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120 |l **'Th - -a Th-227
I 2°Ra
L] “Pb or *'Bi
— .3'-'-4-'5\'[ -
H “**Ac or ***Bi
s - sl Ra-223
Z - Pb-212/Bi-212
I —a At-211
il HHHHHHHH 11 1|
D_ [ H [ [ [
1980 1985 1990 1995 2000 2005 2010 2015

N—9R (1-131, Y-90, Lu-177 I5E) FREETHHEMEIEREOETRTHD,
SEBECOHTFNEIEDLDSHTLWERDNS,

LMWL, ZEHURBRBMRENARHSND 7LD 7 RRERAEEESE,

B3 HAESOBMNRFEINS,

Ra-223 (Xofigo ; FDA/EMA 2013 F&s8) (CR< Ac-225 OIMEHIIHAFE DRN,

Sqgouros, G. et al. Nature Reviews Drug Discovery 19 (2020) 589 4/ 36
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Table 1 Overview of Current Clinical Experience With *2SAc-
and 2'*Bi-Labeled Compounds

Cancer Type Radioconjugate Patients Reference

=]iiibrs Leukemia 213Bj-anti-CD33-mAb 49 2.3 %

“5Ac-anti-CD33-mAb 76 =

DV IREE Lymphoma 2198i.anti-CD20-mAb 12 4

EME@E  Melanoma 213Bj-anti-MCSP-mAb 54 5-7

BEREANA Bladder cancer 213g;_anti-EGFR-mAb 12 14
12 RS Glioma 213Bi.Substance P 68 8-11 ,1

#5Ac-Substance P 20 =3

THZA D HIEE Meuroendocrine 213gi.DOTATOC 25 iz =

tumors
2257¢.DOTATOC 39 13 -
BIAZIRD A Prostate cancer 2258 c-PSMAG1T —. 400 15-21 =

Z< DIERICH T EBRINEHESRBDIOH
Ac-225 KU (ZDIRZEND—D) Bi- 213 EfaEENMNIASINTUVDS

Morgenstern, A. et al. Seminars in Nucl. Med. 50 (2020) 119
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
o BE Eﬂ%ﬁﬁiﬁ#ﬁ%(iﬁai_?ﬁﬁﬁﬁi

ira & 10EARE O 7FJICERAE

216 7 E moter A o S R S
£ [ o o [P
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»n $8 A ER5EEA
@ 96
2 i BN | valuer, Society of Nuclear Medicine
Z s i ociety

$2 - I’V‘ll] . In'?'ét'{é and Molecular Imaging

50 -

of PHYSICISTS IN MEDICINE in Medicine

FY
7/\5 RO Am..Solciety for
ﬁﬁﬁjﬁ;ﬁﬁﬁﬁﬁh(gﬁﬁ 5 i%%ﬂ.’ju Radiation Oncology
National Cancer Institute’s Radiation Research Program (RRP)

B, FHLULORE - EEH 7IVT 7#RoERE (CBAET S | MO THTFOXETVWIE

Hong J. et al. Eur J. Nucl. Med. Mol. Imaging. (2021) in Review: https://www.researchsquare.com/article/rs-650895/v1
TAT (Targeted Alpha Therapy) = 7LD 7R I SHEMERRICLDIENT7 1Y ~k—TFaE 7/ 36

AMERICAN Associanon Am. Assoc. of Physicists
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020



ERIcH(FD TAT/TRT BOEDIATEREE (RIEFE, 2010 - 2021FY)

@QsT

Rl MEZAHIFHREIEERRE

At &

K HH'(ﬁmﬁ%¢—D—Rﬁ§)

80 (2010 - 2021)

70
__ 60 SEESBO1/3LL LM ~
€ 5 7LD 7 $REER €
% a0 CREIRER) @
ﬁ 30 2

20

10

0

Qg‘@% @@,&‘@% @@

- B4, TRT/TAT BEDAZERETEHZ< T
FIRTNTH D, NCI ERSDOHH. i
5§EHQ§¥E§CEME§ﬁU15 h":l t:ﬁﬂﬁﬁo !%

- —7, BIREICDULTIE NCI O#11/10

HFERERIL, LFILThSE LS,
BEOMENRL B CHMEDEIEREE
TEBIN, ERRE - KBEFEEFECLS
RUNLEIND

20

15

10

(31

BItAEE S — S X—X https://kaken.nii.ac.jp/ja/ DS F—D—RIRER :

(RARE+ANRE +off+ 7LD 7R+ ENT7 1Y L —TBR+REBR+ ZEZEER) x (RIEZFADHHL)

> TN SIS S\ SNS \Y S R SA

BEIOHERR 3
o SRR
BRIRGFEL  CRERR)

BE
1 EARE
(KREM1/10)
&

REPC G R P
v

Q

r\'\ r\"’ 0’)

8/ 36



-

TRT RAICEIT BSEEBINDIE (2021/ 3%) E)QST

Deal

Acquirer Deal source date Selected deal terms Project(s) included
Bayer Progenics Apr 2016 $4m up front, $49m R&D milestones BAY 2315497
. Dec - -131-
Fusion Immunogen 2016 $15m R&D milestones FPI-1434 Lantheus Progenics Oct 2019 $641m all-stock acquisition ;;?;419%95 SN
Ad B — Iﬁgtp:;hne?frzlm_ Mar $3.5m & stock up front; $22.5m &
vanced Accelerator -RZ, u- Fusion Rainier Therapeutics stock R&D milestones; assumption of FPI-1966
Novartis Oct 2017 $3.9bn cash & stock acquisition P! . P
Applications $ q NeoB & 177Lu-FF- 2020 o lestones to Roche
10158
; . . Mar .
Endocyte ABX Biomedizinische o o .o $12m up front, $3.8m stock & 177Lu-PSMA-617 &  Point Scintomics GmbH 2020 Not disclosed PNT2001
¥ Forschungsreagenzien warrants 225Ac-PSMA-617
Apr &
- isiti 177Lu-PSMA-617 &  pgint Bach Biosciences Dec $0.6m & $0.2m up front PNT2004
Novartis  Endocyte Oct 2018 $2.1bn cash acquisition 525A¢-PSMA-617 =
. University of . e
Sofie . un 2019 Not disclosed FAPI-46 & FAPI-74 echnische
Heidelberg ] Point Universitt Minchen  JUN 2020 Not disclosed PNT2002
Clovis ga ';';'ia"'"a‘e“”‘a's gggg $12m up front FAP-2286 Point Canprobe Jan 2021 $0.6m up front PNT2003
m
Mar Stock up front, €67.5m R&D
Fusion Mediapharma May $0.2m up front, $1.5m R&D Undisclosed Fusion Ipsen 2021 milestones; assumption of €70m FPI-2059
2019 milestones milestone to undisclosed third party
Novartis  Itheranostics/Sofie ;1(?51 Not disclosed FAPI-46 & FAPI-74
Lantheus " Mar
Holdings Noria Therapeutics 2021 Not disclosed NTI-1309

0.2M - 2.1B USD & VLWSB/REELEERIN - IEERE|HMTHON SHHMEGRERS

R From start to clinic

B
3y BEISOFIE & envocyte ) NOVARTIS
= = +

Pharmaceuticals

e U Progenjcs"‘ D Lantheus FQINT ( \?oﬁ‘ﬁrobe

FIND > FIGHT > FOLLOW" BIOPHARMA

—= —= —= —= i~

Plieth, J. Evaluate Vantage (2021) https://www.evaluate.com/node/16762/pdf 9/ 36
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== BRIRIETV S ST FA& AFHE {RBRUNEL
C-11 B* 20 min PET R ELSE
N-13 B+ 10 min PET TARESS O
0-15 B+ 2 min PET e A EHE O
F-18 B+ 110 min PET BrARRLE - EE O
Zr-89 B+ 3.3 d PET BRPuSsE - EEE
Ga-67 EC 78 h SPECT [EEE O
Kr-81m IT/ EC 13 s SPECT [EE O
Tc-99m IT 6 h SPECT A O
In-111 EC 67 h SPECT [EE O
1-123 EC/ BT 13 h SPECT [EE O
T1-201 EC 73 h SPECT [EEE O
Cu-64 B/ Bt/ EC 12.7 h PET/Therapy BRREIE - EE
Y-90 B 64 h Therapy i A O
1-131 B 8d Therapy i A O
At-211 o/ EC 7.2h Therapy BPsis
Ra-223 o 11d Therapy A O
Ac-225 o 10d Therapy A - BEHR

e RBRNE S N3 5aA Rl (FETHA CEKTZ,
EREEN AL CERREOS RN SEELCNEIND 10/ 36
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. ®Th+n |

P 1.6E5y o Canadian
- N\ ) J Nucl. Lab.
229 T
\ Th ) 459 (9.45Ci) US-DOE
- 70E3y (2019) TerraPower
225AC

. J

B 225 ExE (FA)
JRC ORNL |PPE _
0.4 Ci/y 0.9 Ci/y 0.6 Ci/y << 100-200 Ci/y ?

v v O EfME Ac-225 ME5N 3

[ BREK - HIBEAR ] @ EE&ECISEI SN

® Ac B3R 2 HiEE
® 57—, BZEOREANECNE
DIREDEE (SR AIEE

RBRLAEREORADYER
MAKZF(CLBHEHEY X T (il

Morgenstern, A. et al. Seminars in Nucl. Med. 50 (2020) 119 12/ 36



Ac-225 ({EBEDEISEIAR &QST
S L 2 S

232Th(p,f)225Ac Inst. Nucl. Res. 135 MeV x 5 pA BIXILF—BFE-—LHARE
nat(238)(p,f)225Ac 27AGE A (~0.2% 225Ac@EOB)
E LANL 100 MeV x 275 pA ERREEH L SNBIE
Wi BNL 200 MeV x 165 pA Al - BRYOBRNDRER
252Th(p,f)25Ra->225Ac  [J#]| TRIUMF 500 MeV x ~70 pA 2277\ cT Y —DEE DR AT BE
226Ra(p,2n)225Ac E JRC Ra-30 mg, 28MeVx20-50pA  225ACEA
226Ra(C 3RS B222RnDIRL)
B DKFz LV BIRLF—TFORYE—LT
B NPICAS (50 mg, 15.5 MeV x 50 pA) ~ BHEFIEE
__ CNEA (60 mg, 24 MeV x 50 pA)
‘@: KIRAMS (N/A)
B | SCK-CEN (N/A)
O @ QsT+NMP Ra-1 mg, 15.6 MeV x 20 pA
226Ra(d,3n)225Ac B JRC (18.5 MeV+) 226Ac/25ACTMEI (NBF &)
226Ra(y,n)?25Ra>225Ac Bl JRC Ra-1 mg, 52 MeV 225Ralc RS B126h, {LEALE
(electron beam) [EXDEME2SACHESND
. JINR (N/A) 55 LA—5—0?Rahidr 3 &
2ol lllawarra Cancer C.  (N/A) SMEORVEBIENATRE

@  Hitachi+KURNS+ELPH  Ra-50 kBq, 44 MeV x 160 pA
® U.Tokyo+QST+ELPH  Ra-140 kBq, 27 MeV x 61 pA

B, (1% - R&E

) , R, StEEULLIET—50L
Morgenstern, A. et al. Seminars in Nucl. Med. 50 (2020) 119;
Robertson, AKH. et al. /norg. Chem. 59 (2020) 12156; Abergel, R. et al. J Med Imaging Radiat Sci. 50 (2019) S23;
Report on joint IAEA-JRC workshop “supply of actinium-225" (2018); HARFNES 2021 FENES 13/ 36
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226Ra(p,2n)225Ac (DT @QST

INBYIDERESREYN O BIXRIVLF—BFE—L EFHAERES
BREA 227Ac (T,,, = 22 y) EHFEL * BLENAIRE
RBREBFOPRTIE RIGEKTEBENKE 0 (9 700 mb, Ep = 15 MeV)

O OO

FSRIERMIE 22%Ac, 224Ac, EBHIE 225Ac 2183 (C(E AHEIHAE NN E
226Ra IR D1z, FERBEZRBET 8% MEL) (222Rn WKL LE)
226Ra MEELE(IT 1960 FMH(CEFLE, IRF Ra FEEMH S EIUY HisE
226Ra DTEEMHER & BEEYMERD 26, Ra BEEDMHI €A

& BAREAT Th ZI/RSCEIFREMICEL L, RalCHESIME kD
& A=5vy NYEEERMERAYMYE, EICHTI<EE KH5ND

BIRRRENER(E, B (Ac-225) BE(ICMITZEERIR EULWS&DE,
AFPLIFODENSH THL U Ra-226 (L2 EHMEHEEE CIRETE S

*HEATOREE < ERELIBISHENLVENRERLESINZEND, BEDERICBIBEI NS exemption activity
MEEL < 5XE (IAEA Safety standards; 1 kBg, 0.1 Bq/g) eNTHHD, WUOELUVREMEL>TULS 16/ 36
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o BE Ra 15IR
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Ra {58 Ra [B]1Y |E q Ac FE8Y
C
H
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1
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g
o

OCUPLhUWN=-

Ra EE{b Ac/Ra 9t |I
)

16 MeV H*

Ac 2t

. BERH\S Ra-226 EHig-OINT S

. Ra-226 RIS

. SIUDLI-FyERRTS

. BEIE0 Ra h\S, Ac-225 &8 -[OINT S
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9 [E Iise ‘l!-!

=

1/16" A7V ULXFa1—THAvVvSE—
(GC/LCEEER) GL Sciences

WNEY (Ra) L BRDEME E(FTLWARKRMNETTES
ERIMEDIRSR - UDRRET (CHGMIL L H\17E L) Ra DKUY XD
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Collaborated with @**

CH,COOH  CH,COCH CH,CO0- CH,COO-

///// /////’ I
+ + +
ﬁ-CHz—NH G—CHZNH G—CHZ—NH ﬂ-CHz—N .
1 -

CH,COOH  CH,COO- CH,COO- CH,C00-
~ pH2.21 —» pH3.99 | ——p pH7.41 ————> pH12.30
Fig. 1. Change in structure of Chelex resin with pH=7-10
sonic, 4 weeks

increasing pH. *

- ABAMEFVWR, RaSO, (FBHSMCrAVEE » MWERERHIBIET
-{EMCBITS Ratt ZiEliE(CHE ~» ETHE - Br7UXBTHIE

RaSO4 CHX (NHS) Ra++ AX (OH) Ra++
Ra-X > CHXRa——= " (OH) > | Ra(OH),|
(pure water or HCI A
NH; aq (pH 10)
98%+ ™
* Bio-Rad; Chelex®100 and Chelex 20 Chelating ion exchange resin Instruction manual, LIT200 Rev B
19/ 36

** K5F82021-002432 (HFEH20214E1A8H)
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Supported by
mrc

Pt (anode)
Ra*™* + e — Ra

¢ 9-

0

o— |

EERI—T v B8
(@%) AU-Ag (cathode)

@® Au- Ag B\RIF S ENE (Hot Isostatic Pressing)
- ERREEISH = MERMY Au (t = 300 pm)
- B8 = ZMEH DOESEMEEMY Ag

@ FtlchWCEEHE (AYV—F)
- 'DE Ra OHFILERNDER, BUMEHDIENM

E=EEE D (B7E, 5F
- Ra BERDIGHEK, BBEE Ra DEESEE - [OUX

15FE2018-060672(HEE H30. 3. 27) 20/ 36




Ra-226 MEEHI & vIEEEST(l

@QsT

1 mCi- Ra *

SIDLDWHEMRDILNTZS,
ARy MAOBBEE L THREIN

* 15 mm gap, 100 mADC (constant current) x 3 h, 5 Hz pulse
** IRTED Ra-226 RAMEAFFAIHED 2 F(CHN

5 mg- Ba (Ra mimic) *
36 mmol (equiv. 8 mCi-Ra *¥*)

RENEBMELRGNIL
REAZTDHCBSEMNARETHD
PIDCEPTE S EERIRE
(E—LHERT FPEFILICER)

21/ 36
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SDO i ' 1 T T i
ool } Ra-226 (p2n) Ac-225 | AVF-930
L “ O ALICE code l H2+ 34 MeV, 10 elJA
ig 600 e A exp. | ‘l'
z 500 L ? ] A|¢ 100 pym
o 00T © 17 He 1 bar, 30 mm
S 300 - i o . J
200l f 1 1 Nb 50 pm
L . I
1007 o "%%0 o , 71 Ralayer
| I T T H+ 15.6 MeV, nominal 20 pA (est.) **
5 10 15 20 25 30 35
proton energy (MeV)

FTREINTULS 2 DOBRAMHER *

- £+8i{E 700 mb - 15.0 MeV
- 2BHE 710 mb -16.8 MeV &EZZ(C, ZOPRICHET S 15.6 MeV =FIH

* Apostolidis, C. et al. Appl. Radiat. Isot. 62 (2005) 383
** SRIM 2013; http://www.srim.org/ 22/ 36



Ra/ Ac D53k @QST

Collaborated with @ *

DGA LN AX (Cl A
AcRa ——» AT 0%, pci TN aghe R pe 2 JREGH
HNO, Ra™  HNO, HNO,
Rat Ra** NO,- HCIt
(Ba™)
DGA resin (eichrom) LN resin (eichrom) ** -

1E+

1E43 - »

1E+2 - /
K
1E+1 4
| =
*
+

1E+0 A *

1E-1

1E-2  1E1  1E+0  1E+
[HNO3] (M)

Molarity of HNO,

* %3FE2020-123131 (HFEH20207H178)
** Horwitz EP, J. /norg. Nucl. Chem. 37 (1975) 425
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Pt o1 @QST

Ra-226 #({mE (B&HI) 14.5 MBq 36.4 MBq 38.8 MBq 104 MBq
(391 ug) (984 ug) (1.05 mg) (2.80 mCi)

Ra-226 5 —4'v ~#E{RE & 13.5 MBq 35.4 MBq 37.5 MBq 74.6 MBq
(366 ug) (956 ug) (1.01 mg) (2.02 mCi)

BEE 94% 97% 97% 72%

BREE (H RE pA-h) 20pAx3h 20pAx5h 20pAx5h 20pAx5h
Ac-225 8= 522 kBq 2.23 MBq 2.43 MBq 5.74 MBqg
(@EOS/ 4 d from EOB) (14 pCi) (60 pCi) (66 pCi) (155 uCi)

* #Ow ~MRa-226% FIFA
cf. Ac-225% 58 (PSMA-617), 10 kBqg/kg (160 pCi/ 60 kq)

® SF—TvkEHFNIEAEKLWZSY, IXRILF—EBENIEAER S
= LUEBESHHENEDIEMN - JBUOEDICEXESIZIFIEIEN

@ Ac-225M¥FHAMNELZS (10d)
IRENFIBRIGR] (~ 3d) BETHONE, BEENLINEIEMNRRIASD

® Ra-226 M#E{mE & Ac-225 INEICLLBIREERNH B T26, ERIEDZHICE
BEXiFOEMbEEHIC, RO BROZHDEREEMEH R

Nagatsu, K. et al., Eur. J. Nucl. Med. Mol. Img. (2021) doi/10.1007/s00259-021-05460-7 24/ 36



226Ra(p,2n) RGEFIAT SRERT RENKRENS Ac AMIE QST

4n 4n+1 4n+2
g N\
(p,3n)-channel
by-product
Thorium ~ AT £ AANS 226Th
Ly ="15.0 MeV 31 min
Actinium
Radium 224Ra|91% (g0, 222Rg
3.6d 38s
|
Francium 220y
¥ Y 27s )
4 \K
Radon 220Rn|0.4% |9gus+
56s
. J \ 4
Astatine r216At\
A \0.3ms}
Poloni (216pp | f212
e 5 N I 5| e
Bismuth r21ZBi\ 64%
A \61minj NA
Lead {lepb I 360/j208pb]>
10.6 h \
Thallium (20071
3.1 min
\_ J
O I¢ICE=E ® Ra-226 2493 (17%)
O EE¥BHD Ra-224 (& ® ZNOIEER, Rn-222 MR
Ra-226 &H(CFRE ® SIX)LF— v & (Pb-/Bi-214)

® MHEBMDF L) Po-210 DER

25/ 36
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225AC

135 g

140La

WFS: LOG

>
o
E
<
%
§ 5d from EOB
@)
M MMW ol g
| (b)
Mm,.l | ,m\w 20 d from EOB
% (c)
Authentic Ac-225
809 1616  (ORNLE)
85 (4n+1) Gamma Energy (keV)

AW BRI + Ra-226 BIK (4n, 4n+2)  EEIESHIEBR(C LD, HIRE NS 225Ac &

A#E%: Ra-226 AR (3H)
26/ 36
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HEAMRICLZIRRNROER (2) : PILI 7BARI IV E)QST

u 225 226 <~ < :
- (a) ??°Ac from %°°Ra - > | > g .
1050 — | = | = S -
- Ac-225 <! 2 T s
- Bi213° 2 = < w1
. Gevev) |5 & §  § -
o BN = o -
coms ~ Ra-226 (4.9 MeV), BT =]
~ P0o-210(5.3MeV)=N.D.  « i
3601 Ac-225 | ' I -
- 5.5 MeV ° Iy | 1 . 14 d from EOB
- | vl e ]
1768.00 3622.00 5476.00 7331.00 9185.00
Energy (keV)
33660
- | | | ]
- ] 225
s (D) Authentic 25Ac | E TRSNS 22°Ac £ )
- (ORNLE 225A¢) i BAEDT7ILD 78BIART RILHK
- | . #Foni,
16830] | .
Counts 1 ,' ] SUHREBYRESINDS
ek | ] Ra-226 (T,,, = 1600 y) ¥°
= I | | ] Po-210 (T,,, =138 d) (&
: i 3 BRI NN DI
1759.00 | 364!’2.00 552|5,:.00 — ) 74013.00 — 9291.00

Energy (keV)
27/ 36
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Collaborated with @ *
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