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Finding the right theranostic partner
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The chart of nuclides nuclear physics perspective

©250 stable isotopes
— >3000 radioactive isotopes
82 >7000 predicted to exist
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Heavy masses: broad valley




131]: radioprotection issue

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

3.7 GBq patient dose
Y 0.2mSv/ihatlm
Ahot zoneo

requires dedicated
shielded treatment

rooms



NY: collateral damage from long range betas ?

Qp. = 2.28 MeV
up to 12 mm range
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Established and emerging therapeutic radionuclic
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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
6.64 d

B 0.5
208, 113...

Specific activity:

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

endolucin
beta

Theoretical N Q I

0.73 GBg/nmol

Hernandez Gémez 2013
DOI:10.1088/01430807/34/5/1227

Sc47
3.35d

B 0.4;0.6
159

Specific
activity:

Theoretical
1.44 GBg/nmol

Domnanich2017
DOI:10.1186/s41181017-0024-x

Siwowska2019

DOI:10.1088/01430807/34/5/1227

Mikolajczak2021

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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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
! 177
177y Lu H H
= [
Cell surface |Intra-cytoplasmic| Intra-nuclear Cell surface |Intra cytoplasmlcl Intra-nuclear
Single cell Cell cluster (central cell)

AlcocerAvila 2020001:0.1186/540652020.003012
Bernhardt 2021 poi:10.3390/cancers13092011
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https://doi.org/10.3390/cancers13092011

The ideal beta emitter ?

m 1TH_PSMA-617

a _ 3 Lu-PSMA-617
120 = - =
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o 40-
?
O 20 y
I Muller 2019
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Tb 161
6.96 d

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

SPECT imaging withiTb

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

PSMA+  PSMA- RpMA+

Ki

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

Griunberg 2014ioi: 10.1007/s0025914-27983
Miuller 2019  doi: 10.1007/s0025919-043450




The ideal beta emitter ? Tb 161
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.
= F 8 ¢ %y
Ki Ki . Ki Ki Ki Ki Ki  Ki
Bl Bl BI
s 3 ? ¢
Anterior Posterior Anterior Posterior Anterior Posterior Anterior Posterior

Baum 202 Xoi: 10.2967/jnumed.120.258376



The alpha emitter race

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

v239, 300...
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Isotopes for targeted alpha therapy
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The alpha emitter race

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

v239, 300...
.




Astatine: a chemical hybrigthalogen/metalloid

7.2h
€
o 5.867...
v (687)
o | oy | Ho r [m [ |10
3 E O O 2 e
o [0 | s [ m [va | Fo 't
Property Definition Value Q ——> ———— 2n Side
Electron affinity EA 2.41578(7) eV
lonization energy IE 9.31751(8) eV1?
Electronegativity Xy = A 5.86665(7) eV [At(SCN)Z]‘
Hardness n =k 3.45087(7) eV
1059 1053 \
Softness = 2%1 0.14489(2) eV exp DET
Electrophilicity 0= % 4.98680(16) eV | Metallic side

Leimbach 202Qoi: 10.1038/s4146120-175992 Guérard 2021doi: 10.1021/acs.accounts.1c00327



The alpha emitter race

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

v239, 300...
.




% of surviving mice

49T p-rituximab in leukemia mouse model
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Beyer 20044oi 10.1007/s0025903-14139
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AlphaPET = see where it treats

Th 149 a "#& 05h w 4hp.i.
 aap ¥ P ' N
o 3.97
"y 100%
v 352; 165... ‘ ¥
l+=7.2(3)% PC-SHUSRPE 3 PIP PC-3HIEPSEE 3 PIP PC3IUA8PG 3 PIP

E..(av.)= 730 keV

Ki Ki
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Umbricht 2019doi: 10.1038/s4159819-54150w



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

Terbium: the Swiss knife for nuclear medicine
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155Tb for SPECT

minigastrin DOTATATE cmO09
A431 tumor A431 tumor IGROV-1 tumor SKOV-3ip tumor
Miuller 2014 ,doi: 10.1016/j.nucmedbio.2013.11.002




Firstin-human study witht>Tb-PSMA617
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17.5h
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Lu Tm Dy Sm Comparison
In Yb Y GdPm Ce of the
bio-distribution

of different
tumor seeking
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Aminobenzyl-DTPA
80 85 -90- 95'? | 100 105 Beyer2000
lonic radius in [pm] https://doi.org/10.1023/A:10126 70018533




The alpha emitter race

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

v239, 300...
.




134Ce: invivo PET generator as'Tar Ac! surrogate

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

|+ = 63.6(5)%
E +(av.) = 1217 keV ° 5 mm range

Bailey 202 14oi 10.1038/54155020-005987



140N d: invivo PET generator a8 ¥urrogate

Remote PET signal

™ . ® Access to blood flow
= EC [——----—----—-
0 No access to blood flow

B+

" Local PET signal

l+  =51.0(3)%
E.(av.)= 1067 ke! -

20% A _ mCe-ATN291

_- =
2 22
BN

percent change
(=T
£ =
—

-10% A
-15% A

—
_ —
—

-20% A
-25% -

Severin 201 74oi: 10.3389/fmed.2017.00098
Severin 202 24oi 10.1038/s41598922.07147x



132La

8000 4 132| 3! mimicking 22°Ac"
7000 A 132) g
6000 - \
) _
I lonic radius lonic radlus
S 5000 B '¥La 5% e
8 VZ
£ 4000 |
4 /
L+ =42.1(13)%3 .
3000 -
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2000 H
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Energy (keV)

Aluicio-Sarduy 201 %oi: 10.1038/s4159819-471370



pure positron emittel

. LO . 025t
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Nelson 2021,

doi: 10.2967/jnumed.121.262459



DOTAcompatible positron emitters

and other
elements




Matched pairs for theranostics

Jn

......

Muller 2014 doi: 10.2967/jnumed.114.14161



Dose per decay (Gy)
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18ITh versus’/Lu

177 L u
161 Tb

I I
10 15

Radius (pm)

Falzone 2018 doi:10.7150/thno.22217
Hindié 2016

124 |
111 In

89 7r

b/ Ga

https://doi.org/10.2967/jnumed.115.170423

Uusijarvi 2006https://jnm.snmjournals.org/content/47/5/807

NuDat 2.7 database

Isotope

195mPt
1910s
193mPt
161Tb
153Sm
189Re
1930s
169Er
199AuU
177Lu
67Cu
186Re
175Yb
1311
149Pm
47Sc
17AS
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 wadioactive therapeutics

1. Organometallic antcancer drugs:
Pt, Ru, AuQs Ir, Ag, VNb, Re Zr, TiX

2. Metalbases nanoparticles:
Ni, Au, Ag, BE©,, Gd TIQ, Si

3. Microparticles
HfO,, Gd FeO,



PET/SPECT imaging for wadioactive therapeutics

1. Organometallic antcancer drugs:
Pt, Ru, AuQs Ir, Ag, VNb, Re Zr, TiX

191pt 195mpt 97Ry, 103RY, 198AY, 199AU, 19105 194, 111Ag, 48V, ONb,
186Re 188Re 8975 45¢ A X

2. Metalbases nanoparticles:
Ni, Au, Ag, BE©&,, Gd TiQ, Si
S/Ni, 198Au, 19°%Au, 111Ag, 9Fe), 159G d/A%T b, 4°Ti, no Si

3. Microparticles
HfO,, Gd FeO,
18IHf, 159G d/%1Th, P%Fe)
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Production of norcarrieraddediTh

Dy 160
2.329

o 60
Ona< 0.0003

Tb 159
100

232
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24.84

2.3

Dy 161
18.889

o 600
Un o <1 E'G

Dy 162 | Dy 163
25.475 24.896
a 120
a 170 on. o« <2E-5
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7.76 m
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2 v 260; 808;
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olb o 20000
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o 1610 + 1040

Tb 163
195 m

)
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B~ 0.8;1.3...
v351; 390;
494..,

Gracheva 201 Bytps://doi.org/10.1186/s41181019-00636



Spallation + Fragmentation + Fission

T 1 GeV p on 2%8pPp

N——

2 2fl 102 SO Ffodx t
T. Enqvist et al., Nucl Phys A 2001;686:48:



The accelerator complex GfERN

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

Alonization to q = 1+

AAcceleration to 60 keV

=

AMass selection by magnetic deflection ﬁ

ID:

ABr =plq” @A N o]
CERN it g

20
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Production ofl49Tb,15TFb and>sTb at ISOLDE
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Resonance lonization Laser lon Source

Laser lonization

- ==

- ==
. laser
) beams

atom

Distance to Target: 20m

=
o A—.
_

Laser System

Extraction

Electrode
¥
<1 \_. . . . b excited states
e T W ioritzer ionization ‘\
/ cavity < ... energy e
o <9-10 eV '
’
- someV & f
f
ground state % O

Spectrochim. Acta 2003;B58:1047.




Radiolabeling of nanoparticles witbPTh

Milling Sonicating Selection 350

nano;;arti( 300 _
y ]
centrifugi 250 -
2003: -~
THCPSi - 80-
FOIL _é |
X 60-
40 -
20 -
TIME =~rzh ~=2h =7h -
LINE - - O'ng\\oﬁx A
O @ & 2 O N >
o S @Q G-JQ\G @é& \(bbb A
N\
& O
'Q?O

Jakobsson 202Qgi: 10.1016/j.nucmedbio.2020.04.00



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 Isotope Cente
Narodowe Centrum Ll Sc 43 Sc 44g Sc 44m Sc 47 Cu 64 Cu 67 Ge 69
Badan Jgdrowych POLATOM
European Spallation
Source ERIC
DTU Danmarks Tekniske EVES) Ac 225 Ge T
Universitet BORATC
GSI Helmholtzzentrum fiir
Schwerionenforschung GmbH /
T Rn/At 211 Sr 89
entre hospitalier
I universitaire vaudois
Studiecentrum voor Kernenergie / \m m
Centre d'étude de I'énergie nucleaire At 2N Pd 103
Grand Accélérateur
National d'lons Lourds /
Groupement interet
LD pubiic ARRONAX Bi 213 Ag
European organization
for nuclear research
Institut Max von Laue - Pt 195m 1
= Paul Langevin >m o s | : o L]
Commissariat a l'energie atomique Siisa e o > 5 . & '
et aux énergies alternatives . ! L 1] T —
Paul Scherrer Institut . ’ pSe 2 _ ' Future facility By La 135
Injector 2 / : [ 7% R
JRC Joint Research Centre - Sk > % Ehd DR B RP o ' Imaging
European Commission : ; 9 . Treatment
[*1 - Radiot Th 149
Istituto Nazionale ; adlofracer
di Fisica Nucleare ) £,

TUM

Klinikum rechts der Isar der
Technischen Universitat Miinchen

E Yb 175 Tm 167 Er 169 Tm/Er 165 Er 165 Dy/Ho 166 Th 161 Th 155 Th 152

¢CKA&d LINRP2SO0 KlIa NBOSAOYUSR Fdzy RAYy3 FNRY
and innovation programme under grant agreement No 101008571 (PRISMAP).
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