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There is more in radiotherapy than „simple“ cell inactivation
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Przystupski, Front Pharmacol., 2019

Durante et al., Nat Rev Phys., 2021

Abscopal effect



Improved local control rate after CIRT
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Non-small cell lung cancer (NSCLC) stage IIA/IIIA, therapy regimen: 
68-72 GyE carbon ions, 4 Gy/fraction 

Local control rate, 93.1%

Overall survival

Takahashi et al., Cancer 2015



Metastatic cancer disease
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• Therapy of metastastic cancer disease is normally palliative, with 
the clinical goal of improving quality of life

• Primary cause of cancer morbidity and mortality, responsible for 
about 90% of cancer deaths

• Rather low 5-year survival rates



The immune system protects from cancer
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Carbone et al., J Thorac Oncol., 2015

Schreiber et al., Science, 2011

Increased risk of cancers in immunocompromised populations:
• HIV/AIDS (standardized incidence ratio=4, IC95% 3.78-4.24)
• transplant recipients (standardized incidence ratio=3.28, IC95% 3.06-3.52) 

Oliveira Cobucci et al., Cancer Epidemiol., 2012



Cancer immunoediting
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Van der Burg, Nat Rev Cancer, 2016



Immune system
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Dranoff, Nat Rev Cancer, 2004 Antia et al., Nat Rev Immunol, 2005



Cancer immune cycle
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Demaria et al., Nature, 2019



Antigen presenting cells
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Liu and Roche, Front. Physiol., 2015Hackstein and Thomson, Nat Rev Immunol, 2004



Cytotoxic T-cells and checkpoints
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Perdomo-Celis et al., Front. Immunol., 2019

Nishino et al., Nat Rev Clin Oncol., 2017



Checkpoint inhibition
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Nivolumab
anti-PD-1

Ipilimumab
anti-CTLA-4

Checkpoint inhibitors

Ribas et al., N Engl J Med., 2012



Tumor microenvironment alters the immune function
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Wei and Tasken, Biochemical Journal, 2022Verma et al., EBioMedicine, 2022



Tumors create immune suppressive environments
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Zindl and Chaplin, Science, 2010

Galon and Bruni, Nat Rev Drug Discov., 2019



Cancers exploit many immune evasion strategies
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Galluzzi et al., Nat Rev Immunol., 2017



Radiotherapy can convert the tumor microenvironment
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Demaria and Formenti, Front Oncol., 2012



Radiotherapy can also be immunosuppressive
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Demaria et al., JAMA Oncol., 2015

Durante et al., Trends Mol Med., 2013



The way the cell dies matters – immunogenicity of the cell death
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Galluzzi et al., Nat Rev Immunol., 2017



Immunogenicity of RT: antigenicity and adjuvanticity
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Minn Lab, University of Pennsylvania

Brixx and Lauber, Springer, 2023

Durante et al., Trends Mol Med., 2013



Antigenicity of RT
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Kucab et al., Cell, 2019



Antigenicity of RT
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Lussier et al., PNAS, 2021



Antigenicity – improved for hadron therapy?
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Clustered DNA lesions lead to a higher yield of unrepaired damage

Differential gene expression after high LET radiation with respect to DDR

Durante et al., Nature Reviews 2017



Antigenicity – improved for hadron therapy?
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Durante and Ritter, Mut Res., 2010

Hadron therapy might further improve the mutagenic landscape of 
tumors with low mutational burden

High LET particles feature different mutation signature as compared to 
photons

Rose Li et al., Nat Commun., 2020



Adjuvanticity – danger signals
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Durante et al., Trends Mol Med., 2013

Galluzzi et al., Nat Rev Immunol., 2017



Adjuvanticity – increased danger signals after CIRT exposure
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Onishi et al., Rad Res. 2018

Yoshimoto et al., Rad Res. 2015

Iso-effective doses with respect to clonogenic cell survival

LM8 osteosarcoma

NR-S1 SCC

Galluzzi et al., Nat Rev Immunol., 2017



Different types of cell death – different immunogenicity
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Galluzzi et al., Cell Death Differ., 2018



Different (more immunogenic) types of cell death for hadron RT?
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CIRT can induce p53-independent apoptosis

Indications for efficient induction of necroptosis

CIRT was found to trigger ceramide pathway



Type-I interferons
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Demaria et al., Nature, 2019Berglund et al., Exp Mol Med., 2021



Type-I interferon signaling upon irradiation
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Zhang et al., Immunology, 2023

N. Averbeck, GSI, 
unpublished data
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Sparing circulating blood/immune cells is important
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A single radiation fraction delivered 0.5 Gy
to 5% of circulating cells, 

after 30 fractions 99% of circulating blood 
had received ≥0.5 Gy

Need:
- Reduced integral dose
- High dose-rate
- Hypofractionation

Yovino et al., Cancer Invest, 2013



Particle therapy can better spare circulating immune cells
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Durante et al., Int. J. Radiat. Oncol. Biol. Phys., 2000



Importance of (sparing) the draining lymph node
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Marciscano et al., Clin Cancer Res., 2018



Importance of (sparing) the draining lymph node
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Marciscano et al., Clin Cancer Res., 2018



Combination of RT with immunotherapy
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Disease control
(CR+PR+SD) in ∼31%

CR = complete response
PR = partial response
SD = stable disease
PD = progressive disease

RECIST = Response Criteria In Solid Tumors



Combination of RT with immunotherapy
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CR+PR+SD = disease control

Formenti et al., Nat Med., 2018

CR = complete response
PR = partial response
SD = stable disease
PD = progressive disease

RECIST = Response Criteria In Solid Tumors



Abscopal tumor models
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These models often develop metastases

Ebner et al., Trans Cancer Res., 2017



Combination of CIRT with immunotherapy
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Hartmann et al., Cancer Lett., 2022

Iso-effective doses: 3.08 Gy CIRT vs. 5 Gy XRT



Combination of CIRT with immunotherapy
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Takahashi et al., Oncotarget, 2019



Combination of CIRT with immunotherapy
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NC = negative control
CPI = check point inhibitors only
CIRT = C-ions only, 10 Gy
XRT = photons, 10 Gy

Negative control

CIRT+CPI

Helm et al., Int J Radiat Oncol Biol Phys., 2021



Combination with dendritic cell injection
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CIRT („clinically available dose“) +/- intratumoral DC injection in SCCVII (poorly immunogenic squamous cell carcinoma) in C3H/He mice

CIRT: efficient elimination of primary tumor, significant reduction of tumor formation after secondary challenge (contralateral site)

CIRT + DC: antitumor effects significantly increased (e.g. cytolytic activity)

Matsunaga et al., Cancer, 2010

Solid line: CIB+DC
Dashed line: CIB alone



Importance of sequence in combination therapy
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Moore et al., Int J Radiat Oncol Biol Phys., 2021



Importance of sequence in combination therapy
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Dovedi et al., Clin Cancer Res., 2014



Importance of sequence in combination therapy
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Wei et al., Sci Immunol., 2021

MC38 model

solid line: anti-PD-1 before RT

dashed line: anti-PD-1 after RT



Dose and fractionation scheme
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Hadron therapy allows for a more precise delivery of higher doses, which is of advantage if higher
doses or hypofractionation are to be delivered (more immunogenic?)



mRNA vaccines in combination with RT
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CT26 PME1 = RNA vaccine (pentatope, engineered from 5 
highly expressed CT26-specific mutations)



Clinical trials combining particle therapy and immunotherapy
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CIRT NCT05229614 Non Small Cell Lung Cancer fRT; 3 x 8 Gy[RBE] Pembrolizumab Not yet recruiting Phase II

Head and Neck Squamous Cell Carcinoma Total 24 Gy [RBE] (unknown dose)

Melanoma 

Urothelial Carcinoma

Adapted from Marcus et al., Cancers, 2021



Take Home Messages
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The immune system plays a pivotal role in (metastatic) cancer treatment; immunotherapy is 
established as additonal pillar in cancer therapy

The mechanisms by which the immune system is triggered and interacts with radiotherapy are not 
well enough understood to reliably exploit it in a combined treatment strategy

Hadrontherapy has the potential to improve the outcome of a combined therapy



Thank you for your kind attention


