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1-131 anti CD-20 RIT:
“Precision Therapeutic”

Specific Targeting to an identifiable protein targeted
identified in a specific patient (CD-20)

+ Patient Specific Precision Radiation Dose calculated using a
tracer dose of radiation
« 1-131 for thyroid cancer has done this as well, esp. when given
with the “Leeper” dosimetry scheme for high dose RIT

MIR Mallinckrodt Institute of Radiology
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* Lecture fees: ITM
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* Research contracts: Actinium Pharmaceuticals, BMS, Siemens, White
Rabbit Al, Bayer.

¢ Lul77 PSMA-617 and Ac225 labeled pharmaceuticals are not FDA

approved
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Theranostics

« Pairing a Diagnostic Test with a Therapeutic Procedure

« RadioTheranostics: Pairing a diagnostic radiopharmaceutical
with a therapeutic Radiopharamceutical

« Diagnostic radiopharmaceutical: Establishes the presence of a
target. Can inform on whether to treat, what dose to use to
treat.

« Radiopharmaceutical therapeutic can be given as a fixed dose
(s) or patient specific dose.

« Can be SPECT, PET, or no imaging of therapeutic age

Bexxar Treatment Regimen

Day 0 Day 7-14
Dosimetric Dose Therapeutic Dose
450 mg unisbeled tositumomab, 450 mg unlabeled tositumomab,
35 mg tostumomab 35 mg tostumomab

radiolabeled T 131 (S mG) radiolabeled 1 131
specific cGy TB!

* Unlabeled dose infused . 7
over 1 hour *+ Unlabeled dose infused
= Radiclabeled tracer dose infused over 1 hour
over 20 minutes * Radiolabeled therapeutic dose
infused over 20 minutes

Washington University inStLouis MIR Mallinckrodt Institute of Radi
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Effect of Clearance Rate on
Radiation Exposure (mCi)

Slow Clearance
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Survival and PFS for all Patients
(RIT-I1-003)
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Progressionfree Survivaland Overall Sury va Improved Survival with Higher Patient Specific
== T Dosing of Y-90 Theraspheres in HCC

S rosberg J et al. N Engl J Med 376:125-135 Garin et al ." The Lancet Gastroenterology &

WashingonUniversityinStlouis - pepatology (2021) ~ MIR Mallinckrodt Institute of Radiology
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of Nuclear M pe and Molecular Imaging (2019 544
https://doiorg/10.1007/500259-019-04485-3 ['”"Lu]Lu-PSMA-617 versus cabazitaxel in patients with
GUIDELINES i metastatic castration-resistant prostate cancer (TheraP):
m . arandomised, open-label, phase 2 trial
ClvDL‘l\l for > ~

EANM procedure guidelines for radionuclide therapy upcaies
with '7"Lu-labelled PSMA-ligands ('”’Lu-PSMA-RLT) - -
Clemens Kratochwil' - Wolfgang Peter Fendler? - Matthias Eiber” - Richard Baum* - Murat Fani Bozkurt® - - -

w0 1 1

Johannes Czernin® - Roberto C. Delgado Bolton” - Samer Ezziddin® - Flavio Forrer® - Rodney J. Hicks
Thomas A. Hope '" « Levant Kabasakal '? - Mark Konijnenberg ' - Klaus Kopka' - Michael Lassmann'* «
Felix M. Mottaghy'* - Wim Oyen'®'”'® . Kambiz Rahbar'? - Heiko Schoder™ - Irene Virgolini®' -
Hans-Jiirgen Wester*” - Lisa Bodei*® « Stefano Fanti** « Uwe Haberkom ' « Ken Herrmann*

 WeshingunUniversityinSt Louis MIR Mallinckrodt Institute of Radi
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PSAreduction 250%

from baseline

I No

I Yes

Il No post-baseline

PSA assessment
IIIII"IIl (95% C127-46) |I|| 66% (95%C1 56-75)
= o, i ..,

W m WW

Luy]Lu-PSMA-617 9)

Cabazitaxel (n=101)

MIR Mallinckrodt Institute of Radi
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TheraP Findings

» Randomized:

* PSA decline of >50% , 37% of carbazitaxel, 66% of LUPSMA (p<.0001)

* Longer PFS in LUPSMA group: HR .63 (p=.0028)

* Lower grade 3-4 toxicity: LUPSMA 617 vs carbazitaxel ( 33% vs 53%)

* Improved pain control and QOL in PSMA group vs chemotherapy

Value indicators are positive for PSMA targeted RPT.

Ve

Vision Trial: Lu-PSMA-617

Sartor, Oliver, Johann de Bono, Kim N. Chi, Karim Fizazi, Ken
Herrmann, Kambiz Rahbar, Scott T. Tagawa et al. "Lutetium-177-
PSMA-617 for Metastatic Castration-Resistant Prostate
Cancer.” New England Journal of Medicine (2021).
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o FDA-approved log (Lu-1 )
neuroendocrine tumors and other tumors expressing somatostatin receptors—
diagnostically paired with somatostatin receptor imaging (Currently Ga-68 DOTATATE,
Ga-68 DOTATOC, Cu-64 DOTATATE and In-111 pentetreotide are FDA-approved for
‘somatostatin receptor imaging).

«  FDA-approved ichlori Py pt bone
prostate cancer, diagnostically paired with Tc-89m-MDP bone scan or [F-18]NaF PET
scan

Fi (Sm-153 EDTMP) L ium-89 (Sr-89) for
bone pain of metastatic cancer, diagnostically paired with Tc-99m-MDP or [F-18NaF
images

131 and pediatric
) pe
n 1able, locall

Fi
patients (12 years

anticancer therapy, with the administered actviy informed by a pre-therapy scan for
1123 MIBG as well with low dose
fobenguane -131 MIBG.
FDA-approved Y-90 ibritumomab tiuxetan previously paired with In-111 ibritumomab
tiuxetan for reatment of Non-Hodgkins Lymphoma. Interestingly, the paired diagnostic
agentis no longer part of the therapeutic regimen.
F

1131 with
1-131 tositumomab dosimetry scans , which is no longer commercially avalable.
. L y (Lu177-

for . diagnostically paired
with Ga-68 o F-18 PSMA targeting imaging agents in late-phase ciiical trials

apamistamab),
B Th227 PSMA),
£-18 PSMA); and

. ditional RPT. h
early phase human trials

M g ipintillas MIR Mallinckrodt Institute of Radiology
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J Nucl Med 1994; 35:157-163

Magnetically Enhanced Radionuclide Therapy

Avalatul ity
il « Alpha-emitters of interest Radioimmunotherapy
i Bi (46 m W
.,
s
1 produced; .y
Sl ORNL Z%Ac 2138

Alpha-Emitters for Therapeutic
Applications
* Important attributes

. £ Generator

L OF MEDICINE

Overview

* Why alpha-particles?
— Bigger
— Deposit more energy per distance traveled
— Shorter range
— DNA Damage is more difficult to repair

* Radiobiology

Alphas vs Betas

'\ L} /

alphas - !

He nucleus (4 amu) -

80 keV/um

2 to 3 tracks Kkill cell

Irrepairable DNA damage ?

potent single cell, cluster g f i

Kkill Bogtron -
betas (electrons)

elem particle (10% amu)

0.2 keV/um

102 to 10% tracks to kill
cell

DNA damage is repaired
cross-fire required

Alpha Particles — Range and LET

Cloud Chamber

‘Alpha Particle
| 50-80 ym range
]
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(Barendsen, et al., Int J Radiat Biol 10:317-327, 1966.)
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Routes of Delivery 213P0

» How quickly does the therapeutic localize to the tumor? B
+ Small Molecules can be fast 213 Bi
« Intact antibodies can be very slow

« Half Life of therapy should be equivalent or longer than that H
of localizing molecule 456 min

* Intravenous and systemic
« Intraarterial (e.g. hepatic artery) other arterial trees

« Intracavitary: Intraperitoneal, Intrapleural,
« Interstitial (e.g. brain tumors), intratumoral,
« Topical?

Controls 213Bi Rituximab
500 3

Results: Study 3
1 Kaplan-Meier survival

Tumor Specific Survival
. P Survival/Tumor

Day 85 Progression

] oo | 0 | 0

fo —+Ll Progression to

08

90y Rituximab

500

ramns | 75 |

I |0 | o]

_| *Remaining 25% died 2" anesthesia
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Astatine-211 conjugated to an anti-CD20 monoclonal
antibody eradicates disseminated B-cell lymphoma in
a mouse model

by Damian J. Green, Mazyar Shadman, Jon C. Jones, Shani L. Frayo, Aimee L.
Kenoyer, Mark D. Hylarides, Donald K. Hamlin, D. Scott Wilbur, Ethan R. Balkan,
Yukang Lin, Brian W. Miller, Sofia H. L. Frost, Ajay K. Gopal, Johnnie J. Orozco,
Theodore A. Gooley, Kelly L. Laird, Brian G. Till, Tom Back, Brenda M. Sandmaier,
John M. Pagel, and Oliver W. Press

Blood
Volume 125(13):2111-2119
March 26, 2015

€ blood

€2015 by American Socity of Hamatolagy

Outline of Lecture

Renaissance of Radiopharmaceutical Therapies and Theranostics
Randomized Trials of RPT
Why alpha particles? What are the choices?

Why Ac225? Ac225 characteristics-match T1/2 with carrier, what is the
source of the Ac225? Daughters?

Literature on Ac225
Ongoing Clinical trials in Clinical Trials.Gov
Results to date

sity
SCHOOL OF \{EmcmE Imaging with Ac225

MIRNH“ e Issues: Supply of Ac225 How do we dose/image?
ol Moving Forward?

Actinium: No Stable
Isotopes

32 known isotope
from 205Ac to
236Ac, and 7
isomer:

SCHOOL OF MEDICINE

o
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Kaplan-Meier Estimates of Overall Survival and the Time to the First Symptomatic Skeletal Event

Parker C et al. N Engl J Med 2013:369:213-223.

Growth in Interest in Alpha Particles esp Actinium
Pub Med Search 9-19-21 :

Alpha particles: 1361 refs
Actinium: 511 refs

Actinium 225: 164 refs

Alpha particles Actinium Actinium 225
'Washington
iversityinSt.Louis
HOOL OF MEDICINE 'l I
i - -
MIR{:\WM.
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Main Isotopes of
Actinium:

Main isotopes of actinium (ggAc)

Isotope Decay
abun- | halflife |mode pro-
dance (tyz2)

258¢ | trace

Z6pc | syn

2pc| trace | 2177

0L OF MEDICINE
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World wide Ac-225 Supply

« 229Th generator (ORNL-USA)
« 229Th generator (Russia)

« Proton accelerator from Thorium target
(Tri-Lab: ORNL, LLNL, BNL & NorthStar, Wisconsin)

Institute of Transuranium Metals (ITM; Karlsruhe, DE)
226Ra bombardment in cyclotron and 22°Th-generator

* LINAC - clinical radiation oncology photon beams production (Australia)

B8 Wishingon University Schoolof Medicine in St Louks

225A¢ production (US)

229Th generator Proton accelerated production
limited in access to 233U from Thorium target

B8 Wishingon University Schoolof Medicine in St Louks

Example Quality Control sheet — Oak Ridge Ac-225 supply

229Th generator Proton accelerated production

B8 Wishingon University Schoolof Medicine in St Louks

Peptide Labeling with 225Ac

A TOPTIC 95° C—5min over 95% radiolabeling efficiency for
DOTA/GA-Substance P

DOTAGA ¢ DOTA ¢
0, — 0, /_{

PrIm—

B¢

S
o NH~n Substance P

Wothss  DOTAGAS o=, . §
A Py Pro-Gi G P T Giy L et O

| At radiolabeling Radio HPLC

220 nm

B8 Wishingon University Schoolof Medicine in St Louks
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AntibodiegLabeling with 225Ac

2 steps radiolabeling \ 7 . Tistep radiolabeling
- r A in mice with tumors
T . =
4-Arms DOTA apad
l \( ) w0 L
. , onu
B T ] /
AT
N\ T & ; z Lo _ I
= . W, A W et gw
= w( 3-Arms DOTA ~ o o0
SL 3 .
AT ~ F =
T B 10 T |
8 I .
&l l./n.ln.-.-l.l-..--l‘

Several available strategies:

2-steps radiolabeling

-1 step Radiolabeling 3-Arms DOTA
-1 step radiolabeling 4-Arms DOTA

& Wshingon LILLLTLTGI
Iniversity inSt.Louis Ll
HOOL OF MEDICINE
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of ® 2 for Lymphoma
Longtine, Mark Hoegger, Diane Abou, Kyuhwan Shim, Daniel Thorek and Richard Wahl
Joural of Nuclear Medicine May 1, 2020, 61 (supplement 1) 381

Maguire et alJ Nucl Med. 2014 Sep; S5(0); 14921495,

OMe|

0,
% SN macropa macropa-NCS
HO [N N] OH
HO N N OH
"I
Q &)
p-SCN-Bn-DOTA MeQ-DOTA-NCS
Tp—— Original Articles

Criginal Articies

bispa®

MIR Mallinckrodt Institute of Radiology

5 Ac-DOTA-ofatumumab

ar chelated (%)
i¥8E¥

HEHA-NCS A

5 100 15
ongn tont
Figure 1 X yheld and v purity. (&) 2*Ac
ofatumumab structure after conjugabion of DOTA and chelation of “*Ac. (B) After SEC
purification, the radiochemical yield (% Z°Ac (added that was chelated by DOTA-Ofa)
was 3646% (n=6). (C) After SEC punfication, instant thindayer chromatography (ITLC)
'Ac-ofatumumab of >35%.

shington University in St Louis i s LSty MIR Mallinckrodt Institute of Radi
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mae in mice with tumors
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i i of and 2 forlymphoma c of 8, and 25 for Lymphoma
Longline, Mark Hoegger, Diane Abou, Kyuhwan Shim, Daniel Thorek and Richard Wai Mallinckrodt RadioimmunotherapyMark Longtine, Mark Hoegger, Diane Abou, Kyuhwan Shim, Daniel Thorek and Richard
Journal of Nuclear Medicine May 1, 2020, 61 (supplement 1) 381 MIR Wahl
Journal of Nuclear Medicine May 1, 2020, 61 (supplement 1) 381;

(@) Utl i ne Of Lecture Actinium-225-Based Antibody Radio-Conjugates (AR
Actinium 225-based ARCs have desirable characteristics for industry
development
B . . I . High Energy = High Potency
Renaissance of Radiopharmaceutical Therapies and Theranostics 5.8 MeV via emission of 4 aparticles
. . Cell kill possible with 1 « particle hit to DNA
Randomized Trials of RPT Short Pathlength ~ Safety Potential
Approximately 4 cell lengths (50-80 microns)
Hit what you aim at and little else
10 day half-life provides time for manufacturing and distribution

Why Ac225? Ac225 characteristics-match T1/2 with carrier, what is the Lack of restrictions on patients after administration
source of the Ac225? Daughters? Can go to the mall

Why alpha particles? What are the choices?

Literature on Ac225 Actimab-A is an example of industry development of ARCs
Actimab-A refers to the anti-CD33 antibody lintuzumab labeled with
Ongoing Clinical trials in Clinical Trials.Gov Actimium 225
Distinguish from earlier use of lintuzumab labeled with Bismuth-213

Results to date Actimab A first Actinium 225 labeled t in clinical trial:
Imaging with Ac225 ctimab A was first Actinium abeled agent in clinical trials
9ing Largest clinical experience of Act um-225 labeled agents

Issues: Supply of Ac225 How do we dose/image?
Moving Forward?

FIGURE 1
Peptide Receptor Radionuclide Therapy Using 2250c

Basic Considerations e
* Is there a companion diagnostic (e.g. SSTR2 Then
targeting) i o Hel oS48 e
= = doi: 10.1097/RLU.0000000000002915 )

* Is the same agent used for imaging and Rx? I- [P
131 e
« Is there a need for an imaging dose at all? L .
« Is the therapeutic margin large or small? + ’ ,-
« Is there heterogeneity in the drug delivery in i
vivo or in systemic clearance

« Can the therapy be given more than once? sz

863-00TA
BOTATOC PET/e (D1
The 100 eyl of AT

10
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ha Therapy in Patients with

MIR Mallinckrodt Institute of Radi

BAc-PSMA-617 in chemotherapy-naive patients with advanced
prostate cancer: a pilot study

MIR Mallinckrodt Institute of Radi

9/22/2021

MIR Mallinckrodt Institute of Radiology

Baseline (A) and restaging (B) for a PSA-negative patient with histologically proven lung and liver
metastases of prostate cancer was done with 68Ga-PSMA-11 PET (maximum-intensity projection, top) and
CT (bottom), respectively. Clemens Kratochwil et al. J Nucl Med 2017;58:1624-1631

[INM [ oo e s

UNM
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N

Waterfall graph of PSA response in evaluable patients. Clemens Kratochwil et al. J Nucl Med 2017;58:1624-

ocity of Nuciar Madicine and MolecuarImaging
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Reasonable treatment corridor between insufficient treatment response (red: patient died before
reevaluation; orange: PSA progression; green: imaging or PSA response) and intolerable toxicity (red:
xerophthalmia; orange: xerostomia G2; green: no or only G1 xerostomia). Clemens Kratochwil et al. J Nuc
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8, 2021 ae dok- 10,2987/ 1212782017
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& Washington
UniversityinSt.Louis
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- MIR Mallinckrodt Institute of Radi MIR s
Table 1 FIGURE 2. Forest es after 2 Ac-PSM. A) More than £0% of PSA decline. (B) Any PSA decline
- = == - = — A. More than 50% of PSA decline B. Any PSA decline
o ~ = - — Feuerecker, 2021 - Feuerecker, 2021 -
- Rosar, 2021 - Rosar, 2021 —_—
i - Sen, 2021 —— Sen, 2021 ——
- - - — Zacherl, 2021 - Zacherl, 2021 -
- Khresh, 2020 - Khresh, 2020 -
- G - — 2020 pathy, 2020 -
Sathekge, 2020 —— Sathekge, 2020 ——
= & . = Yadav, 2020 R T Yadav, 2020 R
= - > - Kratochwil, 2018 - Kratochwil, 2018 -
o - : Total (fixed effects) - Total (fixed effects) -
. L L L L L L L L L 1 i i i L
- b~ — 0.1 0.3 05 o7 0.9 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
- - Proportion Proportion
—— ~ = Lee, Dong Yun, and Yong-il Kim. “Effects of 225Ac-labeled prostate-specific membrane antigen radioligand therapy in
v metastatic castration-resistant prostate cancer: A meta-analysis.” Journal of Nuclear Medicine (2021).

University inSt.Louis
E

Lee, Dong Yun and Yong Kim  Ef ects of 225Ac-abe ed prostate-spec ¢ membrane
an gen radiol gand herapy n me astatc castraton resistan prostate cancer Ameta-
analys s Joumnal of Nuclear Medicine (2021)

Mallinckrodt
Institute of
Radiology

00L OF MEDICINE
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Y A eoena pase 1o Ac225 PSMA Meta Analysis

>50% decline in PSA seen in 61% of patients (55-67% CI)
84% of patients had decline in PSA

Mean PFS 9 months (7-11 mo CI)

Mean OS 12 months (10-13 mo Cl)

Xerostomia most common AE, 63% (Cl 39-83%)

Severe anemia, 14% (6-23% CI)

Severe leukopenia 4% (1-9% CI)

Severe Thrombocytopenia 7% (3-14% CI)
. ‘ & Washington
Lee, Dong Yun, and Yong-iL Kim. "Effects of 225Ac-labeled prostate-specific membrane antigen radioligand therapy in University in StLouis Lee, Dong Yun, and Yong-il Kim. "Effects of 225Ac-labeled
métastatic castration-résistant prostate cancer: A meta-analysis. Journal of Nuclear Medicine (2021): e e prostate-specific membrane antigen radioligand therapy in

. B metastatic castration-resistant prostate cancer: A meta-
Lol i i analysis.” Journal of Nuclear Medicine (2021).
MIR MIR

Institut

i o QOutline of Lecture

Therapeutic response RLT patient Adverse event
3 - . . . .
o Renaissance of Radiopharmaceutical Therapies and Theranostics
@ etostomis
" grade'tor 2
™ = 3% Randomized Trials of RPT
(9% C1
= 39-83%)
Why alpha particles? What are the choices?
L
Why Ac225? Ac225 characteristics-match T1/2 with carrier, what is the
g source of the Ac225? Daughters?
Good biochemical response Frequent salivary gland dysfunction
- The need for protection Literature on Ac225

Ongoing Clinical trials in Clinical Trials.Gov
Results to date

Lee, Dong Yun, and Yong-il Kim. "Effects of 225Ac-labeled " Ny
Imaging with Ac225

prostate-specific membrane antigen radioligand therapy in

metastatic castration-resistant prostate cancer: A meta-

analysis.” Journal of Nuclear Medicine (2021). MII{M“"":“MIl Issues: Supply of Ac225 How do we dose/image?
Radiology Moving Forward?

Clinical Trials Open in US
6 trials are listed as recruiting

MIR Mallinckrodt Institute of Radiology pastingion SnfversityinotTouss MIR 5 y
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<aal EJNMMI Physics

Quantitative SPECT: the time is now ®

e

Decay of 225Ac and Detection Methods

225 Ac (10 d): no detectable gammas
221Fy (5 min) : 218 KeV — 11% gamma ray
23Bj (45min): 440 KeV — 26% gamma ray

1/2 Life:
25¢ >>298]

ra
“‘.

L
Secular Equilibrium
Gamma reading:
1- within 1h post separation => 22'Fr and 23Bi

2- At secular equilibrium
4 h post separation => 213Bj =2%5A¢

FIGURE 1

Vatsa, Rakhee: Sood, Ashwani; Vadi, Shelvin Kumar;
Das, Chandan krushnia; Kaur, Komalpreet; Parmar,
Nadan; Mital, Bhagwant Ral

Clinical Nuclear Medicined5(6):437-438, June 2020.

doi: 10.1097/RLU.0000000000003031

”j 1

g
e

Cemromriior | e orme
% Research
Image-based dosimetry for 2*5Ac-PSMA-I&T therapy S i
using quantitative SPECT Development of Alpha-emitting radioembolization
for llular Carcinoma: L dinal

us, | Berg, L. Kaiser, J Brosch, P. Bartenstein, & Toica, 1

7ILu-PSMA
3D do:

European Journal of Nuclear Medicine and Moleculas imaging (2021
hetps:// doi.org/10. 1007/500259-020-05024-1

Monitoring of Actinium-225's Daughters Through
SPECT Imaging

rorg
arm cores
-

i ersityi i Mal
Wi g o AT O Institu
SCHOOL OF MEDICINE Radiology
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08 point source = B Sieek
g of
—Phantom k] for Hepatocellular Carcinoma: Longitudinal
06 4 Monitoring of Actinium-225' Daughters Through
52 SPECT Imaging
0.4 ] o
VR
4
4

Spectrum (Normalized)

Energy (keV)
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Practical considerations for quantitative clinical SPECT/CT imaging of alpha

particle emitting radioisotopes.
Benabdallah et al., Theranostics, 2021, In Press.
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Cautions on Dosimetry:

Multiple randomized trials show benefit of radiopharmaceutical therapies but
« “this case exquisitely illustrates the methodical limitations of dosimetry and cures are elusive
warns about an uncritical reliance on dosimetry estimates of dose-limiting

organs ” Ac225 with 10 day half life is very attractive as a general alpha therapy agent

Supply of high quality Ac225 PSMA is currently limiting

Clemens Kratochwil et al. J Nucl Med 2017;58:1624-1631

Ac225 PSMA targeting and very early data with NET targeting are encouraging

“Patient as the dosimeter” may be the most facile approach to moving Ac225 therapies Dosimetry with Ac225 PSMA is very challenging and empirical dosing is
forward----RLW currently suggested.

New approaches to low count dosimetry are promising but not yet validated.

Many opportunities exist for Ac225 therapies—with or without a theranostic
pairing
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