area (nucleus) and inside the phalloidin-stained area (cyto-
plasm). dsDNA foci counted in 0 Gy samples (background)
were subtracted from dsDNA foci numbers at doses >0 Gy.
For X-ray, 3 to 6 independent experiments were performed
(exception: 2 Gy; 1 experiment). For carbon-ions, 2 indepen-
dent experiments were performed (exception: 20 Gy; 1
experiment). Per experiment, at least 53 cells (20 Gy X-ray)
and up to 1425 cells (0 Gy carbon ions) were analyzed per
dose.

The cytoplasmic dsDNA after radiograph exposure
was additionally quantified from 2 independent experi-
ments with the AccuClear nano dsDNA kit (Molecular
Devices, R8357). Cytoplasmic extracts were obtained
according to9 and the results were collected with a Spec-
traMax i3x reader.

Gene expression

Total RNA from cell pellet was extracted with RNeasy
Mini Kit (Qiagen) according to the manufacturer’s
instructions, including a DNase digestion step (RNase-

free DNase set, Qiagen). To perform cDNA synthesis, 2
mg of extracted RNA was used, according to the manufac-
turer’s instructions (RevertAid First Strand cDNA Syn-
thesis Kit, Thermo Fisher Scientific). Subsequently, the
cDNA was loaded in a quantitative PCR plate (Sarstedt)
with Fast SYBR Green Master Mix (Thermo Fisher Scien-
tific) and bioinformatically validated specific primers
(Gapdh, QT00199388; Rpl13a, QT00267197; Ifnb1,
QT00249662; Trex1, QT00288967; QuantiTect Primer
Assay, Qiagen). The final volume was 20 mL and the
cycling conditions were a holding stage of 95°C for 15
minutes, followed by 40 cycles of denaturation at 95°C for
15 seconds, annealing at 60°C for 30 seconds, extension at
72°C for 20 seconds. A melt curve analysis was performed
to ensure the specificity of the amplicons. The quantita-
tive PCRs were run using QuantStudio 3 system (Thermo
Fisher Scientific) and the results were collected with
QuantStudio Design & Analysis Software (version 1.5.2,
Thermo Fisher Scientific). The fold change of the genes of
interest was calculated with the 2(−DDCt) method, normal-
izing the Cq values for the geometric mean of 2 reference
genes (Gapdh, Rpl13a). The stability of the reference
genes after irradiation is reported in Table E1.

ELISAs

Interferon beta (IFN-b) release was quantified with
ELISA kit (PBL Assay Science, PBL42410-1) according to
manufacturer’s instructions. An additional dilution of the
standard curve was necessary because of the low concentra-
tion of the analyte in the controls. For cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP)
assessment, cells were pretreated with M-PER Mammalian
Protein Extraction Reagent (Thermo Fisher Scientific) fol-
lowing manufacturer’s instructions, according to the sample
preparation recommendations of the ELISA kit (2030

cGAMP ELISA kit, Cayman Chemical, 501700). The ELISA
was performed according to manufacturer’s specifications.
Absorbance (450 nm) was measured with BioTek EL808
Microplate Reader and Gen5 (version1.11) software.

Bulk RNA sequencing

Sequencing was performed by Arraystar Inc. In brief,
1-2 mg of total RNA of 4T1 and TS/A cells were used to
prepare the sequencing library. The libraries were
sequenced on Illumina NovaSeq 6000 instrument. Fold
change (cutoff 1.5), P value (≤.05), and FPKM (≥.5 mean
in one group) were used for filtering differentially
expressed genes and transcripts. The Z-score was calcu-
lated for some Genes Of Interest. For further details, see
the supplementary section.
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Statistics

Unless otherwise specified, the experiments were per-
formed in 3 biological replicates for X-ray and carbon
ions, and data are presented as mean § SD. The data
were analyzed with GraphPad Prism software (version
9.3.1) and statistically significant differences between X-
ray and carbon ions were determined using unpaired 2-
tailed t-test or 2-way analysis of variance with Tukey’s
multiple comparisons test and considered significant for
P values ≤.05, unless indicated elsewise. For further infor-
mation on the performed fits, we refer to the supplemen-
tary section.

Results

Carbon ions are more effective than X-ray in

killing triple-negative breast cancer cells and

in the induction rate of cytoplasmic dsDNA

foci

Carbon ions (C-ions) are more effective than X-ray in
4T1 cell killing and the relative biological effectiveness is
about 2 (Fig. 1). We then measured the induction of
dsDNA in the cytoplasm after radiation (Figs. 2A, B, E1
and E2). Carbon ions resulted in a significantly higher
rate of cytoplasmic dsDNA foci per cell when compared
to photons 24 hours after exposure (Fig. 2A, B). We also
investigated the dose response of Trex1 expression, which
is known to remove dsDNA fragments from the cyto-
plasm. Expression of Trex1 increased continuously with
dose at 24 hours from radiograph exposure, and slightly
higher values were observed after carbon ions at high

doses compared to the same radiograph doses (Fig. 2C).
Expression of Trex1 remained similar both for amplitude
and dose response at 48 hours (Fig. 2D). To corroborate
such dose response, we investigated the Trex1 expression
in TS/A cells, confirming the increase with dose (Fig.
E3A, B). Overall, we found a linear dose-dependent
increase in cytoplasmic dsDNA foci, whereas Trex1 levels
reached a plateau at high doses and seemed not to have a
threshold dose from which on its expression would
strongly increase to remove the dsDNA fragments. To
link these observations with the activity of cGAS, we mea-
sured the concentration of cGAMP (a product of cGAS
activation) at 24 hours after exposure to photons or car-
bon ions (Fig. E4). It slightly increased with dose with car-
bon ions being in tendency (not significantly) more
efficient.

Carbon-ion irradiation results in an elevated

interferon-b release indicating its potential

for increased immunogenicity

We performed bulk RNA sequencing 24 hours after
exposure to X-ray or carbon ions to study changes in gene
expression based on the different radiation qualities
(Fig. 3). At doses of 2 Gy and 8 Gy, carbon ions led to a
higher number of genes differentially expressed than
X-ray (Figs. 3A, and E5A) when compared to their respec-
tive controls. Instead, at a dose of 20 Gy, similar numbers
of differentially expressed genes are observed comparing
the 2 radiation qualities (Fig. E5B). Figure 3B displays a
set of selected genes related to immunogenic signaling.
Generally, the expression of these genes increases after 8
or 20 Gy of X-ray or carbon ions, with a slightly higher
expression for 20 Gy carbon ions in some of the genes.
This was found both for genes related to immunoactiva-
tion and immunosuppression and confirmed in TS/A cells
on exposure to X-ray when compared to 4T1 cells (Fig.
E6A, B). As for damage-associated molecular patterns, no
coherent pattern of dose response was found. More in
detail, focusing on genes related to the type-I-interferon
response, Ifnb1 expression was below the limit of quantifi-
cation with this method at 24 hours and is therefore not
displayed here. Trex1 expression pattern over dose con-
firmed the dose response found by quantitative reverse
transcription PCR (see Fig. 2). Similar dose responses
were also found for Cxcl10, a gene coding for a cytokine
(CXCL10) released on auto- and paracrine type-I-inter-
feron signaling. Interestingly, Cxcr3, a gene for a receptor
of CXCL10 appeared not to be increased after carbon-ion
exposure.

Because IFN-b is a crucial factor in the type-I-inter-
feron response, yet was not detectable in bulk RNA
sequencing, we measured the expression of Ifnb1 with
quantitative reverse transcription PCR and the release of

Figure 1 Reduced clonogenic cell survival after carbon-ion
exposure. Colonies of surviving 4T1 cells were counted after
exposure to X-ray or carbon ions and plotted as surviving
fraction. Curves were fitted using the linear quadratic model.
The relative biological efficiency was calculated to be roughly
2 at a level of 10% survival. Data for X-ray were derived from
Reppingen et al.24
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IFN-b at 24 hours after exposure. Ifnb1 gene expression
showed an increase with dose and carbon ions being
more effective than photons (Fig. 4A). Although the dose-
response patterns differ for Ifnb1 expression and the
occurrence of cytoplasmic dsDNA (Fig. 2A), both end-
points show an increase with dose and a higher efficiency
of carbon ions. The release of IFN-b at 24 hours was gen-
erally low with little differences between the 2 radiation
types (Fig. 4B). Therefore, we investigated both expression
and release also 48 hours after exposure (Fig. 4C, D). The
levels of both were elevated with respect to 24 hours and
the dose response stayed similar. Comparable dose

responses after radiograph exposure were again con-
firmed in TS/A cells (Fig. E3C-F).

To demonstrate the link of the effects to the activa-
tion of the cGAS/STING pathway, we next investigated
its downstream signal, that is, the expression of the
Ifnb1 gene after the inhibition of each cGAS or
STING. Although exposure to X-ray resulted in an
increased expression of Ifnb1 at 24 hours, application
of cGAS or STING inhibitors diminished (cGAS inhib-
itor, Fig. E7A) or eradicated (STING inhibitor,
Fig. E7B) the effect, demonstrating the involvement of
the cGAS/STING pathway.

Figure 2 Carbon-ion irradiation features a higher rate of foci of cytoplasmic dsDNA fragments and a higher expression of
Trex1. (A) Foci of dsDNA fragments per cell in dependence of the dose. Numbers of cytoplasmic dsDNA foci of nonirradiated
cells were subtracted. 4T1 cells were irradiated with X-ray or carbon ions. Carbon ions resulted in a significantly higher rate of
foci induction with increasing doses 24 hours after irradiation (P < .0001, t-test comparing the slopes of the 2 fits; see supplement
for details on the statistical analysis). (B) Representative images of 4T1 cells 24 hours after 0 Gy or 8 Gy radiograph or carbon-ion
irradiation. dsDNA was immunofluorescence stained (AB), F-actin as a cytosol marker was stained with phalloidin, and DNA
was also counterstained with DAPI. dsDNA signals outside the DAPI-stained nucleus but inside the phalloidin-stained area
were counted as cytoplasmic dsDNA foci. Expression of Trex1 in 4T1 cells increases with dose at 24 hours (C) and 48 hours (D).
The curves tend to reach a plateau at high doses. Comparison of the trends was performed using an exponential function (see
Supplements). The difference between X-ray and C-ions is not statistically significant at 24 hours but is statistically significant at
48 hours comparing the parameters of the fits (see Supplementary materials). The difference comparing the radiation qualities at
each dose is statistically significant after 24 hours at 20 Gy (P = .024) and after 48 hours at all doses (P = .0032 at 2 Gy, P = .0345
at 8 Gy, and P = .0186 at 20 Gy; 2-tailed t-test).
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Figure 3 At high doses, both X-ray and carbon ions upregulate genes involved in immunogenicity in 4T1 cells. Volcano plot of
differentially expressed genes at 24 hours after 2 Gy irradiation with X-ray (left) or carbon ions (right) compared to the respective
nonirradiated samples (0 Gy). Significantly upregulated genes and downregulated genes are depicted in red and green, respec-
tively, and nonsignificant genes are shown in gray (A). Heat map visualization of the Z-score of some genes of interest (rows)
across different doses and radiation qualities (columns, see supplements for details). Colors represent relative expression levels
among the doses and radiation types, with green for low expression and red for high expression (B).
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Based on the observation that the expression of
Ifnb1 and the release of its gene product is higher
48 hours than 24 hours after irradiation, we speculated
that a differential response in IFN-b release might
occur only at later time points. Therefore, we mea-
sured the amount of released IFN-b in dedicated sam-
ples daily on a time course of up to 144 hours
(Fig. 5A, B). Indeed, at 72 hours after irradiation, we
detected strong differences (P = .0004 and P = .0019
for 8 Gy and 24 Gy, respectively) in the release of
IFN-b between photons and carbon ions. The release
was not only stronger but also more persistent after
exposure to carbon ions (Fig. 5B), indicating an
increased potential for a robust immunogenic signal.

A single high dose is comparatively effective

to a fractionated scheme after exposure to

photons with respect to IFN-b release

We investigated whether a hypofractionated regimen
of 3 £ 8 Gy was superior to a single high dose of photons
(24 Gy) (Fig. 6A-F). Our results do not support the
hypothesis that fractionation increases cGAS-STING
pathway activation. Although we indeed found a reduced
level of Trex1 expression at 24 hours and 48 hours after
exposure to 3 £ 8 Gy (Fig. 6A), this did not translate in
higher amounts of cytoplasmic dsDNA foci per cell
(Fig. 6B). Although slightly higher amounts of Ifnb1
expression and IFN-b release were measured at 24 hours

Figure 4 Expression and release of interferon-b increase with dose after X-ray or carbon ions. Expression of Ifnb1 was mea-
sured at 24 hours (A) and 48 hours (C) after exposure to X-ray or carbon ions. At similar time points, the release of IFN-b (B
and D) was assessed. With the exception of 20 Gy in release, where a plateau was reached, carbon ions were more efficient in ten-
dency, but not significantly with respect to the fit of the functions (see Supplementary material) in 4T1 cells. The difference in
Ifnb1 expression comparing the 2 radiation qualities at each dose is not statistically significant at any dose and time point (2-
tailed t-test). The difference in IFN-b release comparing the 2 radiation qualities at each dose is statistically significant only
24 hours after irradiation with 8 Gy (P = 0.0459, 2-tailed t-test).
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after exposure to 3 £ 8 Gy X-ray, the effect did not persist
because at 48 hours after exposure the effect was found
inversed (Fig. 6C, D). This is confirmed by IFN-b release
over time, in which following 3 £ 8 Gy there is a lower
release than after a single dose of 24 Gy (Fig. 6E). Measur-
ing cGAMP as a surrogate of cGAS activation, again, we
found a similar effect (Fig. 6F). Measuring Trex1 and
Ifnb1 expression as well as IFN-b release in TS/A cells
confirmed little to no differences between 24 Gy and
3 £ 8 Gy (Fig. E8A-C).

Discussion

CIRT is increasingly used worldwide because it fea-
tures improved precision in beam delivery and an
increased biological effectiveness, which allows the treat-
ment of radioresistant tumors with close vicinity to sensi-
tive organs.10 Additionally, CIRT is considered to feature
an increased immunogenicity, which renders it a good
match for immunotherapies and the treatment of meta-
static cancer disease.11−13 Clinical trials are currently
being set up to prove this hypothesis.14,15 Using the
poorly immunogenic murine breast cancer model 4T1,16

we investigated the immunogenicity of carbon ions with
respect to the type-I-interferon response triggered by the
cGAS/STING axis, which in turn is activated by the pres-
ence of dsDNA foci in the cytoplasm.17

We hypothesized that carbon ions can be more effec-
tive with respect to the occurrence of cytoplasmic dsDNA
fragments because of their peculiar features of DNA dam-
age induction.18 Indeed, our data indicate that carbon
ions resulted in an increased rate of cytoplasmic dsDNA
foci induction as radiation dose increases. In addition, we
show an increased release of IFN-b after carbon-ion expo-
sure, pointing to a higher potential for a strong type-I-

interferon response as compared to X-ray. The experi-
ments inhibiting cGAS and STING indicate that, although
STING plays a central role in radiation-induced type-I-
interferon response, cGAS may not exclusively contribute
to STING activation after cytoplasmic dsDNA detection.
This implies that other sensors might play a role in type-
I-interferon activation after irradiation and it remains to
be elucidated whether they are differentially induced by
carbon ions.

Furthermore, the increased efficiency of carbon ions
with respect to clonogenic cell survival, hence overcoming
radioresistance of a triple-negative breast cancer model,
provides additional rationale for the application of CIRT
in breast cancer therapy.4 In this context, the dual role of
interferons has to be considered because a sustained or
prolonged IFN signaling may result in adverse effects
related to therapy resistance.19,20 Of note, our data indi-
cated lower expression of the gene coding for CXCR3 for
carbon ions as compared to X-ray. Coexpression of
CXCL10/CXCR3 on tumors was reported to be adverse
with respect to metastasis development and to be a
marker for poor clinical outcome. Autocrine signaling of
the Cxcl10/Cxcr3 axis was shown to promote tumor cell
growth, motility, and metastasis.21 Interestingly, a
reduced metastatic potential for CIRT has already been
reported in other preclinical models.12,22

We failed to reproduce the previously reported discon-
tinuous dose response, favoring a single dose in the range
of 8 to 12 Gy over a single high dose because of the mech-
anistic interplay between the occurrence of cytoplasmic
dsDNA fragments and Trex1 expression.7 In both murine
breast cancer models, 4T1 and TS/A cells, used as well by
Vanpouille-Box et al., our data show an increase of the
type-I-interferon signal with dose throughout several end-
points. The former also reported the best responses for a
3 £ 8 Gy regimen as compared to single doses, again

Figure 5 Carbon ions induce a higher release of interferon-b over time. The release of IFN-b was measured up to 144 hours
after exposure to 8 Gy or 24 Gy X-ray (A) or carbon ions (B) in 4T1 cells. At 72 hours post irradiation, carbon ions cause a signif-
icantly higher release of IFN-b than X-ray (8 Gy P = .0004, 24 Gy P = .0019, unpaired 2-tailed t-test, N=5 X-ray, N=3 carbon
ions).
Abbreviation: IFN-b, interferon beta.
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Figure 6 Single high doses and a 3 £ 8 Gy hypofractionation scheme similarly induce the release of interferon-b in 4T1 cells.
The endpoints tested for the dose-response curves were also performed by comparing a single high dose of 20 or 24 Gy to a
3 £ 8 Gy hypofractionation scheme at 24 hours or 48 hours after exposure to X-ray. More in detail, Trex1 expression (A), cyto-
plasmic dsDNA foci 24 hours after X-ray (B), Ifnb1 expression (C), IFN-b release (D), IFN-b release over time (E) and cGAMP
24 hours after X-ray (F) were measured. Significances were tested using an unpaired 2-tailed t-test. (E) Data for single doses are
derived from Fig. 5A.
Abbreviation: IFN-b, interferon beta.
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based on the above-mentioned mechanistic dualism. Our
study instead resulted in comparable signals for a single
dose of 24 Gy versus a 3 £ 8 Gy regimen. Despite using
the same cell lines, different results between laboratories
can be explained with the application of different materi-
als such as fetal bovine serum or different assays. More-
over, the method of choice for quantification of
cytoplasmic dsDNA in our study is based on the assess-
ment of foci per cell, rather than recovering a total signal
in a group of cells, which could partly account for the dif-
ferences.

Nonetheless, we found a coherent increase with dose in
all endpoints. Vanpouille-Box et al. showed that their
results translated in vivo when the respective doses were
applied in a mouse model in combination with immune
checkpoint inhibitors, corroborating their hypothesis of
superiority of a fractionated regimen over a single high
dose.7 Our study lacks an in vivo translation as of now,
which could verify this dose response and the superiority
of CIRT over photons. Our data also indicate the impor-
tance of assessing several time points and later than the
commonly used 24 hours after exposure in in vitro stud-
ies, as a differential release of cytokines occurred only at
later time points, likely related to the radiation-induced
cell cycle block.

If verified in further preclinical models, our results
would argue for the application of higher doses than the
classical 2 Gy fractionation scheme, because a dose of 8 Gy
consistently resulted in enhanced signals. Also, despite not
being superior to high doses of ≥20 Gy, we found a
3£ 8 Gy scheme at least comparable to 8 Gy. In fact, hypo-
fractionated schemes applying 3 £ 8 Gy or schemes in that
range are increasingly used in clinical settings.23 Because
carbon ions mostly performed better than X-ray at 8 Gy,
our data encourage the application of 8 Gy or hypofractio-
nated regimens also for CIRT, and indeed clinical studies
with such regimens are already set up.14

Finally, because the occurrence of dsDNA fragments in
the cytoplasm is the base of the type-I-interferon
response, and because carbon ions resulted in a higher
amount of dsDNA foci, the question of by which mecha-
nism the fragments travel to the cytoplasm and how can
that be differentially affected through carbon ions18

becomes crucial but remains to be addressed. In sum-
mary, our data support the application of CIRT in the
context of immunotherapy combinations but underpin
that further research is required at the same time to better
exploit its potential advantages.
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