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There Is more In radiotherapy than ,simple” cell inactivation
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Improved local control rate after CIRT

Non-small cell lung cancer (NSCLC) stage IIA/IIIA, therapy regimen:
68-72 GyE carbon ions, 4 Gy/fraction
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Metastatic cancer disease

Stage IV Lung cancer has spread
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The immune system protects from cancer

immangcefisent Increased risk of cancers in immunocompromised populations:
gRoarcinogen * HIV/AIDS (standardized incidence ratio=4, IC95% 3.78-4.24)
m ’) 100~ RIS * transplant recipients (standardized incidence ratio=3.28, IC95% 3.06-3.52)
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Cancer immunoediting

a Elimination b Equilibrium c Escape

Cytotoxic *

activity

Tumour cell
cell tumour cell  variant cell variant
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e MHC class | > | * MHC class |
* Antigen processing e Antigen processing
® Tumour cell recognition e Tumour cell recognition

Van der Burg, Nat Rev Cancer, 2016
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Immune system

Innate immunity

e Generation | Maintenance | Role of memory
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Cancer immune cycle

Priming and activation
(APCs and T cells)

Cancer antigen
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Antigen presenting cells
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Cytotoxic T-cells and checkpoints

Galectln 9 PD-L1 PD-L2 MHCI
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Checkpoint inhibition

[ AWARDS |

Cancer immunologists scoop
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One of the hottest areas in cancer research, immunotherapy can dramatically extend lives.
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Checkpoint inhibitors

Ipilimumab

anti-CTLA-4

Ribas et al.,

N Engl J Med., 2012

Nivolumab
anti-PD-1

Tasuku Honjo (left) and James Allison share the 2018 Nobel Prize in Physiology or Medicine.
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Verma et al., EBioMedicine, 2022 Wei and Tasken, Biochemical Journal, 2022
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Tumors create Immune suppressive environments

Absent: low Immunoscore (non-inflamed, cold)

AT

Altered: inter e
Immunosuppressed

Zindl and Chaplin, Science, 2010

H I Galon and Bruni, Nat Rev Drug Discov., 2019
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Cancers exploit many immune evasion strategies

Table 2 | Evasion of danger signalling by pathogens and cancer cells

Danger signal
Cancer cells

UPR and ER
chaperone
signalling

Autophagy and
ATF signalling

RNA signalling

Strategy®

Improved ER
homeostasis

CALR loss

Limited HSP exposure

CD47 upregulation
LRP1 downregulation

Overexpression of
BCL-2-like proteins

BECN1

downregulation

CD39 and/or CD73
overexpression
P2RX7 SNPs

TLR3 SNPs

TLR3 downregulation

TRIF downregulation
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Setting®

Patients affected by multiple
tumours

Patients with NSCLC

Patients with NHL

Patients affected by multiple
tumours

Patients with melanoma

Fatients affected by multiple
tumours

Breast cancer patients

Patients affected by multiple
tumours

Patients with breast cancer

Patients affected by multiple
tumours

Fatients affected by multiple
tumours

Patients with hepatocellular
carcinoma

Notes

High levels of GRP78 correlated with worsened disease
outcome

CALR levels of expression in malignant cells correlated
with the phosphorylation of elF2A and influenced
disease outcome

Limited HSP90 exposure was associated with no
clinical responses to autologous cancer cell-based
vaccination

Low CD47 levels on neoplastic cells correlated with
improved disease outcome

High LRP1 levels on monocytes were associated with
slow progression

Several cancers are characterized by the overexpression
of BCL-2-like proteins, which potently inhibit autophagy

Decreased BECN1 mRNA levels were associated with
poor prognosis

High CD39 and/or CD73 levels on malignant or immune
cells correlated with worsened disease outcome

Loss-of-function PZRX7 mutation was associated with
shortened time-to-metastasis

TLR3 mutational status influenced disease outcome

High TLR3 mRNA or protein levels were associated with
improved disease outcome

Robust TRIF expression correlated with increased
overall survival

Refs
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94
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25

123

95
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123
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Cancer cells (cont.)

Type | IFN
signalling

ANXA1 signalling

HMGB1 signalling

Celldeath

IFNAR1 SNPs

IRF7 downregulation

STAT1 deficiency

FRP1 SNPs

HMGEB1 loss

TLR4 SNPs

TP53 mutations

Altered expression of

BCL-2 family members

Patients with glioma

Patients with breast cancer

Patients with breast cancer

Patients with breast cancer

Patients with breast cancer

Patients with breast cancer

Patients affected by multiple
tumours

Patients affected by multiple
tumours

Galluzzi et al., Nat Rev Immunol., 2017

Loss-of-function IFNAR1 mutation was associated with
worsened disease outcome

Low IRF7 levels have been linked to decreased
metastasis-free survival

Approximately 33% of breast cancer biopsies displayed
undetectable or extremely reduced STAT1 levels

Loss-of-function FPR1 mutation was associated with
shortened time-to-metastasis and decreased overall
survival

Loss of nuclear HMGB1 positively correlated with
tumour size

Loss-of-function TLR4 mutation was associated with
shortened time-to-metastasis

Mutations in TP53 are found in >50% of all human
cancers, and are associated with increased resistance to
cell death

Many cancers overexpress anti-apoptotic BCL-2-like
proteins or inactivate their pro-apoptotic counterparts
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Radiotherapy can convert the tumor microenvironment

Before RT | After RT Draining Lymphnode LEGEND
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Radiotherapy can also be iImmunosuppressive

Immune stimulatory signals
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DCs STAT1
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Tumor
destruction

Durante et al
Demaria et al., JAMA Oncol., 2015

., Trends Mol Med., 2013
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The way the cell dies matters — immunogenicity of the cell death
ER chaperones Autophagy induction
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Immunogenicity of R’

. antigenicity and adjuvanticity

ANTIGENICITY ADJUVANTICITY
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Brixx and Lauber, Springer, 2023

Durante et al., Trends Mol Med., 2013

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548




A

Fn(mddu hyde (129 :@ b
4.5 )
hyd i)
Aldehydes E T (1 e'nt& 54 ] Eh
LR
DES (0. B
M i i 3
Alkylating Agents ons . )
atin q
- - - ﬁ&%ﬁﬁg ] P EIII&MM (0375 If‘“hﬂ
‘I'amolwde - Elipticing (0,625 uM} +
Toimzelam | gm ;
ERiplicing. S?SHM 5 }nlmu
Elwuglslg [l “55[;2% v;g ] Mec Semusting ||
Malphalan (1.5 ] Esopomce {00182
Drug Therapy “‘mg\fﬂﬁﬂ ] Jashosshamidy (19,75 i +
Einpdsde 0,0158 uMd) | Gy e {1 608
Ellpaciva }ﬂlz ] Wal n (1.5
Bleceriycin (0,158 c mL,gg
Camptathoci |0.0083 1 Sermustine (FU0 uM
31 Sermusting (710 i) + 4 7 Cysluphaspt ey
[rei D=4 iomyen & (6313
:g: Gyclaphesphamioe (18.75;!;25‘ ] T d‘ % ul Cy
Zg;: AzD! D}u.azs 1 Ao (08575 | »
DDR inhibitors L st L ey e E
2-Haphiylaming 1z R AMinG (2320 M) + H: i
nzdne (S00 pM} + X niing (3.8 mi
2-Napminglaming = HEE o T E%Mulﬂh o
] o WOCA (375 M <23
i ¢ epmachifeiin 8 B
. . i | -4 - 4 -~
Aromatic Amines 2:0“"“"" 3"“.:'3‘:45 5] zj_mmm'};:’ﬁ,ﬁ" ] -
it 11 mh] — i i <
100 Enr 8 | commeniad -
AP +et Rl 0 e T 18] i
FA {2 - 20 ] P ey R e 2
. . PhIP «.E‘?: 223 PRIP 3 LM} + ac [ i
Heterocyclic Amines i 330 Vi - PR “’:":E"a[&'i 15 e
iati SEA 11 seradialion (2 Or - =]
. Rad Ia_tl@l"l Gamma Mﬂeﬂgﬁ M-l ﬂmﬂﬁr‘oéﬂ ; HoHi %E"ﬁm uki+
e«  Nitrosamines N-Nerosopmaligng (50 L2roE E‘g MEA‘?&% i
— HFDE (0175 DEA {75 M) + PR 7 M- 54
= DF (05313 M) DEADE {0,061 DEA (75 M)+ 52
S S-Matrylreysant [&Eﬂ: g;_ B?; 5: + m%ss ‘u 1
DEPDE (0 I-”‘;' S-Malhych 1.6 WM} + 53 mmcnnla%amg & UM} |
E PAHs e ] ot DR a3t L Sa]
-— BaF kﬂz + e DE 10.000625 [HP A |
m DBF (0.0313 A :-il 1 DDEF{‘&”" + ‘1: M)+
) ngap Eﬂ:‘s‘i paF (0.0313 i + Da.;gém‘ms
— R i
I— - Dac |:?Bar. “5;"“ Daﬁférﬂ - 1.5-0le I!
G-Nitrochrysana — E-bikmeh 5n
- 5 ¥ 50 Lk} + 59
R R yeri %
3-N3A (01 “3-NEA B
G-Nitrochryssns [12.5 S‘l + 5 Hm"r‘%m_s b+ 0 - B-N&n:':munnﬂ? ﬁ l%
Mitro-PAHSs T0-0NP (00125 M) 0025 1 g
TN 008 iishuernt (15 4] ] T-hrgpere o
- A-Hitropyrene [1.75 ki) + 5 2-Niirosaann (4.5 mb) + 54 - sl {10
- - %M\wm 10 1-Niropyr B Mo+ 53 1 Hi (2,5
ional signatu i Rt Henive a8
enaium T W= E :
2-Mirateluene (4.6 + 8 L0, Fulassum Qe
Pd“&llum mmal.gig“ﬁ Prtassin % 1 HO 1545
Patassium beamal Potasshan
i tal Agents OSNOS ™R B o
EnVIronmen a g s chromats (75 A iy e R i ire 78
W:III ehlaride Caachin e ] Nicka| |1l ohi |'
Cadmiim ehlatide (2.5 L Hichy ] kanHIIL corkde {125
Metal Salts SakaA i i (350 Sodiup ] ey e
| chlaride. ] Lum‘lﬁll}mﬂm
m[lr}cnm(;a.s Luaﬂ{l!lﬂﬂl‘lh'!
Kucab et al., Cell, 2019 el e o 1= ey
. ! 1 =
’ ’ By 20 ] Methyloug 1= o‘rn@tm? i
AFET 0 g + &l 1 = Coal 5l
o e iy -5 e 1= Sudan 1420
1375 uEER 8 12 Mathy ul‘;:l e
nnnn;wumn;.;s E ~RER I .. a \
Others aymumn;a?!mi: — Propylana anda {1 1z WE. 'Fa;:goaz‘s’e
e i o] - q = ; +
i =i ﬂzsu"iqt - " 1 Agiaiss s it
Azrylamide (9.5 mM) + S5 4 B 1= Acrolain (5
Acralein (5 M) r |, 4-Benzogqu| - MX (25 yl
H‘nsz-! 1 b ] ammmm l 75 TS UM
Catochial s.a 1 F % X Si 1
one B
1"—% nirol | nusucmnwross 7 uusncnmml o =83
ontral {1.2%) nirol {4.3%) «
nusocwn'ulo £l v HEE DMS0 Corral [0.8%) + 58 | Mn:m Cornml |:m
DS G hs + 88 DMSQ Coniral H[*SS
asle 2] OMS0 Corrol (015} + 53 0. 1b
N’ 13 I Fﬁé’% e ﬁoiﬂ%gél 99
N . 1 B oniral il |
i b 4 ]
Controls Mg‘é?ﬁ.&. E,sx 75l ey ““"E&‘;“‘}'“?é’ 1 o.%
Hati Coere| E OMST c‘lrrb":ﬂmaﬁ’ﬁa
MeOH Control [1.3%) - {um
i N'?:an&“ﬁi,mé: MO Corral ) + 55 , DMSD Conlral {075} 541§ T T T T T
4 DS Conn i T T
BMED Corntral {0685} T T 0 40 80 120 180 200
. s y T 2 40 60
Heavy lon Therapy Research Integration Q=0.01 0 1000 2000 3000 4000 U 0

Tra=0.001 Number of substitutions Number of double-substitutions Number of indels



L Radiation-induced neoantigens broaden the
Antigenicity of RT immunotherapeutic window of cancers with low
mutational loads
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Antigenicity — improved for hadron therapy?

Clustered DNA lesions lead to a higher yield of unrepaired damage

Durante et al., Nature Reviews 2017

Differential gene expression after high LET radiation with respect to DDR

A Meta-Analysis of the Effects of High-LET Ionizing Radiations
in Human Gene Expression

Theodora-Dafni Michalettou 20, loannis Michalopoulos e, Sylvain V. Costes 32, Christine E. Hellweg4 ,
Megumi Hada 5+ and Alexandros G. Georgakilas 1+

T | "
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Remaining damage
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Adjuvanticity — danger signals

ER chaperones Autophagy induction
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HMGB1 release

Adjuvanticity — increased danger signals after CIRT exposure

CALR exposure
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Different types of cell death — different immunogenicity

crosis
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& Galluzzi et al., Cell Death Differ., 2018
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Different (more immunogenic) types of cell death for hadron RT?

CIRT can induce p53-independent apoptosis

DIFFERENT MECHANISMS OF CELL DEATH IN RADIOSENSITIVE AND - High LET Heavy Ion Radiation Induces pSS-Independent Apoptosis
RADIORESISTANT P53 MUTATED HEAD AND NECK SQUAMOUS CELL CARCINOMA ¥
CELL LINES EXPOSED TO CARBON IONS AND X-RAYS
_ Eiichiro MORT', Akihisa TAKAHASHI', Nobuhiro YAMAKAWAZ,
Mira MaaLoUE, M.S..*! GersenpE ALpHONSE, PH.D.,™F ANtHONY CoLuiaux, M.S.*18 Tadaaki KIRITA? and Takeo OHNISHI'*
MicHAEL BEUVE, PH.D..*¥ SELENA TrRAJKOVIC-BODENNEC, PH.D..* PRISCILLIA BATTISTON-
MonracnE, B.Sc.,*T IsaBerLe Testarp, Pu.D.. Y Ouvier Charer, M.D., Pu.D..}
MarciL Basaro, Pu.D..*® GiseLa Tavcuer-Scrorz, Pu.D., | CLaubia Fournir, Pu.D.l anp
CLAIRE RODRIGUEZ-LAFRASSE, P.D.*

Indications for efficient induction of necroptosis

Carbon ion triggered immunogenic necroptosis of
nasopharyngeal carcinoma cells involving necroptotic
inhibitor BCL-x

Cihang Baol?#, Yun Sun®?*#, Bilikere Dwarakanath?3, Yuanli Dongl#4, Yangle Huang!34, Xiaodong Wu?3,
Chandan Guha?®, Lin Kong?? ", Jiade J. Lul®

CIRT was found to trigger ceramide pathway

> J Pharmacol Exp Ther. 2021 Jun 22;JPET-AR-2021-000629. doi: 10.1124/jpet.121.000629.

p53-independent early and late apoptosis is Online ahead of pint
H IT med Iated by ceramlde after exposure Of tumor SphingOSine kinase inhibition enhances dimerization ias received funding from the European Union’s Horizon 2020
ce”S to photon or Carbon ion irradiation of calreticulin at the cell surface in mitoxantrone- innovation programme under grant agreement No 101008548
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Type-| interferon signaling upon irradiation
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Sparing circulating blood/immune cells is important

8

A single radiation fraction delivered 0.5 Gy
to 5% of circulating cells,

after 30 fractions 99% of circulating blood
had received 20.5 Gy

% Blood Pool with Dose > 0.5 Gy
c33888883 828

0 2 4 6 8B 10 12 14 16 18 20 22 24 26 28 30 Need.

Number of Fractions .
- Reduced integral dose

Yovino et al., Cancer Invest, 2013 - High dose-rate
- Hypofractionation
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Particle therapy can better spare circulating iImmune cells

Neuro-Oncology

23(2), 284294, 2021 | doi:10.1093/neuonc/noaal182 | Advance Access date 5 August 2020
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Proton therapy reduces the likelihood of high-grade
radiation-induced lymphopenia in glioblastoma patients:
phase II randomized study of protons vs photons

Radhe Mohan®, Amy Y. Liu, Paul D. Brown, Anita Mahajan, Jeffrey Dinh, Caroline Chung,
Sarah McAvoy, Mary Frances McAleer, Steven H. Lin, Jing Li, Amol J. Ghia, Cong Zhu,
Erik P Sulman, John F. de Groot, Amy B. Heimberger, Susan L. McGovern, Clemens Grassberger,
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Importance of (sparing) the draining lymph node

Translational Cancer Mechanisms and Therapy gg::;cearl Marciscano et aI., Clln Cancer Res., 2018

Research
Elective Nodal Irradiation Attenuates the

Combinatorial Efficacy of Stereotactic Radiation
Therapy and Immunotherapy el

Ariel E. Marciscano', Ali Ghasemzadeh?, Thomas R. Nirschl?, Debebe Theodros?,
Christina M. Kochel? Brian J. Francica®, Yuki Muroyama®, Robert A. Anders3,

Andrew B. Sharabi®, Esteban Velarde' Wendy Mao?, Kunal R. Chaudhary?®,

Matthew G. Chaimowitz®, John Wong', Mark J. Selby’, Kent B. Thudium’, Alan J. Korman’,
David Ulmert®, Daniel L.J. Thorek®®, Theodore L. DeWeese"?, and Charles G. Drake?®

Tumor RT T+LN RT
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Importance of (sparing) the draining lymph node
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Combination of RT with immunotherapy

medicine

LETTERS

https:{idoi.org/10.1038,/541591-018-0232-2 250
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Combination of RT with immunotherapy
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Abscopal tumor models

n times
drug injection (single or in combination)
Ebner et al., Trans Cancer Res., 2017

\
[ 1
A A AN

v Vv v

Tumor IR Sampling
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IR only
Control
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Combination of CIRT with immunotherapy
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Combination of CIRT with immunotherapy
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% survival

Combination with dendritic cell injection

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)

ciB+DC
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Naive
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Importance of sequence in combination therapy
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Importance of sequence in combination therapy

A A B C A. aPD-L1 mAb starting on day 1 of RT
w v \ \ B. aPD-L1 mAb starting on day 5 of RT
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Importance of sequence in combination therapy
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Dose and fractionation scheme

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?)

400+
Priming anti-tumor immunity by radiotherapy: Dying tumor cell-derived DAMPs ]
trigger endothelial cell activation and recruitment of myeloid cells j

300 -
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MRNA vaccines in combination with RT

OHCOIMMUNOLOGY

2020, VOL 9, NO. 1, 1-13
https//doi.org/10.1080/2162402¥.2020.1771925

A liposomal RNA vaccine inducing neoantigen-specific CD4" T cells augments the
antitumor activity of local radiotherapy in mice

Nadja Salomon?®, Fulvia Vascotto®, Abderaouf Selmi®, Mathias Vormehr®, Juliane Quinkhardt®, Thomas Bukur?,
Barbara Schrérs?, Martin Loewer®, Mustafa Diken?, Ozlem Tiireci®, Ugur Sahin®s, and Sebastian Kreiter CT26 Py,:1 = RNA vaccine (pentatope, engineered from 5
highly expressed CT26-specific mutations)

control RNA-LPX CT26 Pyet RNA-LPX
d control RNA-LPX +120y CT28 Pyt RNA-LPX i Gy e f
| RNALPX 404 2048- o 2048+ 2048+ Z/ 2048- —
5121 5121 5121 o 5124 i
peo E 128 128 128 7’*,‘?’ 128 T ™ E
g e - " b A N
doe|1o d17 d21 d24 426 d31 g1 g j,:‘ g s0{ 1 == control RNA-LPX
| Pid g 329 ¥, A = 321 < A , — control RNA-LPX + 12 Gy
- EE - - i 2 ES
CcT26 Blood g 8! 8 8{ ./ 8- 2 ! - - CT26 Pyt RNA-LPX
sampling 2 CROM2 CR1M0 CRO7 CR 6/10 % : : il — CT26Pyet RNA-LPX + 12 Gy
0 25 50 75 100 O 25 50 75 100 0 25 50 75 100 O 25 50 75 100 0 50 100 150
Days after tumor inoculation
) Days after tumor inoculation ¥

I Lot

Heavy lon Therapy Research Integration

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548

02/07/2023




Clinical trials combining particle therapy and immunotherapy

Table 1. Currently ongoing or initiated clinical trials regarding proton RT (PrRT) and carbon ion RT (CIRT) in combination
with immunotherapy (I10).

Identifier Pathology RT Dose 10 Dose Status Study Type
. , L Nivolumab * N: 1 mg/kg for 3 weeks IR Open-label
PrRT NCT02648997 Meningiomas Unknown Ipilimumab * 1: 3 mg/ kg for 3 weeks Recruiting Phase-11
. o Lo fRT; 5 x 0.04 Gy i " Concurrent RT, 10 mg/kg, i o )
NCT03267836 Meningiomas Total 0.2 Gy Avelumab every 2 weeks for 3 months Recruiting Phase I
- Head and neck fRT; 5x X Before and after RT, . .
919 s 7\ * ’ C o 7a
NCT03539198 cancer Total 35-45 Gy Nivolumab Q2/week for 2 weeks Recruiting Observational
- y Not yet
NCT03764787 Unknown Unknown a-PD-1 Unknown, for 1 year Phase I/11
’ recruiting
NCT03765190 Neoplasm Unknown a-PD-1 Unknown Not yet Phase I/T1
metastasis recruiting
fRT; 20-23 % ,
NCT03818776 I\Ilomsmall cell Total 60-69 Gy Durvalumab 1500 mg Q4W, max. 12 Recruiting Early Phase I
ung cancer e Y months (to 13 doses/cycles) 7
. (cardiac sparing) /
NCT03087760 Non-small cell Reirradiation, Pembroluzimab Unknown Recruiting Phase IT
lung cancer unknown
. fRT, 15x low _ . 5
NCT02444741 I\Ilomsmall cell dose, Total Pembroluzimab Unknown dose for 21 days, Recruiting Phase I/11
ung cancer ! up to 16 cycles
unkown
Identifier Pathology RT Dose 10 Dose Status Study Type
Locally recurrent fRT; 21 x 3 Gy . P .
CIRT NCT04143984 nasopharyngeal Total Camrelizumab * 200 mgiiv. ev er} 2weeks Not ." .Et Phase II1/11T
R - for a year maximum recruiting
carcinoma 63 Gy / .
- - . C: 15Mio IU, 6 cycles, 3 .
CIRT NL*TU37U:>-103 Non-small cell SABR Darleukin infusions within one cycle, Not ," e t Phase IT
*, [102] lung cancer ! recruiting

every 3 weeks

* Nivolumab and durvalumab are PD-L1 antibodies, ipilimumab is a CTLA-4 antibody, pembroluzimab, avelumab and camrelizumab are
PD-1 antibodies, darleukin is the immunocytokine L19-IL2. ** CIRT treatment arm is currently being under consideration by BfS (Federal
Office for Radiation Protection, Germany). fRT: fractionated RT, Q: dose per week (Q4 is 4 doses a week), i.v.: intravenous administration.

CIRT  NCT05229614 Non Small Cell Lung Cancer fRT; 3 x 8 Gy[RBE] Pembrolizumab Not yet recruiting Phase I
Head and Neck Squamous Cell Carcinoma Total 24 Gy [RBE] (unknown dose)
Melanoma

Urothelial Carcinoma

i
H ITR ‘|J Adapted from Marcus et al., Cancers, 2021
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Take Home Messages

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
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Thank you for your kind attention
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research and innovation programme under grant agreement No 101008548

I Lot

Heavy lon Therapy Research Integration




