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World map of hadrontherapy centers
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Possible acceleration schemes : efficiencies matter
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Method Cyclotron Target Reaction In target Trap charging Injector Injector
production time repetition rate
E [MeV] I[nA] [pps] (ms) [p/injection cycle] [Hz]
PET production 22 150 N, “N(p,w)''C 3% 10" 741 15x10° 13  T.M. Mendonca et al., CERN-ACC-2014-(
(production batch) (<1 atm) .
REX-ISOLDE 70 1200  NaFLiF 19K(p20n)''C 4 101! 56 15 % 108 18 S. Hojo, et al. NIMB 240, 75 (2005).
(ISOL) eutectic
P — R. Augusto et al NIMB, 376, 374 (2016)
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Pioneering input from well known physicists

GEorgesiGhanpakaano=

elastic scattering of 600 MeV protons

“NUCLEAR SCATTERING
TOMOGRAPHY”

Coincidences between
high-accuracy drift chambers

K
‘;Fabio Sauli

Georges Charpak

1975: SCIENCE FICTION? TODAY: HADRONTHERAPY !

CMASC - UA - 30.3.16
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11C Beams for combined PET/Hadron therapy

ol Hadron Therapy _
™ P, Comparison of
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1C Principle of PET scan imaging

_Molecular probe
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PET-CT scan imaging

AL Jazvons zred Dzvicd Toyyss

Alan Jeavons and David Townsend
built and used in Geneva Hospital
a PET system based on

high-density avalanche gas chambers
HIDACs

CMASC - UA - 30.3.16
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PET scan in nuclear medicine : using molecular probes
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Radioisotopes & Nuclear Medicine

Home | ‘ Research | Careers & Jobs | Current Issue 1 Archive | Audio & Video | Fo

Archive '/‘> Volume 504 Issue 7479 News Feature / Article
NATURE | NEWS FEATURE < =

Radioisotopes: The medical testing crisis

With a serious shortage of medical isotopes looming, innovative companies are exploring
ways to make them without nuclear reactors.

R 1. Established isotopes > Industrial suppliers
11 December 2013 99mTC 18': 123,125,131' lllln 90Y

PDF | A Rights & Permissions

Classification of isotopes for Medicine:

2. Emerging isotopes > Small innovative suppliers
68Ga, 82Rb’ 8gzr’ 177Lu’ 188Re

3. R&D isotopes > Research labs
44'47SC, 64’67CU, 134C8, 140Nd’ 149, 152, 155, 161Tb’ 166HO,

195mpt 211At 212, 213Bj 223Rgq. 225Ac. ...

T
CFRM Y - - - —
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New concept of THERANoOStics pairs
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@ } Positron

photon
T ) BTk .
(511 keV) i

fula o

Electron

\Q/

"Lu-DOTATATE
"¢ mactatle sokion
Seetaton

-LMICAL TRIAL USE ONLY

T000 000

— S
ey
|rrI|I-:NI'|| . ] _ _ _ .
)\ @ M-a:ci T. Stora EN-STI - CERN-MEDICIS — Oslo Jan 2017 10



New radiopharmaceuticals for therapy

Xofigo® has been approved by the FDA (Food Drug Administration) and in Europe for
castratlon resistant prostate cancer with metastasis

/ \
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Courtesy prof O. Ratib
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Advantages: it will target the dispersed tumours

While flying in 2015 Courtesy Prof. Ratib, ITMI Geneva
to a workshop in Manchester -

Mikrokugeln gegen Leberkrebs "~ =
Tiny beads used to treat liver cancer %
'
i ‘e’
. L} .
® % Xofigo
f
. d ==
—_— - :‘;'manzh@'
exP
Die Hirslanden Klinik St. Anna  Hirslanden Klinik St. Anna in F

in Luzern fuhrt eine nevartige  Lucerne, Switzerland, provides
Behandlung fiir Lebertumore a new high-dose radiotherapy
durch, bei der hohe Strahlungs-  treatment for liver tumours
dosen mittels kleinster Kiigel which works by injecting tiny
chen direkt in die-Tumore peads straight into the tumours,
injiziert werden.

J000 00" °

ALSYMPCA Phase Il clinical trial
http://omr.bayer.ca/omr/online/xofig
o-pm-fr.pdf

D Meadcin
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Drug development cycle

NETTER 1 Phase Il Clinical trial for Luthatera®

Carcinoid Tumor of the Small
DRUG DISCOVERY PRECLINICAL CLINICAL TRIALS FDA REVIEW MASS PRODUCTION BOWGI .
Neuroendocrine Tumour

Progression-Free Survival
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A- 08 4
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sty
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R — [Treatmant 1 4-DOTADTry3-Octreotats — — — —

Jonathan Strosberg et al. J Nucl Med

2016;57:629
o //l
| -STI - - _
n gw@ !‘i“““ T. Stora EN-STI - CERN-MEDICIS — Oslo Jan 2017 13



What do we need to know for « useful isotopes ? »

Radio- |Half- |E mean Ey (B.R.) | Range
nuclide |life (keV) (keV) :
cross-fire

Estab-
-131 8 days 182 B 364 (82%) 3 mm isotopes
Lu-177 7days 1348 208 (10%) 2 mm Emerging

113 (6%) iIsotopes
Tbh-161 7days 154 75(10%) 2 mm
5 17,40 e 1-30 pm

R&D
Ge-71 1lidays 8 e - 1.7 ym supply-

limited!
Er-165 103 h 53 e - 0.6 ym

localized

(G S _ Stora EN-STI - : .
Y I@..' h‘l“‘l‘ T. Stora EN-STI - CERN-MEDICIS — Oslo Jan 2017 14



We also need to know the Relative Biological Effectiveness
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Nuclear Physics : ISOLDE and MEDICIS

14 years ago — now :

Innovative radioisotopes

Tb 149 Tb 152
42m 41h ||42m 175h

€ € Iy 283; €
B* a3.97 160... p*28...
399 p1.8 ep.. 1344
y7%;  v352 y344; 586;
168... 165... 411... 2M...

Tb 155 Tb 161

5.32d 6.90d
€
y87; p05;06...
105;... 726;49;75...
180, 262 -3
Matched pairs for theranostics
TR
g les )l
[ 1 l i
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CERN-MEDICIS : A new facility

September 2013
October 2014
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Full cycle of isotope production

(" CERN )

BOOSTER
1972 (157 |

~"MEDICIS
Target
Irradiation

" _» ISOLDE
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Non exhaustive isotope availability estimates

ISOLDE! CERN-MEDICIS! CERN-MEDICIS 2GeV 6pA
i Isotope | Parent | Target In-target RIB )
Medical . lfp ; 8 In-target Extracted | Possible In-target C
o alf- isotope - Eext** - Activity gain Activity EOB/ omments
pplication life beam [lon source| prodyction | A ctivityEOB (%) ActivityEOB Extract d}; tivit
rate (pps) B9 (Bq) EOB (Bq) | €ext(%) | Extracted Activity
EOB (Bq)
i 213p: 21 1
5 therapy/ Bi | 25,0 |ucxre 1.5E9% 7.2E8 Fr 2 8E8 28E7 50 | 84E8  4ppg | Onymass
“T/dosimetry | 456m 10 separation
212p: 220 Onl
 therapy Bi | 22400 lycxRe 159 14E9 Fr 1.7E9 1.7E8 50 51E9 2589 | 0 ™mass
60.6m 10 separation
177 177 ] 177 Chemical
B therapy Lu Lu | To-Ref 3.3E9 74ES Lu 6.4E8 6.4E6 20 | 83E8  17E8 et
6.74 | RILIS/VD | Re-VD5 1 purification
166 166 hemical
ger therapy Yo | 166y, | TaRe 14E10 5.4E10 Yb 41E10 2.1E9 20 | 54610 1110 | Chemiea
56.7h 5 purification
166 166 Chemical
B therapy Ho 166y | TaRe 14E7 1.2E7 Ho 9.6E6 48E5 20 | 2987 6.0E6 emica
25.8h 5 purification
161 161 hemical
wiger therapy 1 1617, | ycxre 2.1E7 2.7E7 To 1.9E7 9.5E5 20 | 2757 sape | Chemia
6.9d 5 purification
156 156 Chemical
3- therapy To | 1567, | ToRe 2.5E8 8.9E7 To 5.5E7 5.5E5 20 | 63E7  13E7 emica
5.35d 1 purification
155 155 155
SPECT Tb DY/ | TaRe 3,285/ 7.9E9 Dy 53E9 5.3E7 20 | 34E9  68E8 | RILISDy
5.33d Tb 7A4E8 1
153 153 hemical
3 therapy Sm | 15360 | UCK-Re 1.5E8 2.2E9 Sm 2 89 14E8 20 | 5280 10my | Chemica
46.8h 5 purification
152 152 152
PET/CT Tb DY/ | TaRe 153?28/ 5.6E10 Dy 3.7E10 3.7E8 20 | L1EI1 22E10 | RILISDy
175h Tb - 1
149 149 i
x therapy Tb 1491, Ta-Re 1.1E10 6.0E10 Tb 3.8E10 3.8E8 20 1.2E11 24E10 Ch.e.mlc.al
R o purification
= 4.1h 1
(o T
o Mzaicio




10 140 140 i
Pr-PET/ Nd | 140ygq | Ta-Re 1.8E9 2.0E10 Nd 1.2E10 6.0E8 20 | 20810 aopy | Chemical
ger therapy 3.4d 5 purification

89 89
- therapy St 895 | UCXRe 12E10 2.3E9 St 2.0E9 1.0E8 20 279 54pg | Omymass
50.5d 5 searation
82 82
PET Sr 85, | UCX-Re 3.6E10 4.6E9 Sr 1.7E9 8.5E7 20 2089 40ps | Onbymass
25.5d 5 separation
77 ] 77 hemical
- therapy As 77 | UX 5.7E9 1.1E10 As 5.8E9 2.9E8 20 94F9  14py | Chemia
38.8h VD5 5 purification
74 74 i
PET As ps | VO 6.5E9 1.2E9 As 3.8E8 1.9E7 20 4588  9opy | Chemical
17.8d -VD5 5 purif
72 72 i
PET As 72ps Y205 1.6E10 2.8E10 As 9.1E9 4.6E8 20 15E10  3.0E9 Chemical
26.0d -VD5 5 purification
71 71 i
PET As Tas | OO 1.8E10 1.8E10 As 5.9E9 3.0E8 20 80E9  1epy | Chemical
65.3h -VD5 5 purification
67Cu 67Cu Chemical
} therapy 7Cu | UCX-Re 2.7E9 3.4E9 1.5E9 1.1E8 20 27E9  5A4ES e
61.9h 7 purification
64 64 i
PET Cu | e, | CO 1.1E10 2.3E10 Cu 7.1E9 3.6E8 20 | 21610 3epy | Chemical
12.7h -VD5 5 purification
61 61
", dosimetry Cu bley | VO 7.7E9 1.7E10 Cu 5.1E9 2.6E8 20 21E10  40py | Onlymass
3.3h -VD5 5 separation
475c : 475¢ .
} therapy ; 475, Ti 6.4E10 5.0E10 4.2E10 2.1E9 20 59E10  12E10 | Evaporation
34 5
#sc : 44gc .
PET 4, Ti 4.4E10 6.6E10 5.7E10 2.9E9 20 1.6E11  32E10 | Evaporation
4.0h 6.4
11 NaF-LiF- _
PET N ico 0 - - - 1.4E9 - - 4om9 | Onlymass
20.3m VD5 15 separation
) M-aiciq
= . ENEDICEP




CERN-MEDICIS partners : 15t Board in February

* Dr. Forni (Clin. Carouge, Geneve)

* Prof. Morel, Prof. Buehler, Prof. Ratib, Prof Walter (HCUGE, Geneve)
* Prof. R. Jolivet (CERN/UNIGE, Geneve )

* Prof. D. Hanahan (ISREC), Prof A. Pautz (EPFL, Lausanne) Wi
* Prof. J. Prior (CHUV, Lausanne) research

* Prof M. Huyse, prof. P. van Duppen, prof. T. Cocolios (KUL, Univ. Leuven)
* Prof. S. Lahiri (SINP, Kolkata) »
* Prof. A. Goncalves, Prof. A. Raucho (C2TN, IST, Lisbon)

* Prof. F. Haddad (ARRONAX, Nantes)

» F. Bruchertseifer, A. Morgenstern (JRC-ITU, Karlsruhe)

* P. Regan, P. lvanov, A. Robinson (National Physical Laboratory, Surrey)
* N. Vd Meulen, C. Mueller, Prof. R. Schibli (Paul Scherrer Institut, Villingen)
* Dr. U. Koester (ILL, Grenoble)

* Prof. K. Wendt (JGuniversity, Mainz)
* Dr. Owen, EANM

N P ] -
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A marie-curie training network
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A first example
Added functionality :
Molecular engineering (inorganic chemistry)

Fluorophore
Watersoluble linker

H
N

o O NH:
0 m/\/\[( Radioligand chelator
N 0
HN N
L TN
N7 ONTON

Folate bioconjugate with fluorescence and radioligand chelator
Prof Goun, EPFL

ey
|,r.”‘:N.'|| o i _ _ _ o
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Link to experimental (neuro)-surgery

Targeted alpha-radionuclide therapy of functionally
critically located gliomas with 2**Bi-DOTA-[Thi*,Met(O,)""]-
substance P: a pilot trial

# Aboutus Research Knowledge Working with us News & events Our Institutes Our Communities

Aoy Wi N s . Cordier « F. Forrer « F. Bruchertseifer -
News & events 23 CERN and the JRC to scale up A, Morgenstern « C. Apostolidis + 5. Good »
** production of alpha-emitters m . Miiller-Brand « H. Miicke « J. C. Reubi - A. Merlo
against cancer et apptcation o

Eur I Nucl Med Mol Imaging (2010) 37:1335-1344
DOI 10.1007/500259-010-1385-5

ORIGINAL ARTICLE

r:;f-'lzmlll. _ - - —
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The complete cycle of MEDICIS

e EEm Em mmm E mmm e mmm S Mmm e mmm M Smm  Mm e Mmm M Mmm e M e e Em ey

CERN-Medicis Facility

~

Irradiation

MEDICIS

- = m mm em e e e e Em e e e e e e e ——

Irﬁll_l.:m‘:l']I I@ . h"‘lc A'
| FIF PARTMIINT ‘ . . ‘

P
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Take-home message

New isotopes can be delivered to
Partner biomedical institutes
where they synthesize new drugs
& and test them for precision imaging or treatment

GENEVOIS L savoIR DES PHYSICIENS AU SERVICE DE LA MEDECINE DE DEMAIN

La lutte anti-cancer
se prépare au Cern

1stisotopes produced in ISOLDE HRS
beam dump and separated in the lab
during commissioning Dec 2017

Analyzing magnet

Large Collaboration
with regional and
C el 9

European Institutes
11263 ! _

149/152/155/161Terbium |0nS
collected in metal foils

And now let's have a virtual tour !!

Ir'Hl: II ] _ _ _ .
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The Target : Tumor Endotelial Marker-1 (TEM1)
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Labelling of 78Fc anti-TEM1 with radiometals
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First PET imaging of 152Th-CHX-A”-DTPA-ScFv78Fc

Ewing Sarcoma cell line A673

24 hours p.i. 60 hours p.i.

Cicone F et al. IRIST Conference, Lausanne 2016
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Intracavity injection
+resection of Glioblastoma

-

Targeted alpha-radionuclide therapy of functionally
critically located gliomas with 2"*Bi-DOTA-[Thi®,Met(O,)"'|-
substance P: a pilot trial

D. Cordier « F. Forrer « F. Bruchertseifer - EUT 1 Nucl Med Mol Imaging (2010) 37:1335-1344

A. Morgenstern - C. Apostolidis - $. Good -+ DOI 10, 1007/s00259-010-1385-5
J. Miiller-Brand - H. Micke - I. C. Renbi -

ORIGINAL ARTICLE

Pat Age at Dx Diagnosis/location of Cycles/activity  Tumour : Barthel Index pre-/post-  PFS OS
No. (years) tumour (GBq) volume (cm”) therapeutic (months)  (months)
I 60 GBM frontal L callosal 1/1.07 41.6 75/ 90 2 16
2 40 GBM frontal L (SMA 1/1.92 76.0 80/ 90 11 19

precentral)
3 55 Astro WHO grade 111 4/7.36 74.3 100/100 24+ 24+

fronto-opercular |

4 33 Astro WHO grade II frontal  1/1.96 12.0 100/100 23+ 23+

R (SMA)
5 39 Astro WHO grade 11 1/2.00 17.1 100/100 17+ 17+

occipital R

PFS progression-free survival, OS overall survival, + ongoing, SMA supplemental motor area, L left, R right, Astro astrocytoma, GBM
glioblastoma multiforme, Dx diagnosis
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Neurokinin subtype | receptor (NK1R) is overexpressed in glioma cells and tumor vessels
11mer Substance P (SP ) is member of the tachykin peptide neurotransmitters family
SP:Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met

213Bi-DOTAGA-Argl-SP
213Bi-DOTA-[Thi8,Met(02)11]-SP

Neoadjuvant and adjuvant intracavity treatment before resection.
Comparaison with external radiotherapy

Therapeutic nuclear medicine (medical radiology series, R. P. Baum Ed, Springer, 2014)
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Translational approach

Prof D. Hanahan, Swiss Inst. For Exper. Cancer Research
Lauréat du prix 2014 « Contribution pour I'impact global tout au

Long d'une carriere » assoc. Americaine Rech. Cancer
Leading Edge

Cel
Hallmarks of Cancer: The Next Generation

Douglas Hanahan'2* and Robert A. Weinberg®*
1The Swiss Institute for Experimental Cancer Research (ISREC), School of Life Sciences, EPFL, Lausanne CH-1015, Switzerland

“The Department of Biochemistry & Biophysics, UCSF, San Francisco, CA 94158, USA
Whitehead Institute for Biomedical Research, Ludwig/MIT Center for Molecular Oncology, and MIT Department of Biology, Cambridge,

EGFR Cyclin-dependent
inhibitors kinase inhibitors

MA 02142, USA
‘Correspondence: dhi@epfl.ch (D.H.), weinberg@wi.mit.edu (RAW)
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