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Finding the right theranostic partner
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The chart of nuclides — nuclear physics perspective
~250 stable isotopes

E—— >3000 radioactive isotopes
82 >7000 predicted to exist
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Heavy masses: broad valley




131]: radioprotection issues

364 keV gamma ray
emitted with 82% B.R.

3.7 GBq patient dose
= 0.2mSv/hatlm
“hot zone” (IAEA/NRCP)

requires dedicated
shielded treatment

rooms



WY: collateral damage from long range betas ?

Qp. = 2.28 MeV
up to 12 mm range




Lu 177
6.64d

The “gold standard”
for radioligand therapy
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Established and emerging therapeutic radionuclides
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The beta emitter podium

Lu 177
6.64 d

X

BN

B 0.5
v 208, 113...




The beta emitter race

208, 113...




The ideal beta emitter ?

Lu 177 Sc 47
6.64 d 3.35d
0.5 B 0.4;0.6
¥ 208, 113... y 159
Specific activity: Specific
Theo. 4.1 TBg/mg activity:
n.c.a. >3.0 TBg/mg
endolucinO
beta
_ ———— _
Theoretical Theoretical

0.73 GBg/nmol 1.44 GBg/nmol

Domnanich 2017
DOI: 10.1186/s41181-017-0024-x

Siwowska 2019

DOI: 10.1088/0143-0807/34/5/1227

Hernandez Gémez 2013 Mikolajczak 2021

DOI: 10.1088/0143-0807/34/5/1227
DOI: 10.1186/s41181-021-00131-2



https://doi.org/10.1088/0143-0807/34/5/1227
https://doi.org/10.1088/0143-0807/34/5/1227
https://doi.org/10.1186/s41181-021-00131-2

The ideal beta emitter ?

Lu 177 Tb 161
6.64d 6.96d
B 0.5;0.6
B 0.5 v 26; 49; 75...
208, 113... e

Specific activity: Specific activity:

Theo. 4.1 TBg/mg
n.c.a. >3.0 TBg/mg
Q ,

endolucin
beta

Theoretical Theoretical
0.73 GBg/nmol 0.69 GBg/nmol
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161ThH versus 177Lu

| v T

Lu 177
6.64 d

B 0.5
v 208, 113...

200 300 400 500
E (keV)
Hindié 2016 https://doi.org/10.2967/jnumed.
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Lu 177
6.64 d

B 0.5
208, 113...
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The ideal beta emitter ?

Tb 161
6.96 d

B 0.5;0.6
v 26; 49; 75...
-

181Tb
151Tb
1B1Tb
B1Th 77y
WTLU
151Tb 177|_u 17?Lu
151Tb
I 177
177y Lu H H
= [
Cell surface |Intra-cytoplasmic| Intra-nuclear Cell surface |Intra-cytoplasmic| Intra-nuclear

Single cell

Cell cluster (central cell)

Alcocer-Avila 2020 por: 0.1186/540658-020-00301-2

Bernhardt 2021

DOI: 10.3390/cancers13092011



https://doi.org/10.1186/s40658-020-00301-2
https://doi.org/10.3390/cancers13092011

The ideal beta emitter ?

m 1TH_PSMA-617

a _ 3 Lu-PSMA-617
120 = - =
Lu 177 S ol 11 Tb 161
6.64 d 2 | | I 6.96 d
S 80- l _
> ] B0.5;0.6
B 0.5 T 60- v 26; 49; 75...
208, 113... o e
o 40-
?
O 20 y
I Muller 2019
018, " " s ’ ! . 'I doi: 10.1007/s00259-019-04345-0
0.010.050.10.25 05 1.0 25 50 10 20 Borgna 2021
Radioactivity concentration doi: 10.1007/s00259-021-05564-0
(MBg/mL)
125- ﬁx 125- 5 102 X f
X < 100{ ¢ P T 1004 ¢ - :
S, X X .
> > 75 > 75
2 8 50 £ 50
S > 251 > 25
: . _— 0 : — 0 ; . : : .
3 2 1 0 1 2 3 2 1 0 1 2 3 2 1 0 1 2
Log applied activity [MBg/mL] Log applied activity [MBg/mL] Log applied activity [MBg/mL]
- ['8"Tp]Tb-DOTATOC -~ ["8'Tp]Tb-DOTATOC-NLS - ["®1Tp]Tb-DOTA-LM3

["""Lu]Lu-DOTATOC [""7Lu]Lu-DOTATOC-NLS ["""Lu]Lu-DOTA-LM3



Tb 161
6.96 d

B 0.5;06
v 26; 49; 75...
-

SPECT imaging with ®1Tb

1 hip.i. 4hp.i. 24hp.i.

PSMA+  PSMA- RpMA+

Ki

“"Tb-chCE7
6 MBq °'Tb-chCE7 25 MB(q °'Th-PSMA-617

Grinberg 2014 doi: 10.1007/500259-014-2798-3
Muller 2019  doi: 10.1007/500259-019-04345-0




: : Tb 161
The ideal beta emitter ? b 16
B~0.5;0.6
v 26; 49; 75...
-
0.5:hpl B 2.5 hp.i. C 20 h p.i. D 113 h p.i.
Ki Ki. Ki Ki Ki Ki Ki  Ki
Bl Bl BI
s 3 ? H
Anterior Posterior Anterior Posterior Anterior Posterior Anterior Posterior

Baum 2021 doi: 10.2967/jnumed.120.258376



The alpha emitter race

Ra 223
11.4d

 5.830; 5.797...
v 100; (150...)
.

v239, 300...
.




Isotopes for targeted alpha therapy
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The alpha emitter race

Ra 223
11.4d

 5.830; 5.797...
v 100; (150...)
.

v239, 300...
.




Astatine: a chemical hybrid — halogen/metalloid

7.2h

€

o 5.867...

v (687)
Property Definition Value
Electron affinity EA 2.41578(7) eV
lonization energy IE 9.31751(8) eV1?
Electronegativity Xoy = EHEA 5.86665(7) eV
Hardness n =LA 3.45087(7) eV
Softness = 2%1 0.14489(2) eV !
Electrophilicity =" 4.98680(16) eV

Leimbach 2020 doi: 10.1038/s41467-020-17599-2
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Guérard 2021 doi: 10.1021/acs.accounts.1c00327




The alpha emitter race

Ra 223
11.4d

 5.830; 5.797...
v 100; (150...)
.

v239, 300...
.




% of surviving mice

149Tb-rituximab in leukemia mouse model

100

00 | \ |5I\/IBq149Tb,5pg mab |
] Tb 149

80 1 167% OL, EOL — 397 MEV 4.1 h
1 a 3.97

70 | Nno mab B*144...

60 | y 352; 165..
. 300 ug mab, C0|d—|

50 |

40 1

30 | 5 ug mab, cold

20 T

10 1

T —— S
0 20 40 60 80 100 120

Survival time, days

Beyer 2004, doi 10.1007/500259-003-1413-9
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Th 149

4.1h

o 3.97
B* 1.,
v¥352; 165...

I+ = 7.2(3)%
EB+(aV.) = 730 keV

Alpha-PET = see where it treats

a w 05h
y\‘ p.I.
’

PC-SHUENPE 3 pIp

Ki Ki

. /

Bl

. 2 hp.i. 'vk4hp.i.
N N

100% 100%

4

PC-3EBSEE-3 PIP | PC-3EPE 3 PIP I

Umbricht 2019, doi: 10.1038/541598-019-54150-w



https://doi.org/10.1038/s41598-019-54150-w

Terbium: the Swiss knife for nuclear medicine
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Tb 161

6.96 d

B 0.5;0.6
Y 26; 49; 75...

Tb 149
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155Tb for SPECT

e
v 87; 105; 180...

minigastrin DOTATATE cmO09
A431 tumor A431 tumor IGROV-1 tumor SKOV-3ip tumor

Miller 2014, doi: 10.1016/j.nucmedbio.2013.11.002




First-in-human study with >°Tb-PSMA-617

Zentralklinik

PAUL SCHERRER INSTITUT
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Muller 2019 https://doi.org/10.1186/s13550-019-0538-1



Lu Tm Dy Sm Comparison
In Yb Y GdPm Ce of the
bio-distribution

of different
tumor seeking

Octreotide tracers
labeled with

radio-lanthanides,
225A ¢ and 111n

free chelates:
Citrate Citrate
EDTMP
specific tracers:
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Linker:

Aminobenzyl-DTPA
80 85 -90. 95_? | 100 105 Beyer 2000
lonic radius in [pm] https://doi.org/10.1023/A:1012670018533




The alpha emitter race

Ra 223
11.4d

 5.830; 5.797...
v 100; (150...)
.

v239, 300...
.




134Ce: in-vivo PET generator as Th"Y or Ac' surrogate

134ce! mimicking 2*°Ac" 134ce"Y mimicking 22’ Th'
lonic racjius lonic raqius lonic raqius lonic radoius
1.12 A 1.01 A 0.87 A 0.94 A

g+ = 63.6(5)%
Eg+(av.) = 1217 keV = 5 mm range

Bailey 2021, doi 10.1038/541557-020-00598-7



140Nd: in-vivo PET generator as X' surrogate

Egi(av.) = 1067 keV

25% 1
20% A
15% -
10% -

percent change

-10% A
-15% A
-20% A
-25% -

5% A

2 32
RPN
)

B+

Remote PET signal

(0]
) N\| ty,=3.4 d ° N k. " Access to blood flow
led) - >  EC | o o o o oo -
" :

0 No access to blood flow

B

= Nd-ATN291 Local PET signal

_ mCe-ATN291

Severin 2017, doi: 10.3389/fmed.2017.00098
Severin 2022, doi10.1038/541598-022-07147-x



132 | 9

8000 4 132| 3! mimicking 22°Ac"
7000 - 132 5
6000 - \
) _
1= lonic radius lonic I'adIUS
S 5000 - B 13%La 0% e
8 VZ
£ 4000 - |
4 /
IB+ = 421(13)% 7] -
3000 A
Eg+(av.) = 1290 keV _
2000 ~
1000 A

I ! I ! I ' I ' | ' I ' I ' I

200 400 600 800 1000 1200 1400 1600
Energy (keV)

Aluicio-Sarduy 2019, doi: 10.1038/541598-019-47137-0



pure positron emitter

. LO . 025t

0.05 I I
0
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Nelson 2021,

doi: 10.2967/jnumed.121.262459



DOTA-compatible positron emitters

and other
elements




Matched pairs for theranostics

"""""""

Miller 2014, doi: 10.2967/jnumed.114.141614



Dose per decay (Gy)
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161Th versus 177Lu

177 L u

161 Tb
124 |

111 In

89 Zr
b/ Ga

I
10 15

Radius (pm)

Falzone 2018 doi:10.7150/thno.22217

Hindié 2016  https://doi.org/10.2967/jnumed.115.170423
Uusijarvi 2006 https://jnm.snmjournals.org/content/47/5/807

NuDat 2.7 database

Isotope

195mPt
1910s
193mPt
161Tb
153Sm
189Re
1930s
169Er
199Au
177Lu
67Cu
186Re
175Yb
1311
149Pm
47Sc
77As
90Y

e >5keV
per decay

2.60
2.25
2.22
1.82
1.55
1.51
1.45
1.42
1.23
1.22
1.18
1.17
1.06
1.01
1.00
1.00
1.00




PET/SPECT imaging for non-radioactive therapeutics

1. Organometallic anti-cancer drugs:

Pt, Ru, Au, Os, Ir, Ag, V, Nb, Re, Zr, Ti...

2. Metal-bases nanoparticles:
Ni, Au, Ag, Fe,O;, Gd, TiO,, Si

3. Microparticles
HfO,, Gd, Fe,O,



PET/SPECT imaging for non-radioactive therapeutics

1. Organometallic anti-cancer drugs:
Pt, Ru, Au, Os, Ir, Ag, V, Nb, Re, Zr, Ti...

191Pt, 195mPt, 97RU, 103RU, 198AU, 199AU, 19105’ 194|r’ 111Ag’ 48V’ 90Nb’
186Re 188Re 897r 4°Ti...

2. Metal-bases nanoparticles:
Ni, Au, Ag, Fe,0,, Gd, TiO,, Si
57Ni, 198Au, 199Au, lllAg’ (59|:e)’ 159Gd/161Tb, 45Ti, no Si

3. Microparticles
HfO,, Gd, Fe,O,
181Hf’ 159Gd/161Tb, (59Fe)



The “Alpine divide” of radioisotope production

Z | proton number
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Production of non-carrier-added 61T

Dy 160 Dy 161 Dy 162 Dy 163 Dy 164
2.329 18.889 25.475 24.896 28.260
60 o 600 120
on @ <0.0003 | on o <1E-6 o170 on. o <2E-5 o 1610 + 1040 _
Tb 159 Tb 162 Tb 163 .,:
100 776m | 195m |ME
B-1.4:24.. |p-08:13... <
v 260; 808; +v351; 390;
7232 o= 494...
Gd 158 Gd 160
24.84 21.86
02
723 o156 & 20000
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Gracheva 2019, https://doi.org/10.1186/s41181-019-0063-6



Spallation + Fragmentation + Fission

T 1 GeV p on 2%8pPp

N——

W. Wlazto et al., Phys Rev Lett 2000;84:5736.
T. Enqvist et al., Nucl Phys A 2001;686:481.



The accelerator complex of CERN

LHC-b

lon source 90 keV
LINAC4 160 MeV
=  PSB 1.4 GeV
PS 25 GeV
SPS 450 GeV
LHC 6500 GeV

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproten Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster
PS:Proton Synchrotron

LINAC: LINear ACcelerator

LEIR:Low Energy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

West Arca

— D{OLONS
antipretens

— NS

neutrinos to Gran Sasso (1)

Phions Sy ’ 3
Gran Sasso (1)

730 km



Isotope selection with the ISOL method

Z selection by chemically selective step

 lonizationto g = 1+

| E:;.";;-
 Acceleration to 60 keV it

* Mass selection by magnetic deflection ﬁ
* Bp = p/g o YA il

ISOLDE jmaﬁﬁm”

CERN

20

9 ﬁ}j 50
o




Production of 1#°Tb, 1°2Tb and 1>>Tb at ISOLDE

—

radioactive ion beams

mass number
148 149 150 151 152

| i




Resonance lonization Laser lon Source

Laser lonization

- ==

- ==
. laser
) beams

atom

Distance to Target: 20m

=
o A—.
_

Laser System

Extraction

Electrode
rd
<1 \_,, . . . b excited states
Laser 7 [onzer — W B lonization *
_/ cavity _ energy 4
e < 9-10 eV ;
r
- someV < f
f
ground state' 'S

Spectrochim. Acta 2003;B58:1047.




Radiolabeling of nanoparticles with *>>Tb

Milling Sonicating Selection 350

nanopartic _
- 300 _
centrifugi 250 -
200 -

ARy
AR

THCPSi = 80-
FOIL _é _
X 60-
40 -
20 -
TIME =~rzh ~=2h =7h -
LINE ) - O'ng\\oﬁx A
o) QP W@ < %2 > W & &'3\
Q'?\O \’\) O \g}(‘ G_jé\@ @(3}& \o\‘bb \t)ﬁ\
P\
¢ O

Jakobsson 2020, doi: 10.1016/j.nucmedbio.2020.04.001



A great model: the US DOE Isotope Program

University of Washington
Cyclotron

Supplier of research isotopes
(e.g., At-211)

INL Reactor (ATR)

Co-60 Stereotactic radiosurgery,
industrial NDA

PNNL

Sr-90  Y-90 generator for cancer therapy
Ra-223 Targeted cancer therapy
Np-237 Research

LANL (IPF)
Ac-225 Targeted cancer therapy
Ge-68 Ga-68 generator for tumor imaging
Sr-82 Rb-82 generator for cardiac imaging
As-73  Environmental tracer
Si-32  Oceanographic research
Am-241 Qil and gas exploration
Na-22 Sodium tracer and positron source

ANL (LEAF)
Cu-67 Targeted cancer therapy

BNL (BLIP)

Ac-225 Targeted cancer therapy
Sr-82 Rb-82 generator for cardiac imaging
Cu-67 Targeted cancer therapy

University of Missouri (MURR)

Supplier of research isotopes
(e.g., Se-75, Lu-177)

SRNL (NNSA Tritium Facility)
He-3 Neutron detection
Fuel source for fusion reactors
Lung testing

Development of isotope harvesting
(e.g., Mg-28, Si-32, Ca-47)

Y-12 (NNSA Facility)

Li-6 Neutron detection
Li-7 Radiation dosimeters

ORNL

HFIR:

Ac-227 Cancer therapy
Se-75 Industrial NDA

Cf-252 Industrial applications
W-188 Cancer therapy

Radioisotopes Inventory:
Ac-225 Targeted cancer therapy
Ra-223 Targeted cancer therapy
Stable Isotopes Inventory:
E.g., Ca-48, Ga-69, Rb-87, CI-37
Stable Isotope Production
E.g., Ru-96, Yb-176




PRISMAP: towards a European

Narodowe Centrum
Badan Jgdrowych

MARIA
POLATOM
m EVES)
B & [
/

European Spallation
Source ERIC

Danmarks Tekniske

DTU Universitet

GSI Helmholtzzentrum fiir
Schwerionenforschung GmbH

Centre hospitalier
universitaire vaudois

Studiecentrum voor Kernenergie / \m m

Centre d'étude de I'energie nucleaire

P o
o
) con.srune

E

CHUV AGORA

i

Grand Accélérateur
National d’lons Lourds

Groupement interet

GUELLUEE [ ublic ARRONAX

European organization
for nuclear research

Institut Max von Laue -
Paul Langevin

Commissariat a l'energie atomique
et aux énergies alternatives

Paul Scherrer Institut

ILL

JRC

Joint Research Centre -
European Commission

Istituto Nazionale
di Fisica Nucleare

Klinikum rechts der Isar der
Technischen Universitat Miinchen

TUM

sotope Center

Sc 43 Sc hhg Sc 44m Sc 47 Cu B4 Cu 67 Ge 69
Ac 225 Ge 71
Rn/At 211 Sr89
At 21 Pd 103
Bi 213 Ag T
Pt 195m Cs 131
Future facility P25 La135
Imaging

Treatment
Radiotracer L
Tm 167 Er 169 Tm/Er 165 Er 165 Dy/Ho 166 Th 161 Th 155 Th 152

E Yb 175

This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 101008571 (PRISMAP).




The PRISMAP “Day 1 Radionuclide” Portfolio

QO B https://www.prismap.eu/radionuclides/portfolio/ ks

Most Visited

27 EU
PRISMAP Access platform Medical radionuclides
Medical Radionuclides

21 225
Ac
Actinium
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6.95d
B~ 0.5, 0.
Y 26, 49, . . . .
- ) » Apply for this medical radionuclide
Parameter Specification
Half-life 6.95d
Daughter Dy-161 (stable)
Branching Ratio/Decay  100% B~
Production Gd-160(n,y)Gd-161(B") Tb-161
- Purification 2-step column separation . .
Chemic
Chemical Form In 0.05 M HCI (evaporation to dryness is also possible) Purlty grades avallable
Tb-161i Specific Activity >20 GBg/mg (PSI), t.b.d. (SCK CEN and NCBJ)
- I Radionuclide Purity >99.99% (<0.01% Tb-160)
chemics Radioisotopic Purity >99.99% (<0.01% Tb-160) PRECLINICAL
i . . Labelling up to 100 MBg/nmol DOTANOC, DOTATATE or
. . . Radiochemical purity
l.e. just p-SCN-Bn-DOTA
. Chemical Purity t.b.d.
suitable Identification 48.9 keV and 74.6 keV lines present
particul; Appearance Clear and colourless solution No carrier added (n.c.a.)
pH 1-2
heat-se Activity available ~GBq (depends on PRISMAP lab)
Availability Monthly (planning in advance) Yes
Nuclear Grade Preclinical grade, n.c.a.
Other information with/without analysis certificate
Tb-161 «

days Y= Full specifications
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PRISMAP — building a European network for medical radionuclides

PRISMAP is the European medical radionuclide programme on the production of high purity
radionuclides (radioactive isotopes) by mass separation. We federate a European consortium of
the key intense neutron sources, isotope mass separation facilities and high-power accelerators
and cyclotrons, with leading biomedical and healthcare research institutes in the active
translation of the emerging radionuclides into medical diagnosis and treatment.

PRISMAP will create a single-entry point for a fragmented user community distributed amongst
universities, research centres, industry and hospitals, in a similar way as how the National Isotope
Development Center (NIDC), supported by the Department of Energy (DOE), has provided

ARE YOU AKEY PLAYERIN
INDUSTRY, RESEARCH OR
CLINICAL APPLICATION IN
THE FIELD OF MEDICAL
RADIONUCLIDES?

HELP US SHAPE THE
FUTURE FOR NOVEL AND
EMERGING MEDICAL
RADIONUCLIDES IN
EUROPE BY TAKING PART
IN OUR SURVEY!

radionuclide sources for users in the USA. PRISMAP brings together a consortium of 23 beneficiaries from 13 countries, one
European Research Laboratory and an International Organisation. It receives support of leading associations and institutions
in the field such as the European Association of Nuclear Medicine (EANM) and the International Atomic Energy Agency

(IAEA).

Next proposal deadline: 31 March 2022




