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Abstract 

Background Ionizing radiation can influence the antitumor immune response, either activating or suppressing 
the immune system depending on the tumor type and radiotherapy modality. While photon radiation (RT) combined 
with immunotherapy (IT) is widely studied in clinical trials, proton radiation (PT) combined with IT has not been 
thoroughly investigated in clinical or preclinical studies despite its radiobiological advantages. This study aims 
to explore the immune effects of a hypofractionated PT scheme compared to RT and its efficacy with anti‑PD‑L1 
immunotherapy.

Methods Balb/c mice bearing subcutaneous CT26 colon tumors were treated with RT or PT, delivered with 3 × 8 Gy. 
Seven days post‑treatment, transcriptomic analysis and immune response assessments to characterize lymphoid cells, 
myeloid cells, and PD‑L1 expression were performed. Tumor growth was monitored to evaluate the efficacy of com‑
bining RT or PT with anti‑PD‑L1 IT.

Results The RNA sequencing analysis demonstrated an overexpression of genes involved in the interferon type I 
pathway after both RT and PT. Tumor microenvironment analysis showed enhanced immune cell infiltration in tumors 
after both treatments. Immunoactivating cells infiltration was observed, with LT CD8 + cells infiltration after both RT 
and PT, more significantly after RT. NK and TAM1 cells infiltrated only after RT. Immunosuppressive cell populations 
were induced by PT, including MDSCs, while Tregs infiltrated both RT and PT treated tumors. PD‑L1 expression 
was significantly induced only by RT. The combination of anti‑PD‑L1 with RT or PT resulted in tumor growth delay 
compared to RT or PT alone, with a significant survival benefit observed only after the combination of RT and IT.

Conclusions This study demonstrates that hypofractionated RT and PT induced both similar and significantly distinct 
immune responses. PT triggers a stronger immunosuppressive response than RT. Optimizing the combination of PT 
with IT, including dose, fractionation, and sequencing is crucial for improving treatment efficacy.
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Introduction
Radiation therapy using photons (RT) is a pivotal can-
cer treatment, prescribed in both curative and pallia-
tive contexts [1, 2]. The primary goal of RT is to induce 
significant DNA double-strand breaks, leading to 
genomic instability and eventual cell death [3]. Rigor-
ous investigations in preclinical and clinical domains 
provide substantial evidence supporting the well-estab-
lished concept that ionizing radiation can modulate the 
immune tumor microenvironment (TME) [4–6].

RT can induce immunogenic cell death (ICD) by trig-
gering the release of tumor neoantigens, the transloca-
tion of calreticulin to the cell surface, the extracellular 
release of high-mobility group protein B1 (HMGB1), 
and the secretion of adenosine triphosphate (ATP) 
[7]. These processes are essential for the activation of 
antigen-presenting cells, such as dendritic cells (DCs), 
and priming of effector T cells. Furthermore, RT 
induces the release of double-stranded DNA into the 
cytoplasm, which plays a pivotal role in activating the 
cGAS-STING pathway and promoting the transcrip-
tion of type I interferon, a key factor in DC activation 
[8–12]. This process enables immune cells to migrate 
to distant tumors, thereby contributing to the regula-
tion of metastasis through the abscopal effect [13, 14]. 
Additionally, RT enhances the recruitment of natural 
killer (NK) cells, cytotoxic CD8 + T cells and type 1  T 
helper (Th1) cells to the TME through the induction 
of chemokines like CXCL9, CXCL10, and CXCL16 
[15–18].

Conversely, RT can promote processes that inhibit 
the immune system. For instance, RT can stimulate the 
accumulation of cells within the TME that suppress the 
immune response, such as regulatory T cells (Treg), 
myeloid-derived suppressor cells (MDSC), and tumor-
associated macrophages 2 (TAM2). Additionally, RT 
can trigger the expression of PD-1 ligand (PD-L1) on 
both tumor and immune cells, as well as an increase in 
immune checkpoint receptors (PD-1, TIGIT, TIM-3) on 
tumor-infiltrating lymphocytes (TILs), or PD-L1 on the 
surface of cancer cells, thereby limiting the activation and 
function of CD8 T cells [19–25].

Immunotherapy (IT) can effectively inhibit specific 
immunosuppressive mechanisms. Consequently, the 
combination of RT with IT has been extensively explored 
in preclinical studies and remains a central focus in 
numerous ongoing clinical trials. These trials involve the 
implication of diverse novel immunotherapeutic agents 
currently in development, providing a range of options 
for tailoring combination approaches [26–30]. The inves-
tigation of these innovative combinations holds prom-
ise, particularly in addressing indications related to solid 
tumors, especially in the context of metastasis.

The intricate equilibrium between the immunoacti-
vating and immunosuppressive effects is complex, with 
underlying mechanisms influenced by several param-
eters, including the radiation type (particles used, LET, 
etc.), radiation absorbed dose, irradiated volume, frac-
tionation regimen, specifically the dose per fraction and 
the timing of IT administration [11, 29, 31–35].

The Bragg peak of PT enables more precise radiation 
energy delivery to tumors, with its advantageous ballis-
tic characteristics and its Linear Energy Transfer (LET), 
in contrast to the exit radiation dose of conventional 
RT [36, 37]. Notably, PT allows the avoidance of tissues 
located beyond the Bragg peak. In clinical settings, the 
average LET for PT is relatively modest (~ 2  keV/µm), 
reaching a maximum of approximately 8 keV/µm at the 
distal edge of the spread-out Bragg peak (SOBP), which, 
while modestly elevated, remains slightly higher than that 
of conventional photons (~ 0.5 keV/µm).

The precision of PT, particularly its ability to target 
tumor tissue while sparing healthy tissue, can enhance 
antitumor immune responses. By preserving surrounding 
lymph nodes, PT may reduce radio-induced lymphope-
nia and promote CD8 + activation. Additionally, sparing 
organs like the intestine can promote antitumor immu-
nity through monocyte infiltration into the TME. In 
contrast, gut irradiation increases intestinal permeabil-
ity and gastrointestinal damage, potentially redirecting 
monocytes away from the tumor, which could impair the 
immune response [38].

Combining PT with IT has gained interest in the field 
of cancer treatment, as PT is supposed to offer distinct 
advantages when compared to RT. Indeed, the enhanced 
precision of PT in tumor targeting decreases damage to 
surrounding healthy tissues and organs at risk (OAR), 
thereby reducing potential immunosuppressive effects 
associated with collateral radiation damages. Moreover, 
by sparing healthy tissues from radiation, PT can reduce 
overall absorbed radiation doses outside the tumor vol-
ume. For example, by reducing radiation-induced dam-
age to nearby lymph nodes and minimizing lymphopenia, 
PT could play a key role in preserving immune cells in 
the bloodstream [39], potentially lowering systemic 
inflammation and enhancing the immune response for 
a more effective IT. As previously presented, PT may 
induce distinct biological effects compared to RT, poten-
tially enhancing immunogenic cell death and promoting 
a stronger immune response against cancer cells [39]. 
Therefore, combining PT with IT could result in a syner-
gistic therapeutic effect.

Given the recognized advantages of combining IT to 
RT, it would be valuable to explore the effects of com-
bining IT and PT. However, research on the immune 
response to PT remains limited, highlighting the need for 
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further investigation in this area. Notably, some ongoing 
or completed clinical trials are investigating the synergis-
tic effects of PT and IT, using the same protocols as RT 
and IT trials, despite limited knowledge of the potential 
differences in immune effects induced by PT versus RT.

The objective of our project is to assess and compare 
the influence of a radiation hypofractionation scheme 
involving either photons or protons on immune response. 
Additionally, we aim to evaluate the effectiveness of this 
hypofractionation regimen when combined with an anti-
programmed death-ligand 1 (anti-PD-L1) immunother-
apy protocol, using a consistent preclinical model.

Methods
Cell culture
CT26 mouse colon carcinoma cell line was purchased 
from American Type Culture Collection. CT26 cells were 
cultured in RPMI 1640 (Dutscher, France) media sup-
plemented with 10% fetal bovine serum (PAN Biotech 
GmbH, Aidenbach, Germany). Cells growth conditions 
were 37 °C temperature in a humidified atmosphere con-
taining 5%  CO2 and 95% humidity.

In vivo experiments
The PT and RT studies were conducted in two sepa-
rate animal facilities, thus distinct control mice groups 
were assigned to each treatment group (PT and RT) in 
both facilities. Tumor grafting was assessed as previ-
ously described [40]. CT26 cells (5.105) were suspended 
in 100  µl of NaCl, and a subcutaneous injection was 
performed in the right flank of immunocompetent 
8-week BALB/c female mice (Charles River Laborato-
ries, Saint Germain Nuelles, France). Tumor size was fol-
lowed until tumor volume (TV) reached the limit point 
of 1500  mm3 as previously described [40]. Mice were 
randomized ten days after grafting to obtain a uniform 
mean tumor volume in each group with 180 ± 20   mm3. 
In the survival study, mice were sacrificed after reach-
ing the end point (tumor size ≥ 1500   mm3) or 50  days 
after treatment (n = 10  mice). Some mice were eutha-
nized after 7  days for RNA-Seq analysis (n = 4–5  mice) 
and for immunomonitoring experiments (n = 5–8 mice). 
Mice were sacrificed by cervical dislocation after gen-
eral anesthesia (2% isoflurane) as recommended. All 
animal experiments were carried out according to 
standard approved protocols in accordance with the 
French legislation on the use of laboratory animals (EU 
Directive 2010/63/EU for animal experiments), and 
with ethical rules for the care and use of animals for 
research from the small animal ethics committee (C2ea 
Grand Campus n°105 and C2ea Cremeas n°35, C2ea 
Icomech n°38) and the French Ministries of Research 
and Agriculture (APAFIS#13961–2018022215413276 

v2, APAFIS#22350–201910091738155 v2 and 
APAFIS#8235-201612161350414_v1). All animal proto-
cols comply with the ARRIVE guidelines.

Treatments
Tumors were irradiated under anesthesia (isoflurane 2%, 
Minerve system, France) 10 days after xenograft forma-
tion with 3 fractions of 8 Gy (3 × 8 Gy) administered daily.

Photon irradiations were achieved using a small ani-
mal irradiator (SARRP, Xstrahl, UK) with 225  kV X-ray 
at a dose rate of 3.1 Gy/min. Ballistic used two opposite 
beams focusing on the tumor and totally avoiding the 
mouse’s healthy organs, as described previously [41].

Proton beam irradiation was delivered with an energy 
beam of 25 MeV extracted from the Cyclotron (Cyclotron 
pour la Recherche et l’Enseignement, CYRCé platform, 
Institut Pluridisciplinaire Hubert Curien, Strasbourg, 
France). For proton radiation, tumor-bearing mice were 
irradiated in direct contact with the collimator using a 
scattering spread-out Bragg peak, as previously described 
[42, 43], at the same dose rate as X-rays (3.1 Gy/min).

Immunotherapy. Intra-peritoneal injections of Immu-
noglobulin G (IgG) (BioXcel, USA) and anti-PD-L1 
(BioXcel) were performed 3 times per week for 3 weeks, 
starting the first day of irradiation, at a dose of 10 mg/kg 
per injection.

Flow cytometry
The effect of the immune response after RT and PT was 
analyzed by flow cytometry 7 days after treatment as pre-
viously described [40]. Tumors were dissected and then 
dissociated using a mouse tumor dissociation kit (Milte-
nyi Biotech). Myeloid cell infiltration was assessed by 
flow cytometry with tumor cells  (106 cells) stained with 
antibodies according to manufacturer’s recommendation 
(as previously described [40]) in Flow Cytometry Stain-
ing buffer (FSB, eBioscience) at room temperature in the 
dark, then washed twice with FSB. Lymphoid cell infiltra-
tion was analyzed with tumor cell suspension assessed 
in accordance with manufacturer’s recommendation 
(Miltenyi Biotech). Analysis of CD8 + cytotoxic activ-
ity was performed using Granzyme labelling of tumor 
cell suspension plated overnight at 37 °C in 96-well with 
complete RPMI medium (Dutscher). In the last 4  h, 
PMA (phorbol 12-myristate 13-acetate; 20 ng/ml; Sigma-
Aldrich), ionomycin (1  μg/ml; Sigma-Aldrich), and bre-
feldin A (2  μl/ml; eBioscience) were added. Assays on 
lymphoid and myeloid cell infiltration were carried out 
using Viability Dye eFluor 780 (Thermo Fisher Scien-
tific) to identify cells [40]. Flow cytometry acquisitions 
were carried out on a Cytoflex 13C cytometer (Beckman 
Coulter) then the data were analyzed with CytExpert 
(Beckman Coulter). The identification of lymphoid and 
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myeloid cells as well as lymphoid cell functionality was 
performed using gating as previously described [40]. For 
immunomonitoring results, control animals of RT and 
PT experiments were pooled together.

RNA extraction, RNA quantification, RNA sequencing 
and gene set enrichment analysis
Tumor tissues were dissociated using Minilys tissue 
homogenizer (Bertin, Ozyme) and then total RNA was 
extracted with Trizol (Invitrogen). Single-end transcrip-
tome reads were pseudo-aligned to the UCSC mm 10 
reference genome. The quantification of gene expressions 
was assessed with the Kallisto algorithm (v 0.44.0) [44] 
and the program was run with default options.

The analysis of RNA-Seq profiling was achieved with 
R software (R version 4.2.1). Differential analyses were 
assessed with the DESeq2 R package (version 1.36.0) [45] 
using log fold change [46].

Immune cell infiltration in mouse tumor samples was 
assessed using the immunedeconv R package [47]. The 
mMCPcounter algorithm [48] was applied to TPM-nor-
malized gene expression data to compute immune cell-
type-specific scores, representing their abundances in the 
samples.

Statistical analysis
The results are reported as mean ± SEM (standard error 
of the mean) for immunomonitoring experiments. Fig-
ures were produced using GraphPad Prism software (ver-
sion 9.2.0; GraphPad Software, USA). Group comparison 
was assessed using a non-parametric Mann–Whitney 
test for all immunomonitoring and selected RNA-Seq 
analyses, while Kaplan Meier curves were analyzed using 
the Log-rank test. Statistically significance was defined as 
a p-value < 0.05. For RNA-Seq experiments, gene expres-
sion differences were considered significant with an 
s-value < 0.05 and a log2 fold change ≥ 1 [49]. Gene set 
enrichment analysis was performed using gprofiler2 (ver-
sion 0.2.1) [50].

Results
Photon and proton radiation trigger comparable immune 
response pathways in tumor treatment
RNA-Seq profiling was performed to compare 3 × 8  Gy 
delivered with photon or proton radiations with non-irra-
diated CT26 tumors, seven days after the last radiation 
fraction (Fig. 1A). For each contrast, genes differentially 
expressed exhibiting a fold change ≥ 2 between the irra-
diated and non-irradiated conditions were subjected to 
gprofiler2 to generate a functional enrichment list. Nota-
bly, functional enrichments were observed in pathways 
associated with immune response, as identified in GO, 
KEGG and REACTOME databases.

RNA-Seq transcriptomic analysis identified 1317 dif-
ferentially expressed genes between the unirradiated 
control and 3 × 8  Gy photon-irradiated groups, with a 
predominant gene overexpression (Fig.  1B). Pathways 
encompassing the two main types of immune responses 
were identified, including innate and adaptive immune 
responses (Fig. 1C). The heatmap derived from the RNA-
Seq analysis performed after 3 × 8 Gy proton irradiation 
represented 1712 differentially expressed genes, with 
most genes being overexpressed (Fig.  1D). Enrichment 
analysis of these genes highlighted immune response 
pathways, mirroring those identified in the RT analy-
sis, comprising adaptive, innate and cytokine immune 
responses (Fig.  1E).  In addition to the primary immune 
response pathways, transcriptomic analyses identified the 
activation of pathways associated with cytokine produc-
tion, T cell receptor signaling, chemokine signaling, and 
cytokine-cytokine receptor interactions following both 
photon and proton fractionations (Fig. 1C and E).

Differential regulation of immune signaling genes 
between PT and RT
Further examination of these genes uncovered the 
induction of several genes in the interferon type I path-
way. Notably, both cxcl10 and ifnar exhibited significant 
induction after RT and PT (Fig.  1F). Noteworthy is the 
exclusive induction of trex1 observed specifically after 
PT treatment (Fig. 1G).

Differences and similarities in tumor infiltration by immune 
cells after proton or photon irradiation
To characterize immune modifications within the 
TME following each treatment depicted in Fig.  2A, we 
employed flow cytometry methodologies using specific 
lymphoid and myeloid antibody panels.

Tumors treated with either RT or PT displayed a 
comparable immune response for several parameters, 
such as a significant influx of CD45 + immune cells 
within the tumor (Fig. 2B). Among these cells, lympho-
cytes CD3 + were predominantly represented, exhibit-
ing an increased proportion in the TME following RT 
(17.6 ± 6.7% of CD3 + /total cells, p = 0.0002) or PT 
(12.4 ± 9.2% of CD3 + /total cells, p = 0.003) treatment 
compared to untreated samples (2.9 ± 1.1% of CD3 + /
total cells). Notably, the recruitment of CD8 + lym-
phocytes was heightened after irradiation, with a sig-
nificantly higher level observed after RT opposed to 
PT (p = 0.045). Regardless of treatment, a majority 
of infiltrating CD8 + cells presented an initial level of 
exhaustion, characterized by PD-1 expression on their 
surface (CD8 + PD1 +). This level of exhaustion was 
significantly lower after PT irradiation than RT irradia-
tion with 60.1 ± 25.3% and 83.9 ± 5.0% respectively of 
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Fig. 1 RNA‑Seq profiling analysis was assessed seven days post‑irradiation, comparing CT26 tumors treated with 3 × 8 Gy with either RT or PT 
against non‑irradiated controls (Control) (A) (Created in BioRender). Heatmaps were constructed to illustrate transcriptomic immune response 
pathways associated with RT (B) or PT (D), with statistical significance set a P‑value < 0.05 and a fold change ≥ 2 using R software. Each experimental 
group comprised four mice. Enrichment analysis performed with gProfiler2 yielded lists from the Gene Ontology (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG) and REACTOME databases, associated with immune response pathways subsequent to RT (C) or PT (E) treatments. Ratio 
compared to control of the induction of certain interferon pathway genes, including cxcl10, ifnar and trex1 genes was observed following RT 
(F) or PT (G) treatments. Statistical analyses were performed using non‑parametric Mann–Whitney test. Gene‑specific p values are indicated 
on the graph next to the corresponding gene names. *p < 0.05, n = 4 per group
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LT CD8 + PD1 + /total LT CD8 + (p = 0.045). Addition-
ally, a significant increase in CD4 + PD1 + T cells was 
observed in the PT condition. Notably, only RT induced 
the recruitment of NK cells in the TME (Fig.  2C). 
Conversely, regardless of the type of irradiation 

administered, there was a significant increase in the 
quantity of Treg immunosuppressive cells within the 
tumor (Fig.  2C). Additionally, a greater proportion of 
myeloid cells after irradiation, particularly MoMDSC 
was observed after PT treatment compared to RT 

Fig. 2 Tumor microenvironment modifications induced by photon or proton therapy. Comparison of immune cell infiltration in CT26 tumors 
7 days after 3 × 8 Gy with either RT or PT and non‑irradiated controls (A) (Created in BioRender). The proportion of lymphocyte cells and their 
exhausted status (B) or NK and Treg (C), or myeloid cells (D) are represented with violin plots. Proportion of all cells expressing PDL1 (E). Statistical 
analyses were performed using non‑parametric Mann–Whitney. *p < 0.05, **p < 0.01, ***p < 0.001, n = 5–8 per group
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(p = 0.0016). In a parallel manner between RT and PT, 
we also observed the induction of TAM infiltration, 
particularly regarding TAM1 cells after RT (Fig. 2D).

These results are consistent with RNA-Seq data 
analyses, which revealed a significant increase in lym-
phocyte infiltration, particularly CD8 + T cells and 
macrophages, after both PT and RT. In contrast, NK 
cell infiltration was significantly enhanced only by RT 
(Figure S1).

Interestingly, only RT treatment induced PD-L1 over-
expression (67.7 ± 3.11 vs control 18.5 ± 15.6, p = 0.0003) 
within the TME seven days after radiation, whereas no 
significant difference in the expression of this protein 
was observed after PT compared to the control condition 
(13.0 ± 6.4 and 18.5 ± 15.6 respectively, p = 0.94) (Fig. 2E).

Combination of immunotherapy with photons 
demonstrates enhanced survival compared to its 
combination with protons
We investigated the efficacy of combining a 3 × 8 Gy frac-
tionation schedule with concurrent anti-PD-L1 immu-
notherapy (IT), administered three times per week over 
three weeks (Fig.  3A). The anti-PD-L1 treatment alone 
did not induce a significant difference compared to the 
control (Fig. 3B). Following treatment with photon radio-
therapy (RT + IgG), a growth delay was observed, where 
the tumor volume limit for the entire group was reached 
between 20–40  days (Fig.  3B). The addition of anti-PD-
L1 with RT resulted in a further growth delay, yielding 5 
mice in complete response (complete tumor disappear-
ance) out of the 11 animals in the group.

Similar to the analysis conducted with photon, anti-PD-
L1 treatment alone did not induce a significant difference 
compared to the untreated control in the PT experiment 
(Fig.  3D). Proton therapy treatment (PT + IgG) induced 
a more pronounced growth delay than RT, with tumors 
reaching the tumor volume limit between 20–48  days 
and even 2 mice achieving complete response, consist-
ent with the established effect of PT compared to RT. 
Combining PT with anti-PD-L1 IT demonstrated an 
additional enhancement in growth delay, with 4 mice in 
complete response out of the 10 animals in this group.

Finally, Kaplan Meier analysis with the log-rank test 
revealed a significant improvement in survival for the 
combination of RT and anti-PD-L1 IT compared to RT 
alone (p = 0.0023) (Fig.  3C). In contrast, no significant 
difference in survival was observed with the combination 
of PT and IT compared to PT alone (Fig.  3E). The lack 
of a significant survival benefit with the addition of anti-
PD-L1 to PT may be attributed to the high antitumor 
efficacy of PT alone, particularly in comparison to RT, as 
evidenced by the observation of two complete responses.

Discussion
Photon-based radiotherapy (RT) has been the standard 
form of radiation therapy for decades. In contrast, pro-
ton therapy (PT), first applied clinically in 1954, has faced 
barriers to widespread adoption due to its high costs and 
logistical complexities. Nevertheless, increasing demand 
for precision and safety in cancer treatment has driven a 
rapid expansion in the use of PT. Concurrently, the inte-
gration of RT with immunotherapy (IT) has gained trac-
tion as evidenced by over 650 clinical trials currently 
ongoing or in analysis. Radiation dose, dose rate [51], 
fractionation schedule [24, 52], ballistic [38] and par-
ticle type [34, 40] are key factors influencing immune 
responses and treatment efficacy. Despite the increasing 
integration of PT and IT in clinical trials, a systematic 
evaluation of these parameters and their immunomodu-
latory effects remains limited. A more detailed mecha-
nistic understanding of radiation-induced immune 
modulation is essential for optimizing combination 
strategies. Recently, studies have started to evaluate the 
combined effectiveness of PT and IT in clinical settings, 
particularly with anti-PD-1. However, to our knowledge 
this study is the first to directly compare the intratumoral 
immune responses elicited by RT and PT, as well as their 
combined effects with anti-PD-L1 immunotherapy.

Our data indicate that both RT and PT activate 
immune response pathways. Despite transcriptomic data 
highlighting the induction of similar molecular pathways, 
certain differences were observed. Chemokine release 
after RT and PT attracts immune cells to the treated 
area, potentially modulating inflammation, influenc-
ing the immune responses against tumor cells, and the 
local vascularization. Both radiation modalities induced 
a significant upregulation of IFN-inducible chemokines, 
including cxcl10, cxcl11, cxcl16, ccl3, ccl4, ccl5 and ccl11. 
Additionally, RT induced cxcl9, while PT upregulated 
ccl7, ccl8, and ccl22 (Figure S2). These results align with 
the findings by Vanpouille-Box et  al., who reported an 
upregulation of IFN-inducible chemokines (cxcl9, cxcl10, 
cxcl11, cxcl16 and ccl2 and ccl5) after a 3 × 8 Gy RT treat-
ment on TSA tumors [52], as well as those from other 
studies [15, 16].

For instance, the expression of trex1 was analyzed in 
response to PT and RT. Consistent with prior reports 
by Vanpouile-Box et  al. [52], RT did not significantly 
modulate trex1 expression with 8 Gy per fraction, asso-
ciated with a significant upregulation of type I IFN-
related genes such as cxcl10 and ifnar (Fig. 1F) and others 
(Figure S3A). Interestingly, PT triggered a significant 
increase in trex1 expression without inhibition of type I 
IFN gene expression. Instead, this was accompanied by 
a concurrent increase in cxcl10, albeit to a lesser extent 
than observed with RT, along with the upregulation of 
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Fig. 3 Efficacy of combination therapy involving anti‑PD‑L1 treatment with either RT or PT. Tumors were treated with 3 × 8 Gy and anti‑PD‑L1 
(10 mg/kg) 3 times per week over 3 weeks, 3 ten days after the injection of colon CT26 murine cancer cells into Balb/c mice (A) (Created 
in BioRender). Evaluation of untreated (black) CT26 tumors or those treated with anti‑PD‑L1 (blue), 3 × 8 Gy delivered with RT or PT irradiation 
combined with IgG (control) (orange) and RT or PT combined with anti‑PD‑L1 (purple) on tumor volumes implanted in immunocompetent BALB/c 
mice (B and D). Kaplan Meier survival curves with log‑rank test comparisons, **p < 0.01 (C and E). Sample size: n = 5–10 mice per group for RT 
and n = 10–11 mice per group for PT. CR: complete response
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ifnar (Fig. 1G) and other type I IFN-related genes (Figure 
S3B). TREX1 exonuclease is known to degrade cytosolic 
DNA fragments, thereby preventing their detection by 
the cGAS-STING complex and the subsequent activa-
tion of the associated pathway leading to the expression 
of type I IFN genes.

After PT, the increased expression of TREX1 exonu-
clease could lead to the degradation of cytosolic DNA, 
thereby reducing cGAS/STING pathway activation and 
limiting cxcl10 induction. As Cxcl10 recruits T and NK 
immune cells, its lower expression after PT could explain 
the more moderate CD8 + T cell infiltration observed 
compared to RT. This differential Trex1 regulation may 
result from PT’s localized energy deposition within the 
Bragg peak, leading to highly clustered DNA damage, 
which has been linked to trex1 upregulation in high-dose 
irradiation [52, 53]. Additionally, chromatin modifica-
tion induced by PT, such as changes in DNA methylation 
and histone pattern could influence trex1 transcription 
[54]. Given that trex1 negatively regulates the type I IFN 
response, its upregulation after PT may reduce cxcl10, 
diminishing immune cell recruitment and explaining the 
reduced CD8 + T cell infiltration compared to RT.

In addition to RNA-Seq-based analysis of immune 
cell components, a detailed characterization of the TME 
was considered essential and was achieved using flow 
cytometry to precisely identify and quantify individual 
cell types. Our immunomonitoring investigation pre-
sented both similarities and disparities in the immuno-
activating and immunosuppressive effects induced by a 
3 × 8 Gy fractionation scheme of RT or PT. Regardless of 
the particle type used, tumor heating was observed with 
infiltration of CD45 + immune cells. Among these infil-
trating cells, CD8 + lymphocytes, key mediators of the 
antitumor immune response, were infiltrated consistent 
with our previous findings reported for the same model 
using a different fractionation scheme (1 × 16.4 Gy) [40]. 
Notably, these CD8 + T cells were less exhausted after PT 
compared to RT.

Radiation-induced antitumor responses have been 
widely shown to depend primarily on CD8 + T lympho-
cytes [15]. Moreover, the extent of CD8 + T cell infiltra-
tion in tumors has been linked to treatment efficacy and 
patient survival outcomes [55]. Therefore, evaluating 
CD8 + T cell infiltration after RT, in conjunction with the 
induction of cxcl10 expression may serve as a potential 
biomarker for predicting response to RT, particularly 
when combined with IT.

Interestingly, we observed a significant infiltration of 
NK cells only after RT irradiation. This infiltration could 
be linked to a significant increase in cxcl9 gene expression 
detected after RT but not after PT. This lack of induction 
of cxcl9 expression after PT could be also related to less 

CD8 + T cell infiltration after PT since this chemokine 
is involved in the attraction of both cell types [56]. Con-
cerning the immunosuppressive response activation, we 
observed an increase in the infiltration of Treg cells after 
both RT and PT. Those results are consistent with those 
previously reported by our team [24] using the same RT 
scheme and cancer model. Hu et  al. also reported the 
infiltration of both CD8 + T cells and Tregs after PT [57]. 
We also observed an increase in the infiltration of mye-
loid distinct-derived suppressor cells (MDSCs) only after 
PT. This observation was similarly documented by Chen 
et  al. following a single dose of 12  Gy PT [58]. MDSCs 
possess a number of immunosuppressive properties, act-
ing on various tumor response players such as inhibition 
of recruitment, activation and functionality of antitumor 
T cells. By secreting IL-10 and TGF-beta, MDSCs also 
limit NK and macrophage function [59]. Recently, we 
demonstrated that this immunosuppressive response can 
be effectively inhibited by combining treatment with low-
dose 5-fluorouracil, which induces MDSC death without 
direct cytotoxic effects on tumor cells [60]. This strategy 
highlights the potential of such chemotherapy combina-
tion with 3 × 8  Gy PT to limit the immunosuppressive 
response and improve effectiveness of the treatment.

Our immunomonitoring study suggested a potential 
advantage of immunoactivation through RT over PT in 
modulating the TME, with increased CD8 + T cell infil-
tration observed after RT and enhanced MDSCs infiltra-
tion after PT. The 3 × 8  Gy fractionation regimen in PT 
demonstrates greater efficacy compared to RT alone. This 
disparity may be explained by differences in the relative 
biological effectiveness (RBE) between PT and RT. In 
our study, the ballistic advantage of PT is not evident, 
as the RT approach employed ensures precise tumor 
targeting while entirely sparing the OAR and the rest of 
the mouse’s body. This level of precision is not typically 
achievable in clinical RT practice, introducing a potential 
bias in our RT model when compared to clinical appli-
cations. Specifically, our RT treatment plan accounts 
for ballistic effects by exclusively sparing the mouse and 
directing radiation solely towards the tumor. Recent find-
ings by Tadepalli et  al. have demonstrated the impor-
tance of ballistic considerations in a comparative analysis 
in a conformal radiation therapy (CRT) plan, similar to 
our ballistic, and a stereotactic radiation therapy (SRT) 
plan, which irradiates a portion of the mouse’s healthy 
organs in a manner more representative of clinical condi-
tions [38]. This disparity resulted in a more pronounced 
immunosuppressive response and monocytes infiltration 
in the irradiated OAR. In contrast, the ballistic charac-
teristics of PT are more aligned with clinical conditions, 
particularly with the absence of dose deposition behind 
the tumor, attributable to the Bragg peak [61]. In the 
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clinical setting, the advantage of PT in sparing OAR, 
which correlates with lymphocyte infiltration, appears to 
be linked to immune efficacy on lymphopenia compared 
to RT [39]. Thus, there is certainly an interest in com-
bining PT with IT, with careful adaptation of optimal IT 
targets, adjusted radiation fractionations, and tailored IT 
and PT sequences.

Previously we have demonstrated, using the same 
tumor model that the induction of target expression 
(PD-L1 or TIGIT) by RT correlated with the efficacy of 
combination immunotherapy [24]. While an induction 
of PD-L1 was evidenced seven days following RT, such 
induction was not observed after PT. Regarding the lack 
of enhanced PD-L1 expression following PT, Chen et al. 
observed an induction/upregulation of this expression in 
a hepatocellular carcinoma model irradiated at a single 
dose of 12 Gy, specifically during the early post-PT phase 
at day 3, but no longer observed at day 12 [58]. In relation 
to the lack of benefit observed with anti-PD-L1 in com-
bination with PT, in a subcutaneous model of hepatocel-
lular carcinoma, Chen et al. observed a gain at day 12 but 
did not extend the efficacy study beyond this time point 
[58]. However, in an orthotopic model, IT did not pro-
vide additional efficacy compared to PT alone (12  Gy), 
also assessed at day 12. This underscores the importance 
of conducting a more prolonged follow-up to thoroughly 
evaluate long-term outcomes. In our present study, the 
combination of RT and IT demonstrated a significant 
improvement compared to RT alone, while PT and IT 
were not significantly different from PT alone. The lack of 
a significant survival difference between PT alone versus 
PT combined with anti-PDL1 may be also due to the high 
antitumor efficacy of PT alone, which potentially limits 
an additional benefit of the PT and IT combination, par-
ticularly in contrast to RT.

Few clinical trials are terminated or currently underway 
combining PT with IT and these combinations are often 
limited to traditional or historical IT such as anti-PD1 
(NCT03764787, NCT03539198 and NCT03765190), 
anti-PD-L1 (NCT032677836, NCT03450967) and anti-
CTLA4 (NCT03450967). Given the radio-induced 
immune response associated with PT in our model, 
there is potential interest in co-administering PT with an 
inhibitor of MDSC, like 5-fluorouracil and/or an inhibi-
tor of Treg, such as CTLA-4 or cyclophosphamide. Addi-
tionally, our RNA-Seq analysis revealed a substantial 
upregulation of targets such as tigit, lag-3, havcr2 and 
cd40 after PT (Figure S4) suggesting the potential for 
evaluating the efficacy of PT in combination with IT tar-
geting these proteins.

In conclusion, we have provided in our original 
study the impact of PT versus RT on the intratumoral 
immune response. While both modalities elicit similar 

radiation-induced immune effects, notable differences 
were observed, particularly in the immunosuppressive 
response. These findings highlight the need to optimize 
the selection of immunotherapies combined with PT 
to achieve an optimal therapeutic outcome. Our results 
indicate promising immunotherapy strategies. It would 
be beneficial to explore more recent immunotherapies 
or those currently in development, to select therapies 
based on the induction of target expression. Like in the 
combination of IT with RT, optimizing the PT dose, frac-
tionation and combination sequences is also crucial for 
maximizing treatment efficacy of PT and IT.
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