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UTAE, RI WHIFRIE DG M Z D DAFFEANIAERS I T, Bk o RO IEREED
WS - BIFICIWZR L 725 TR Y, S HhoD SerE 7B FEiak | 23\ N C, A o AR
IRIGHIZIAT 72AE e TS [1] (2], LU D, 2O X 5 2Bk ERFH M2
WS o EEm o REOFIAIZ 2 E T, FIRAERBIZEA Lotz TOHMUIT
A Y h—=T7EREFRENC L D &, FRIFEEE RI G EITR SN2 36 HEIC o BAEITE E
T, AROVEEED 10, 036, 880MBg (Zxf LT, U A MIDZDOMEZFE AT 194 MBg D—
EICEE 220 (2016 4EE) (3], 2O XK THAOEEN 2oz Z bbb, &
EPILER OERETICBT 5, FEREEFE X IOV T HDITRa STV s L%
SVEES, K o BRI D B Z OFEEME U (Radionuclide toxicity), FBdIC &
%, PEIEL LTZBRD a SO NE~OREEZE LI TR LW SO TH Y, ZOHBHI
NEDOFE FFEFMERREA SN D Z &13, ERICZE ChRWVIERIRER L 220, HHAK)
EHNTHE D MEEOIERICIC D20 i\, BREOMREZRHEE 5T, BErm
RUCHS S A2 B EA S22 uE, Eo BT HEHIREDO 72 5 F83203, FEhE
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F7, LN OWEE 1T o7,

D TAFEA Technical Report Series No. 15-A Basic Toxicity Classification of Radionuclides
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FREAEATTE BT R AR SWFZERT (LLT, TBERMRIESREIITERT & D.),
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DWTHRFTL, FEREE OTEER E DL S AU DN TEEDRKI LD RE D, TOTDHICF
TR T BT RE Z LIIADEL 1. 2 OMFFEERE SISV Ciliam L7,
OBSHRE TR G CIEL, At211 IS Tk L7e 0 7 20— 7 I VERIE CTh 5 At-211
MABG DA A BAFE T 5 72 & SRR D FEREIRE 3 72 SIVTW D DT, aZFEDOHTHIRE
HIBHZEICI01T 2 Bl 2 Fhuii iRt LTz,
ORBESIERKFTIL, o R NARIEOHRRISHZFHE L TN DDT, o RO
PRAFFFEZ 31T 2 Bl 2 Fei ST LTz,
OERZEH R AHAENITEIT T, BEHMEEIRSEORRIR YOS5 T, Mk o e 5
te RI ZFIH LTV, HEHEONE THBIOH D 7TV TR DM, ESEFZER
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2B > TN D 2 E DL EBRNZR o ZFEOME, BEFE, BAirkE, BRSOV Gl
EIToT,

Y EBET R #ZE S % (International Commission on Radiological Protection ODR)
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(2 THEBRAIIFZE A S0 L T 0, ARITMFEE DR Lot (7 7 o Ardaiz
FWZERT U211) OB Chb D & 2 A0 D, o EFEOERRIIZEICIS T 28]
ZHLOIZ LT, BRNGEEICHIT 5 RI NARIEO#IT 250 T, SiEieaiT o7,
OIRSN =7 & Y L EHEYE AR L, O E=T vy =2 Y 7 OFHEIRD 5 5
BERATH Y, PNEHIE < P IV TRICESE: o I AR T 5130y, 77 AIZBT
DB RR ST D=4 U T RO OWERIECRET 23R E2 6T 5, AT,
BUBWVERER N7 T v AZBITHE=4 Y V7V FEE 2 OMERGECRET 2 & 4 EiC
It L7z,

1.2 WTEESEOREBERUBIES

AHFFE % e DT CHEE T 2 Z L 2 BN E LT, ARFRICHED D0 E S K DA%
g A 2 [ (9 ROV H) B Uiz, Sl HTTEE, e 0, s,
T T TEET A= ROT 0T T LFT 4 PRSI LT, RESgIZB 0 TE, 1.1
DEARINE Zigm L, WIERCREAREEFIZE D £ L7,

2. WERER

2.1 ERNEEMRICRT 2 EERHER OEHAIC I 2 BEDHRE
ENIZIT 2 FEREFAE, N o RS A SEEICRIH L TR RLA CUN 2 JeitEf
IRMER% C & 2 EFRE S HE BT, faERSIERRY:,  ENIESE S B AR EITIC B
THEML, KOZEDPHBNERST,
- FHPMZIWT, R VIR T L ) 2R o RO RIS AT 7o mF5e0s i Hiv T
D Z ENbho Tz [5][6],
- At-211 DOEFIRIG T 72 RIERRAFTEIZ I W TREL E SN D EIZOWTHRETL, BXLE
222 MBq (6 nCi) FEZBETRETHL I LabroTl,
- FRRICHOSE, KET 2 — 7 KFIST T e At-211 1A (At-211-8106) 12 &
DA SRR SR C B 5 7A5R (Phase I, 1) 12X 5 L 71-347MBq (1.9 -9.4mCi)
/& hOBGE[TIOBENLETHD Z EBNbhroTz,



xR 1 BRFIAFEERT VT 7 B R D] *

o 1% R $HHA Eoa HRIUAE wox FHIE RERER RHUNTFH KHE
At211 4n+3 7.2h 5.98, 7. 59 MeV [B -209] Po-211, B207 Pb-207 1a Y=L, 2%
Rn-211 (14.6 h)
B 212 4n 61 min 6. 21 MeV Pb-212 (10.6 h)  Po-212+ Pb-208 1Tal1p EFHk
B 213 4n+1 46 min 8.54 MeV (Po-213) Ac-225 (10.0 d) Po-213+ B 209 1a2p ZEBEHEk
Ra-223 4n+3 11.4d 5. 98 MeV Th-227 (18.7d)  Rn-219+ Pb-207 4a2B TIAYLEERE
Ac-225 4n+1 10.0d 5. 94 MeV [Ra-226 (1600y)]1 Fr-221+ B 209 4da2B TUOF/AFR
Th-229 (7880y)
Th-227 4n+3 18.7d 6. 14 MeV Ac-227 Ra-223+ Pb-207 5028 TUF/AF
Tb-149 — 42h 4.08 MeV [6d-152, Eu-151] Eu-145+ Nd-145 02a2pB SvH/4F

%7 &, Isotope New s (2013) [1]1 & —&BpekZ
w [ ] NIXNERCRET HHRICFRATE2—7 Y baRERT

» 2O XD TREERIG IR S 285 o ORI ICER L, Hix Ot (B4
RPREIRES) 235, R2 OB LY, thokFmifEl gL T 1 ~ 2 Mgkl
WRHI & 72> TN D728, Z O RT OfEEZAEYSEET DHX L 225> TV DM, Zi
FETOLDIT AR Z A RMEZTR T L, £2TDT 7 7 ZIZHOWTLEEFED
REWTZ®D, HHIEEEOR LW o B TIE, EHMTHOHIHL Db LTk E LTHE
REIZZ CORVHYSIRSFINRHIT L 720 9 5 Z LN FAE N, D X5 2o Tl
EBRKBNDHRED, ZOTDITHERRERIZOWTI, MR 256 H 55
(2, SBRIVNRET N OEZ W FEIIZEEIT 9 Z L THLNITRETHL LEX
S, F£77, E3IORTIEY, FEROMA DO T & e T ERERERIC
WT ®Ra CHE : 1600 4F) & *Ra CEJ @ 11.43 B) L& LT 5 &, MO
WIIRE S BRDICHBHLLT, EBIIFRCA—FTHY, HILL 72> T D FhfEsR
EBED S DDIEEMEIHOWTHIERT D Z ENHEE LN EB X b,

o FCHEZE ER L OB AGR R FEORIEGR IRV TE, BWERBVEIZR DD, FHIZEAT
IREEOFHINCEE LTI, S~ G- SN2 R1IE, &GLR, ZoMEcsEs 1 L LTHb
NDT8, —MRA7ZaER Tl NSRRI SRR L BNl 2 ¥, L0 EReaisE
Z TR RIS G TH 5 Z L AVRIE Sz,



&2 ERGHICBEIEY DS OER TIRERE OS]

A 22 PR EERREE (Ba/ em’) 22 IR PIR EERREE (Ba/em”)
At 810" 7X10°
*Ra 4107 2X10°
*"Te 1X10° 9x107
BT 2X10 * 1X10 7

* 3 FRERERDE

COMMITTED EFFECTIVE DOSE PER UNIT INTAKE &g VIA INHALATION AND
INGESTION (IAEA BSS)

222Ra  5.7x103 (inhalation) 1.0x10* (ingestion)
226Ra  2.2x103 (inhalation) 2.8x10% (ingestion)

Limits of radioactivity concentration for the air in controlled areas

225Ra  4x10°6
226Ra  9x10°¢

Limits of radioactivity concentration for discharged air from controlled areas

225Ra  2x10°8
226Ra  4x10°8

Limits of radioactivity concentration for discharged water from controlled areas

225Ra  5%x10°3

226Ra  2%x10°3

LLEDZ s, ERNICET SHHIICEE L TREFT~EHBIILU TO LB LEX bR

- ZEHIRERRAE, 225 HERIREEBRAE DS,  SEEROMERHIN MIT I 5 L T DR
- TR TER D 4
TREeEROZ4 M ((B) B3I DIRECE « 1, %)



2.2 BESMENCRT B ERERE
AT, AV 2—T v 1 MK ON7 T v A 2 figk & s Lz,

A—7 R KFL, G o BREORLE K O o BFREOFHSEAI OB 2 5k L D, R
PEICRWCE, EEROZR RIS N AT TR o ORI OBUK, A% ORISR
SN DS OWIFERIRE =— ZDOBURIC OV TS L7z, £72, B2z ahiiL, Fl
MOERIZOWTIIEZHED T, BT, FIREIZEE DA T ENIFEE & & BIZ ICRP ORI
LD Publication (W T aiflA FULIZEH IO - TV D Z L D IEBRAY 2 M3 i o B2 HE
O, BEE, Bk, BHSICOW TR R AT o7z, SIREICREWT, FaERT
HIEEH) o BUEWE (TATY) OBLREFEN L, 550 TAT BEOT- DO OB L2V Tl
L7,

ARRONAX WIFZEHT I, M6 o BT 5 At-211 7 & ORLE K O o FEOFHHZEAI O BRFE D
T2 O DORITEGEHRIITE % FEhi LT 5, [Alliak Oisk 2179 & & big, FidFa o o
F, BESE, HffiEuE, HHISIC oWl Lz, IS, FONERIT DR TAT OBURZHE
L, A%0 TAT BED - O 8122 Ciliam L7z,

ZERE=Z ) UV TEEORROTLDOMANEZ T 0 Y VEBGEZRAELTVD
IRSN-Aerosol Physics and Metrology Laboratory CiZ, RI fEfs%ICHTH2EKRE=4 Y
> e ZDORERFEZB U CGRE LT,

VU LW L > T, IROZEDBALNE ST,

c AT = —7 T, 90 FRAEHEN B EE o B OMFEDED DAL, MHITRERGIELE
& RRICRERERR LS DU OB RIS L Qs G TH 0 R OBLE
SEEIIRGECE D LUV THD I E AL, WENEEIZ EORERHE RIS
T, AHEMICZREHEIMTOILTND Z & anoT,

« 7T VAIZBWTY, MEROERICHTE o T, sk EATBOM THREIZREEIZOWNT
wteam L, M a ZFEOFIRIZ L > TR LS EFIFRSICH LT, £ORIBIZE DY A
7 DLV RENTHIUE, GEHHIO T Ce22% R LooFH ST
T LDWERTE T,

- & EIZFV T DISIEBEICIHGERER, T b D4 10 u Sv DFHEIT ISV Gl STV,
7212, ARFEOEMMNGERINNT, WERIRORIERZRO IO G ER Ms
Lo THERRY, ETOMRPAIEEESHEZ £ > TV DL DITTIIRNZ L b 00
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- S RI JaaklZd51F 5 RIFIHTIE, U A7 3HMICHES < BifiloEM &, ZRRRD7-9

DE=Z Y T HHARE LB FICHSEFEA SN TWD Z LR TE T,

- EHIZIH 7= > TIE, TAEA BSS No. GSR Part 3°7 |ZHES & M ENZSEER T T ZRED

HEPEL G U7 A BEA 7283 (Graded approach 72 &) ANEASH TV, BAIFIZ, TDE

Bz 7T,

(1) A EHER ClEm B R MR Z A 2 b 4 5 & 2t T2
BUAHIMEEE S, 2O &9 e MZEDRHA R~ O bIT-> T 2,

(2) ARRONAX #FFERTCIE, AIBZEIX IC — RIZXk Y, FEA~DAEFANLIZOH— T
BHEN, BBREREEENETOERIZAETEX HDITTiEZel, FENZHIBEL,
ANEFFANL, HREBIEFE OSEEICET 2HF I SZ 52 b T,

(3) iE, FSENZIWT b KRS ASHIFREA GBI LT ICRP Pub103 DELYD At
FTSALTUV D23, ARRONAX HFFERT CIE, FHIZDR S TR0 b DDOVEEEE D5 A
772 B OB T OZEE MBI L T D,

ZHUHIE TAEA BSS No. GSR Part 3 DLLFOERFHR LITH S D EZ R HILD,
(DRequirement 6: Graded approach
The application of the requirements of these Standards in planned exposure
situations shall be commensurate with the characteristics of the practice or the
source within a practice, and with the likelihood and magnitude of exposures.
MR OB OME I Uz 5 FE72 Graded approach Thiiak 2 iEH LIFSE % 5
@Requirement 11: Optimization of protection and safety
The government or the regulatory body shall establish and enforce requirements for
the optimization of protection and safety, and registrants and licensees shall
ensure that protection and safety is optimized.
 EE 7R R PR DRSS U T AN & 2 B o fif b
(@Requirement 15: Prevention and mitigation of accidents
Registrants and licensees shall apply good engineering practice and shall take all

practicable measures to prevent accidents and tomitigate the consequences of those



accidents that do occur.
BoH—, BRIEE, KERN, ) eI K D FHBAIE, O8GRI
< Ok
@Requirement 26: Information, instruction and training
Employers, registrants and licensees shall provide workers with adequate

information, instruction and training for protection and safety.

BARROZENRE, 6 L OEOZERIIE CTRMFFI Off 572 L

Y a ML (Targeted Alpha Therapy OR)

Y DIS Decay in Storage DM, FFr[Z52iF7= RI 3B ORI AR CIE YL S Lz
PR Z, WRSE 52 L e A —EREIICRE TS 2 L,

5 Radiation Protection and Safety of Radiation Sources: International Basic
SafetyStandards General Safety Requirements Part 3  (HEREGZE & RO 224
[EFREEA L A E)

3. ¥¢8®

AMFFETIE, FEBR o EFEAFIH L CHFEBRSE & F2 L T2 B 7efiiin (BN - e
EEFRREAIZERT, REESLERRY:, ENLER R EEIZEET, W 0 3 —T AR Y K,
ARRONAX #JFZ2FT, IRSN-Aerosol Physics and Metrology Laboratory) % IS\ ifink BfT4 %
BT & OBRUGE, Miakatln ORI &> CREEE % L, 56 o R OF A
(2R D GRIAIRI], ZAE PRI OW TR DT, AWFFEIC L > TEERISHIZ AT 72
A o ZHEZ FHWTEWFED EINA T Tk, A EIZBWLTHIERIZE > TR =— X733
D ENWghole, —HT, AT HENRAEL, o ORISR A HT
% 2 fiiax S OWFZER fa% 1 ik OFREIZ & EE - TRV, AR T S 78D EN
IZBT DR =— A E 7RI L2 b O LITE WS, BIZAFEPAOMEZFEMm L, B
A7 BB LO=—RIZOWTHYD £ L 05 &L HIT, TOMFUIC DN TR 2 LEN
BHDZ LRS-, WATEICEW Y, BHE 6 o RS2 2 LW TEOBIRIE
HEFBUNTIX, TAEA BSS No. GSR Part 3 D&z FIZHAS GEWZRHIRI OB x5 &
DHEETHY, ZANFEERCARETH D Z EDMERTE o, £z, HHFmMBFEOHHIZEE L



T, FENZHBWTDIS MEEHA SN TND Z EBRHERTE 72, B2, 77 L RIZBW T,
Code de 1” environnement B&Bii% (Art. L 542. 1-1) (28T, code de la santé publique (4%
BRI \CHESNDIEE) (B2 L) 1T485, FERI B EFE D i HEBEZEY)
X, HERMEEEEE L L CORRIZERAI 2V TR A D £ 5, Talciims s, Lok
BOBENDH Y, very short lived-waste & LT 100days AfinsiHlREL 72> TWNDH Z
LN 7218],

708, FHRRDEEM a RO HIZ ST > TR ZE AT O £ T, FERICED
KO 2RIl AAT o T D2y, BRRITHIHIS RN R L QD S He &0 K 0 FEfE
HIZOWTIHE, EARRICHRN AT A0S, EORE A BRI R 720ie, 4%
BEMIEOMED D Z & NGk S T,
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* Hosono M. Radiation protection in therapy with radiopharmaceuticals. BER2018
International Workshop on Biological Effects of Radiation, March 21, 2018, Osaka,
Japan. (invited lecture)

* Hosono M. Individualized treatment planning in radionuclide therapy,
Symposium:Radiological protection in nuclear medicine for personalized care. World
Federation of Nuclear Medicine and Biology 2018, April 22, 2018, Melbourne, Australia.

(invited lecture)
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(1) yEsFa

(2) ENFAA
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Targeted Alpha Therapy Group

The Targeted Alpha Therapy Group is the result of collaborations among
departments at the University of Gothenburg, Sahlgrenska University Hospital,
and Chalmers University of Technology as well as different foreign centers such as
the PET & Cyclotron Unit at Rigshospitalet in Copenhagen, the Memorial Sloan-
Kettering Cancer Center in New York, and the Institute for Transuranium Elements
in Karlsruhe, Germany.

The coordination of all research activities in the group is though perfomed by people
working at different departments at the Sahlgrenska Academy, University of Gothenburg.

The main goal is to develop strategies for the treatment of disseminated cancer using
alpha-particle emitters as the leading actor. The research areas covered by the Targeted
Alpha Therapy Group include studies of the chemistry related to the labeling of
radionuclides to different ligands, studies of pharmacokinetics and different aspects of
radiation physics such as dosimetry, and clinical studies in which the developed treatment
strategies are evaluated, such as in our recently published phase I study.
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Research

The goal with the research is to develop strategies for the treatment of
disseminated cancer using alpha-particle emitters as the leading actor.

The Targeted Alpha Therapy Group (TAT Group) started its research activities along with
the publication of 2 articles in 1998. Since then, 60 articles have been published/accepted
in peer-reviewed scientific journals and 8 PhD thesis have been presented, all relating to
the work within the group.

Staff working in or in close collaboration with the TAT Group has different backgrounds
varying from nuclear or radiation physics, chemistry, medicine and molecular or
microbiology.

The cooperation within the group is characterized by a frequent and continuous exchange of
ideas and planning of experiments, among the whole or parts of the group.
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Main Group Research

The main research areas in the TAT Group range from studies of the labeling chemistry of
radionuclides to different ligands, studies of pharmacokinetics and different aspects of
radiation physics such as dosimetry, to clinical studies in which treatment strategies are
evaluated, such as in our recently completed phase I study.

Fig. 1. Upper left: Anteroposterior gamma-camera scan of the abdominal and thoracic
area after infusion of 211At-MX35 F(ab ")2 in a patient in the phase I study. Upper right:
Distribution of 211At-IgG in mouse kidney 2 h after i.v. injection visualized in a 20 pm
cryosection using the Alpha Camera. Lower left: Scanning electron microscopy image
showing a small tumor loosely adhered to the peritoneum in a mice. Lower right: Double-
strand breaks, visualized as H2AX-foci, in cells irradiated with 1 Gy by alpha particles.
Particle passages across the whole nucleus are seen in some cells.

19



UNIVERSITY OF GOTHENBURG

b‘.j Targeted Alpha Therapy Group

-

Radiobiology

Cellular Radiobiology of Alpha Particles

DNA-damage and cellular consequences

Initial investigations on in vitro radiobiology effects of alpha particles from 2LIat were

conducted by Stig Palm and collaborators, revealing a severe inhibition of growth in two
tumour cell lines, and a RBE of 5 and 12, respectively (Palm et al, 2000a and Palm et al,
2000b). The team now working on cellular effects of irradiation with alpha particles is
headed by Associated Professor Kecke ElImroth together with Karin Magnander, Kristina
Claesson and other colleagues.

Background

The main focus in our current cellular investigations of high-LET effects is determination of
the Relative Biological Effectiveness (RBE) for alpha particles under different conditions. The
purpose of studying radiobiology of alpha particles is to increase our knowledge of how
damage is inflicted and how cells deal with it in order to improve targeted radiotherapy. It
has been generally accepted that double-strand breaks are critical lesions, involved in
chromosomal aberrations and decreased survival.

Recently, another type of complex damage, the clustered lesion, has been considered
important as well. Clustered lesions are defined as 2 or more lesions induced within 10-20
base pairs and may, if repaired at all, challenge the different repair systems despite the fact
that the lesions per se are quite simple (single-strand breaks, base damages or abasic
sites). It has been suggested that high-LET radiation induces more clustered lesions
compared with low-LET but this has not yet been proved experimentally. Although the
induction yield seems to decrease with LET the repair may still be severely compromised.

Fig. 1. Double-strand breaks (green) in irradiated cell nuclei (red). Breaks are visualized by
labeling of gamma-H2AX foci, emerging within minutes at the site of DNA breaks. Left: cells
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irradiated with alpha particles from 2Hat, Right: cells irradiated with X-rays. Click image

for higher resolution.

Alpha particles result in high RBE for induction of double-strand breaks

Recent in vitro investigations focus on induction and repair of complex DNA lesions, i.e.
double-strand breaks and clustered lesions induced by alpha particles. Using pulsed field
electrophoresis and fragment analysis, which more correctly quantifies non-randomly
induced double-strand breaks, we have shown that the induction yield is almost three times

higher for alpha particles from 2'At than for low-LET radiations at the same absorbed dose
(Claesson et al, 2007).

Breaks do not appear randomly in the cell nucleus. When analyzing the DNA fragment
distribution resulting from the breaks, an excess of small DNA fragments and a depletion of
larger fragments is evident. This is expected due to the inhomogeneous deposit of energy
along the radiation track across chromatin fibres (Fig. 1, left). From this work it is also
evident that protection against alpha particles by soluble intrinsic scavengers is not as
important as for low-LET radiation.

RBE in different cell cycle phases

In studies completed during the spring of 2009, we have further investigated the role of cell
cycle position for induction of complex DNA damage. In synchronized fibroblast cells, RBE
for both double-strand breaks and clustered DNA lesions in different cell cycle phases was
determined. While clustered DNA lesions do not increase with LET or dose, double-strand
breaks certainly do, resulting in a RBE close to 3 for all phases. When analyzing the
resulting clonogenic survival, the RBE increases dramatically to 8-9 for all phases. The
exception is cells in mitosis, showing a more pronounced effect but a lower RBE for both
induction and survival.

Ongoing projects

Future experiments include studies on the importance of chromatin structure, survival of
cells with different intrinsic radiosensitivity and cell cycle arrest responses in cells irradiated
with alpha particles. Another important project just initiated is evaluation of cellular toxicity
and biodosimetry after in vivo exposure to alpha particles using visualization of double-
strand breaks in individual cells by immunohistochemistry directed against gamma-H2AX
foci (Fig. 1). One advantage using this method for quantification of double-strand breaks is
that effects after clinically relevant doses can be investigated.
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Staff

The persons associated with the Targeted Alpha Therapy Group has different
background varying from nuclear or radiation physics, chemistry and medicine to
molecular or microbiology.

Some of the people also work within other projects but the co-operation within the group is
always characterized by a frequent and continuous exchange of ideas and planning of
experiments. In the lists to the left you will find the regular staff, the close collaborators
and persons just occasionally appearing as co-workers or co-authors to the group.

22



UNIVERSITY OF GOTHENBURG

h‘.j Targeted Alpha Therapy Group

-

Collaborators

Already from the beginning of the research activities performed by the Targeted
Alpha Therapy Group there have been a humber of different collaborations.

The most important ones are shown in the list to the left. Some of the collaborations have
been continuously ongoing for a long period of years, e.g. the PET & Cyclotron Unit at
Rigshospitalet in Copenhagen and the Department of Nuclear Chemistry at Chalmers
University of Technology in Gothenburg, while others are just recently established, e.g. The
Institute for Transuranium Elements (ITU) in Karlsruhe, Germany.

|
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Publications

Since the Targeted Alpha Therapy Group started its research activities with the
publication of 2 papers 1998 there have been 60 papers published/accepted in
peer-reviewed scientific journals and books, 7 PhD theses has been presented and
16 MSc theses has been completed.

A number of conferences have also been attended at which both oral and poster
presentations have been made. Also, some articles in daily papers and other popular
science newspapers have been published.

Please make a choice in the list to the left to view all the articles, PhD theses, MSc theses,
or popular science articles related to the Targeted Alpha Therapy Group.
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Chemistry

The standard production o
(alpha-particles) using cyclotron irradiation, and date back to the discovery of the
nuclide in 1940 by Corson et al (1).

f 2'1At is by irradiating stable bismuth with helium ions

Although no cyclotron is available in Gothenburg collaborations with the Department of
Physics Oslo University, Norway, Forschungszentrum Dresden-Rossendorf, Germany and

Cyclotron and PET Unit, Rigshospitalet, Copenhagen, Denmark has provided us with **At
on a regular basis since 1994. Early on much of the work was focused on the procedures,

distillation and chemistry to obtain ***At and 2!!At-labeled antibodies.

In 2001 a novel procedure on distillation and work up of 21t from irradiated Bi-targets was

developed (2). With this method the nuclide is rapidly converted into a chemical useful form
for subsequent labeling chemistry. The labeling chemistry has been based on the method
first developed by Zalutsky and co-workers (3), see Figure 1 below.

Labeling Conjugation
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Fig. 1. Labeling of N-succinimidy! 3-(trimethylstannyl)benzoate followed by conjugation of
labeled reagent to antibody. Click image for higher resolution.

With this method labeled antibodies which have been sufficient for preclinical evaluations
have been produced. However, we encountered problems when taken the research into a
clinical phase I study on patients with recurrent ovarian carcinoma. The levels of activity
planned for the study were difficult to reach by the conventional procedure for labeling the
antibody. Therefore an extensive effort was put on developing the chemistry, and in 2008 a
new chemical route that substantially improves the labeling efficacy in astatination of
antibodies was developed (4), see Figure 2. In this way the levels of activity required to
continue into a phase II clinical study now is possible to reach.
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Fig. 2. Conjugation of antibody with the labeling reagent N-succinimidyl

3-(trimethylstannyl)benzoate (m-MeATE) followed by labeling of immunoconjugate with

21at, Click image for higher resolution.

In addition to astatine we have access to another interesting alpha -particle
emitting radionuclide, Bismuth-213. It is available through a close collaboration with
the Institute of Transuran Elements (ITU) Karlsruhe, Germany. They provide us with

2257¢/?13Bi generators from which we can elute 2**Bi in a pure chemical form for subsequent
labeling to antibodies. The labeling is performed via bifunctional chelates. Several different
chelates for antibody are commercially available. Generator protocols and protocols for
labeling that result in very good radiochemical yields have been developed at ITU.

The half-life of !*At (7.2 h) and ?!°Bi (46 min) is generally too short for conventional
radioimmunotherapy except for a few special applications such as blood-born or
intracavitary cancer treatments, e.g. intraperitoneal (i.p.) and intrathecal (i.t.) treatments
(5-7). This is due to the relatively slow in vivo distribution and slow clearance rates of
radiolabelled antibodies. Most of the injected radioactivity will therefore decay before
reaching its target.

In order to circumvent the unfavourable pharmacokinetics of radiolabeled antibodies,
different ways of improving the distribution of the radioactivity have been suggested,
employing various pretargeting techniques (8-10). With this type of technique modified
antibodies are administered for pre-binding to the tumor antigens. A sufficient time is
introduced, to allow non-bound antibodies to be cleared from the circulating system, or a
clearing agent is administered to enhance the clearance rate before injecting the labeled
effector molecule. The effector molecule recognizes a tag on the antibody and due to the
small size of the effector molecule as compared to labeled antibodies, it will localize the
target more rapidly and the non-bound fraction will be cleared more efficiently, thus
increasing tumor uptake and lowering the dose to normal tissue.

A successful pretargeting protocol will improve the tumor-to-normal tissue absorbed
dose ratio for all types of applications involving antibodies for tumor targeting together with

213 d 211

radionuclides with short half-lives, e.g. “*”Bi an At. In this project a pretargeting
strategy including the pretargeting molecule avidin/strepavidin conjugated antibody and an
effector-molecule based on biotinylated, labeled and charge modified polylysine is

investigated, see Figure 3 below.
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Fig. 3. Schematic structures of effector molecules. A: Labeled with ***At via N-succinimidy!

3-(trimethylstannyl)benzoate. B: labeled with **>Bi via the kelate DOTA. Different parts of
the molecule are presented as, BLUE: biotin residue; GREEN/RED: radiometal-kelate- or
radiohalogen-reagent residue; PURPLE: succinic acid residue following charge modification.
Click image for higher resolution.
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Clinical Studies

All research performed by the Targeted Alpha Therapy Group, irrespective of
weather it concerns basic radiobiological, physical or chemical issues, has the
final goal of becoming beneficial for the patient. The last 10 years of research by
the group has resulted in a phase I study being completed (Journal of Nuclear
Medicine 2009;50:1153-1160).

Below follows a short presentation of the methods, results, and conclusion from that study.
Questions regardning this study should be addressed to Professor Ragnar Hultborn.

The phase | study:

The alpha-particle emitter *!At labeled to a monoclonal antibody (mAb) has proven safe

and effective in treating microscopic ovarian cancer in the abdominal cavity of mice.
Beginning in 2005, women in complete clinical remission following second-line
chemotherapy for recurrent ovarian carcinoma were enrolled in the study. The aim was to
determine the relevant pharmacokinetics for assessing absorbed dose to normal tissues and
investigating the toxicity.

Methods: Nine patients underwent laparoscopy 2-5 d before the therapy; a peritoneal
catheter was inserted and the abdominal cavity was inspected to exclude the presence of
macroscopic tumor growth or major adhesions. Peritoneal scintigraphy was done using
99mTc-LyoMAA to study the fluid distribution in the abdominal cavity. Approximately 500

MBq of *!At was labeled to 0.7 mg of MX35 F(ab’)2 using the reagent N-succinimidyl 3
(trimethylstannyl) benzoate. Fifty MBq (3 patients) or 100-200 MBq (6 patients) in 1-2 L of
Extraneal was infused via the peritoneal catheter. Gamma camera whole-body scans were
acquired at 1, 6, 12, and 20 h (occasionally up to 48 h) after infusion and a single-photon
emission computed tomography (SPECT) scan was acquired at 3-6 h. Samples of blood,
urine, and peritoneal fluid were collected at 1-48 h. Haematology as well as renal and
thyroid function were followed for a median of 23 months.
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Fig 1. Schematic overview of logistics of therapeutic procedures. IP = intraperitoneal. Click
image for higher resolution.

Results: Pharmacokinetics and dosimetric results were related to the initial activity
concentration (IC) of the infused solution. The decay-corrected activity concentration
decreased with time in the peritoneal fluid to 50% IC at 24 h, increased in serum to 6% IC
after 30 h, and increased in the thyroid to 127 £ 63% IC at 20 h without blocking and less
than 20% IC with blocking. No other organ uptakes could be detected. The cumulative
urinary excretion was 40 kBg/(MBg/L) at 24h. The estimated absorbed dose to the
peritoneum was 15.6 £ 1.0 mGy/(MBqg/L), to red bone marrow was 0.14 £ 0.04 mGy/
(MBg/L), to the urinary bladder wall was 0.77 £ 0.19 mGy/(MBg/L), to the unblocked
thyroid was 24.7 £ 11.1 mGy/(MBg/L), and to the blocked thyroid was 1.4 £ 1.6 mGy/
(MBg/L) (mean £ 1 SD). No adverse effects were observed either subjectively or in
laboratory parameters.

Conclusion: This study indicates that by intraperitoneal administration of *!!At-MX35 F(ab’)
2 it is possible to achieve therapeutic absorbed doses in microscopic tumor clusters without
significant toxicity.
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Radiation Physics

In preclinical studies, as well as in the clinical phase I study recently published,
there are always different aspects of radiation physics that has to be regarded.

These aspects range from the radiation safety during handling of various radioactive
sources, calculation of microdosimetric properties regarding irradiation of single cells,
dosimetry and the determination of the absorbed dose to tumors, bone marrow or other
normal tissues, estimate of the relative biological effectiveness (RBE) for various end-
points, estimation of the maximum tolerated absorbed dose or activity for various
treatment situations, and considerations regarding tumor cure probability for different
treatments and therefore irradiation situations.

Fig. 1. The scanning electron microscopy image illustrates microvilli-covered ovarian cancer
cells forming a small tumor on thr peritoneum. A network of fibrin, forming individual
filaments and more coarse bundles, partly covers the tumor and the peritoneal surface. In
the work in J Nucl Med 2006,47:1342-1350 calculations were done in order to estimate the
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absorbed dose to differently sized tumors. Click image for higher resolution.

Some examples of studies in which different aspects of radiation physics have been
considered are presented below.

In the work in Med Phys 2004;31:218-225 a microdosimetric analysis of 2*!At

irradiation of cancer cells was done. A custom-built computer program based on the Monte

211

Carlo method was used to simulate the irradiation. The results show that “*"Po atoms,

created on a cell surface by the decay of !*At atoms, will diffuse from the cell during its
life-span. The increasing distance to the cell nucleus will drastically decrease the probability
of the emitted alpha particle to hit the cell nucleus. The conclusion was that for dispersed

cells, the diffusion of *!*Po atoms will reduce the total absorbed dose from cell-bound *!*At
by a factor of 2.

In the work in J Nucl Med 2005;46:464-471 the myelotoxicity and the RBE for alpha-

particles emitted from *'!At was investigated in a pre-clinical study. An RBE of 3.4 + 0.6

99m

and 5.0 £ 0.9 was found when comparison was made with electrons emitted from Tc or

generated by gamma rays emitted from an external 80Co source. The end-point parameter
was degree of myelosuppression.

J Nucl Med 2005;46:464-471

Finally, in the work in J Nucl Med 2005;46:2061-2067 the aim was to evaluate the

RBE of 2!'At compared with that of ®*Co gamma-irradiation. The endpoint was growth
inhibition (GI) of subcutaneous xenografts. The Balb/c received an intravenous injection of

21at-labeled monoclonal antibody MX35 F(ab')2 at different levels of radioactivity (0.33,
0.65, and 0.90 MBq). To calculate the mean absorbed dose to tumor, a separate
biodistribution study established the uptake of 2*!At in tumors and organs at different times

after injection. External irradiation of the tumors was performed with °°Co. The
biodistribution study showed the uptake of the immunoconjugates by the tumor to be 14%

after 7 h. At 40 h, the ratio of uptake in tumors to uptake in blood reached a maximum
value of 6.2. The administered activities of **!At corresponded to absorbed doses in tumors
of 1.35, 2.65, and 3.70 Gy. The value (mean £ SEM) for D37 was 1.59 £ 0.08 Gy. Tumor
growth after ®°Co external irradiation showed a value for D37 of 7.65 + 1.0 Gy. The

corresponding RBE of 2!!At irradiation was 4.8 + 0.7.

31



UNIVERSITY OF GOTHENBURG

b-..j Targeted Alpha Therapy Group

-

Imaging

Different imaging techniques is repeatedly used in the research and gives
important additional information regarding for example the distribution of
radioactivity in tissues. Below is listed the imaging techniques use by the Targeted
Alpha Therapy Group.

Alpha Camera Imaging
This newly developed technique by Tom Back makes it possible to image and pin-point the

211at and 2'3Bi in in vivo samples,

location of the alpha particles emitted by for example
with a resolution of ~20 um.

Fig. 1. Cryosections of Balb/c nu/nu
kidneys imaged with the Alpha Camera
at 30 min (A) and 2 h (B) after

intravenous injection of *1!At-IgG
trastuzumab. White arrows indicate
vascular branches (A) and medullary
rays and glomeruli (B). Click image for
higher resolution. J Nucl Med, 2010;51
(10):1616-23.

Fluorescence Microscopy

This technique has been used when in
radiobiological studies when
investigationg the appearence of double-
strand breaks in irradiated cell nuclei.
Breaks are visualized by labeling of
gamma-H2AX foci, emerging within

minutes at the site of DNA breaks.

Light Microscopy
This technique is used on a regular basis when for example investigating the presence of
microscopic tumors in hematoxylin/eosin coloured tissue samples in our therapy studies.
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Fig. 2. Light microscopy image of micrometastasis 2 weeks after intraperitoneal inoculation
of ovarian tumor cells (OVCAR-3) in vivo (Balb/c nu/nu). Original magnification x 10. Click
image for higher resolution. Image from H8kan Andersson's PhD thesis in 2000.

Scanning Electron Microscopy (SEM)

This technique has been used in some studies when for example investigating the
relationship between the estimated absorbed dose to differently sized small tumors and the

therapeutic efficacy.

Transmission Electron Microscopy (TEM)

This technique has been used occasionally when investigating how the ovarian tumor cells
for example are attached to the peritoneal lining during studies of the therapetic efficacy.
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abdominal wall
from Balb/c
nu/nu. Click
image for

higher resolution. J Nucl Med, 2006;47(8):1238-40.

Scintigraphy/CT/SPECT-CT
Various standard nuclear-medicine imaging techniges have been utilized in for example the
phase I study to image the localization of radioactivity in the body.

Scoul AP 1h PA 1h Scoul AP 5h Scout PA 12h Scout AP 20h | PA20h

Scout AP 1h PA 1h Scoul AP 7h Scoul AP 13h | PA 13h Seoul AP 21h | PA21h

Fig 1. Gamma-camera images of 2 patients in our phase I study on intraperitoneal infusion

of 211 At-MX-35 F(ab’)2 for ovarian carcinoma. Images show anterior-posterior (AP) and
posterior-anterior (PA) views of patients up to 24 h postinfusion. Click image for higher
resolution.
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Automation

After more than 20 years of experience in working with the a-emitting
radionuclide Astatine-211 (At-211) the chemistry branch of the TAT-group has
begun developing an automatic system for production of At-211-
radiopharmaceuticals.

Although manual methods of synthesizing At-211 radiopharmaceuticals can be feasible,
they would require expert skills and result in only small scale production. This is why future
clinical advancements with At-211 will rely on the possibility of automatic production,
similar to the development in PET radiochemistry. An automated system is not only useful
for standardizing radiopharmaceutical preparations and increasing radiation safety but also
reduces the risk of human error.

Our method is based on the combination of dry distillation to isolate astatine-211 in a
chemical useful form and a synthesis module for producing radiopharmaceuticals. These
components have been merged into a complete automatic process platform where the
unique hardware is controlled by a single computer software.

To increase radiation safety, the system is adapted to fit inside a glovebox or a small lead-
shielded, hot-cell to minimize exposure to the volatile, radioactive astatine. This compact
platform is very versatile as it can accommodate any type of target used for the cyclotron
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The Arronax cyclotron characteristics

ARRONAX is an isochronous cyclotron with 4 high hill sectors. The overall size of the cyclotron is of the order of 4m. The working RF
frequency is 30.45 MHz with an RF cavity composed of two dees at a voltage of 65 kV.
Table 1 summarises the characteristics of the beam for the four types of particles.

Table 1: ARRONAX cyclotron characteristics

Extracted Particles Energy range (MeV) Highest possible current (pAe) most common current range (UAe)
H+ 35-70 375x2 0.05 - 100 x 2

He2+ 70 70 0.07 - 0.1

HH+ 35 50 0.1-1

D+ 15 - 35 50 0.05-1.2

The cyclotron has the capacity to send simultaneously proton beams in both opposite beamlines. It is regularly used in this
configuration.

For more information, please have a look at http://accelconf.web.cern.ch/AccelConf/IPAC2011/papers/WEPS069.PDF
[http://accelconf.web.cern.ch/AccelConf/IPAC2011/papers/WEPS069.PDF]
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Laboratories & apparatus

In the controlled area of ARRONAX several laboratories allow the handling of radioactive isotopes safely:

= 2 radiochemistry laboratories (ZCE1 and ZCE2) each containing two fume hoods and glove box.

= 1 cell culture laboratory microscope with a time lapse, a CO2 incubator, a centrifuge, a biological safety cabinet (PSM) and
a fume hood

= 1 radiolabeling laboratory equiped with a hot cell and a phospho-imager cyclone.

= 1 metrology room containing three gamma spectrometers with their lead shielding, two alpha spectrometrer,a liquid
scintillator, a gas detector alpha / beta total.

= 2 target preparation room containing two electroplating system, a binocular.

= 1 control room containing three quality HPLC which can be coupled to a radioactivity detector or IT-TOF, an UV-visible
spectrometer, a GC-MS, an ICP-AES, an electromobility device.

= 1 GMP production lab containing 3 shielded cells.

= 1 sterile GMP production lab containing 5 ht cells equipede with an ionisation chamber.

Access to these laboratories and the materials is possible for external users. To do this, you must make a request to
plandemanip@arronax-nantes.fr [mailto:plandemanip@arronax-nantes.fr].

37



Radionuclide production

As from the beginning of the 2000s, a technological revolution dramatically modified the prospects of nuclear medicine.

This technological revolution was the introduction of PET imaging with 18FDG in the routine practice of nuclear oncology. At the
same time a substantial progress has been achieved in radionuclide therapy development as well, especially in radioimmunotherapy
and radiopeptide therapy. All these developments open large prospects both in diagnostic imaging and radionuclide therapy with the
availability of a lot of carrier molecules which are currently evaluated in preclinical and clinical studies. Beyond oncology, new
innovative radiopharmaceuticals are expected to be validated in the coming years, in cardiology and neurology.

In this context, some new needs show up for original and innovative positron, beta- and alpha-emitting radionuclides.
1- PET imaging

For PET imaging, fluorine-18 is undoubtedly the radionuclide of choice, due to its favourable radiophysical characteristics. A lot of
new carrier candidates, including FLT, F-MISO, FES, F-choline and F-DOPA, have been clinically evaluated and some of them could be
approvedjavascript:toggle_preview();

Mode prévisualisation for a routine use in the coming years. However, the short physical half life (110 minutes) of fluorine-18
requires its production in a cyclotron located at a short distance of each user centre. That’s why there is more and more interest for
positron-emitting radionuclides with short half-lives but which can be produced in a generator and especially for [*gallium-68*]
(physical half-life: 68 minutes) for which the father is germanium-68 (with a long half-life of 271 days). Such a generator 68Ge/68Ga
has the great advantage to be used for a few months in a nuclear medicine department but germanium-68 needs to be produced in a
cyclotron with a high intensity due to its low production yield.

Moreover, fluorinated molecules have a small size and consequently fast kinetics after intravenous injection, which is compatible
with the relative short physical half life of fluorine-18. However, for larger carrier molecules, such as antibodies or more generally
immunoconstructs, blood kinetics is much slower and maximal tumor accretion is observed relatively late, some days after
intravenous injection. This time interval is not compatible with the 110 minutes half-life of fluorine-18. For this new imaging
application named immuno-PET, new radionuclides with longer half-lives are needed. [*lodine-124*] is a positron-emitting
radionuclide with a physical half-life of 4.2 days which favorably fits with the blood kinetics of antibodies for immuno-PET imaging.

[*Copper-64*] (half-life: 12.7 hours) is another positron-emitting radionuclide of great interest which is also considered for routine
production.

Another clinical application which needs some radionuclides with half-lives longer than that of fluorine-18, even for small molecules
with fast blood kinetics, is the pre-therapeutic dosimetric calculation. For this application, the innovative approach consists in
taking into consideration some pairs of positron- and beta-emitting radionuclides.

Given the present clinical routine use of iodine-131 and yttrium-90 for the labeling of immunoconstructs and peptides, the favorite
pairs of radionuclides are iodine-124/iodine-131 and yttrium-86/yttrium-90. However, for the latter pair, a high energy gamma ray
emitted at a high rate by yttrium-86 is a real drawback for the routine use of this radionuclide.

Another highly requested pair of radionuclides is copper-64/copper-67 due to the favorable characteristics of both radionuclides.
In cardiology, thallium-201 and technetium-99m MIBI (Cardiolite®) radiopharmaceuticals have been used in clinical practice for some
decades, for the diagnosis of myocardial ischemia. However the low energy of the gamma rays emitted by these radionuclides

requires an attenuation correction to be introduced which has some limitations. These limitations result in a relative high
percentage of false positive results which can lead to some useless invasive coronarography procedures.
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[*Rubidium-82*] is a positron-emitting radionuclide which behaves like thallium-201 and is taken-up by the myocardial muscle. The
high energy (511 keV) annihilation photons allow to achieve a reliable attenuation correction. Consequently it has been clearly
shown that the diagnostic specificity of rubidium-82 imaging is significantly higher than that of thallium-201 or technetium-99m MIBI
SPECT imaging. Rubidium-82 has a very short physical half-life (75 sec) and is produced, in a generator, by decay of strontium-82
which has a 25.5 day physical half-life. This very short half-life of rubidium-82 allows to perform both rest and stress imaging tests in
less than 30 minutes as compared with a few hours for thallium-201 or technetium-99m MIBI SPECT imaging.

Strontium-82/rubidium-82 generators have been used in the US for more than a decade but currently, the production capability of
high activity of strontium-82 is seriously limited in the production centers. ARRONAX cyclotron, with a high energy/high intensity of
proton beam will allow to produce up to 600 generators a year.

2- Radionuclide therapy

The three currently used radionuclides for therapy are iodine-131, yttrium-90 and lutetium-177. They cover a range of beta energy
which fits well with the range of small tumor sizes which are appropriate for this treatment modality. However iodine-131 emits a
relatively high percentage of high energy gamma rays which requires some medical staff radiation safety constraints including some
confining of patients in shielded rooms for a few days. These constraints seriously limit the number of patients who could have
benefit of radionuclide therapy. Moreover yttrium-90, a high energy beta-emitter, is taken up by bone/bone marrow after release
from its chelator coupled to the carrier molecule resulting in bone marrow irradiation which limits the injected activity. Additionally
yttrium-90 does not emit gamma rays for pre-therapeutic imaging and yttrium-86 has too high energy gamma rays for routine
imaging.

A radionuclide with favorable radiophysical and biological characteristics is [*copper-67*] (physical half-life: 61.5 hours) which has
been preclinically and clinically evaluated for more than 2 decades. As compared with iodine-131 and yttrium-90, copper-67 has
shown the highest therapeutic index in a few clinical studies. However its industrial production has been, up to now, limited by the
lack of high energy (70 MeV), high intensity (a few hundreds of microamps) cyclotrons necessary for the production of high activities
for clinical studies. ARRONAX cyclotron will be able to produce such high activities.

Finally alpha-emitting radionuclides are being more and more considered for their use in alpha-therapy because of their high LET
(Linear Energy Transfer) which gives a high killing effect especially for small clusters of malighant cells. A few alpha-emitting
radionuclides are available, including astatine-211, lead-212/bismuth-212 and actinium-225/bismuth-213. ARRONAX cyclotron will
produce [*astatine-211*] (physical half-life: 7.2 hours) for preclinical and clinical alpha-therapy studies.

Radionuclides priduced byARRONAX

Radionuclide Target Nuclear reaction Cross section (mbarns) Needed Energy (MeV)
64Cu Ni 64Ni(p,n) = 675 15

68Ge Ga 69Ga(p,2n) = 550

1241 Te 124Te(p,n) =590 15

82r RbCl natRb(p,4n) =98

67Cu Zn0 68Zn(p,2p) =10 70
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Radiobiology

The interaction of ionizing radiation with living matter changes its intrinsic structure (breaking of chemical bonds, recombination ...)
differently depending onseveral factors:

m The particle involved

m The linear energy transfer

m The density of energy deposition in the medium

m The total deposited dose.

The cyclotron ARRONAX delivers several types of particles: alpha, deuteron and proton with energies up to 68 MeV.

Dose rates vary between 0.01 and 10 MGy /s allowing us to study and compile data over a wide range of linear energy transfer (LET)
and density of energy deposition for each incident ion. These features are unique and complementary to those of other accelerators
in France and around the world.

The AX Hall of ARRONAX cyclotron is a room dedicated to experiments. It has several unique features:
m The ability to irradiate using a horizontal beam or a vertical beam

m The possibility, in the vertical beam configuration, to perform on-line time lapse microscopy.

m The possibility to pulse the alpha particle beam (variable inter-pulse duration from 330 ns up to 5 s)

Inside the facility, a cell culture laboratory is present equipped with a PSM, a centrifuge, an incubator, a -80 ° C freezer and various
fridges and freezers. A time lapse microscope with controlled atmosphere is available in this room.

Developments in progress:

Innovative tools for dosimetry are being developed:

m The calibration of the optical density of radiosensitive films (including Gafchromic EBT2) as a function of the dose deposited by
alpha particles and deuterons will be studied.

m A set of collimators and degraders is being developed in order to obtain spatially uniform beam with minimum energy dispersion.

m A new method for measuring the on-line dose will be implemented based on the measurement of bremsstrahlung emission from
the irradiated medium.

m Implementation of time-lapse microscopy in beam.
Teams involved:

Development of radiobiology at ARRONAX is performed by a group of researchers from several laboratories (ARRONAX, CRCNA, I1CO
and Subatech).
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Cross section measurements

Production of radionuclides

The radionuclides that are used for medical applications are generally produced artificially. They are obtained by sending projectiles
on targets formed from stable elements in nature.

The choice of the projectile used depends on the decay mode of the radionuclide that is to be produced. For beta + emitting
radionuclides, charged particles such as protons will be used, produced by an accelerator. For emitting radionuclides beta-,
neutrons, produced in a reactor, are used. For alpha-emitting radionuclides, neutrons from reactors will also be used. Thus we see
that accelerators and nuclear reactors are complementary with regard to the production of radionuclides.

The quantity of radionuclides produced during the irradiation of a target is proportional to the number of target nuclei and the flow
of the projectile used. The coefficient of proportionality, which contains all the physics of the interaction, is called production cross
section. It depends on the energy of the projectile.

To optimize the production of a radionuclide, we must determine the proper energy interval of our projectiles and take into account
the fact that for a given projectile energy, several different nuclear reactions are possible. These other nuclear reactions will
produce unwanted radioisotopes (contaminants) that must be removed later. It is therefore important during the optimization phase
of irradiation parameters to see how we can avoid the production of these contaminants in order to simplify the subsequent work of
radiochemical purification.

The production cross sections

This optimization work is done using the production cross sections of the different isotopes.

These cross sections are available, when they are known, in data bases (NNDC). For some reactions, cross sections are not known
precisely and it is necessary to measure them again. To this end, a program of cross sections measurement is implemented at
Arronax using the "stacked foils » technique.
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Research partnerships

It is the policy of Arronax to propose and get involved in research partnerships. Purely academic or academia/industry partnerships
are considered when their object is consistent with the original missions of Arronax.

Accordingly, Arronax is currently a partner of the Région Pays de la Loire NucSan (Nuclear Technologies for Health) research project,
which, in addition to the Arronax GIP, includes 10 laboratories of Nantes and Angers, and of the “Investissements d’Avenir”
laboratory of Excellence IRON (Innovative Radiopharmaceuticals for Oncology and Neurology), which brings together laboratories and
clinical centers from Nantes, Angers, Tours, Caen, Toulouse, Orléans, Rennes and Strasbourg.

The ArronaxPlus equipment of excellence of the “Investissements d’Avenir” program another example of scientific and technological
consortium, managed by Arronax with the goal of offering a coordinated group of technological platforms, from chemistry to clinical
nuclear medicine, to help in the development of radiopharmaceuticals in all medical domains including oncology, cardiology and
neurology.

Arronax is also a partner in two government subsidized academia/industry partnership: Theranean and QuantiCardi. These two
projects are funded through the FUI (Fonds Unique Interministériel) managed by the Oséo agency:

= Theranean (Therapy through Neutron Activation using Nanoparticles) aims at developing a neutron activation device driven
by a highly intense 70 MeV proton beam delivered by the Arronax cyclotron to activate holmium nano and microparticles
for the treatment of cancer by brachytherapy. It is coordinated by the AAA company (Saint-Génis-Pouilly, France) and
involves Subatech, the Nano-H S.A.S. company, the University Claude Bernard Lyon 1, the INSA-MATEIS (CNRS) laboratory, in
collaboration with the Hospices Civils de Lyon.

= The objective of the QuantiCardi project is the preindustrial development of an integrated solution consisting in
innovative components dedicated to the imaging of myocardic perfusion by Positron Emission Tomography (PET) to measure
myocardic blood flow and the coronary reserve. A subnormal coronary reserve is symptomatic coronary insufficiency,
disease responsible for 30 50% of death by cardiopathy in Europe. The project is headed by Lemer PAX company and
involves Keosys, Subatech, IRCCyN-1VC and the CRCNA.

A large collaborative project, aiming at creating a national academic and industrial cluster in molecular radiotherapy, is being

developed with Atlanpole Biotherapies in response to the “Projets Structurants des Poles de Compétivité call for tender of
the”Investissements d’Avenir”.
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history

After submission of a scientific project in 2001, the cyclotron Arronax reached full power on October 25, 2010 and has been
operational since 2011.

2001: the scientific file written by Jacques Barbet, Jean-Francois Chatal, Jacques Martino and Yves Thomas is presented to scientific
authorities and potential funders

May 3, 2002: after scientific expertises from CNRS, Inserm, CEA and Universities, the Ministry of Research formalizes a scientific
evaluation of the submitted document

2002-2003: A study of technical and economic feasibility, co-funded by the Regional Council of Pays de la Loire and the State
(Prefecture) and led by the University Hospital of Nantes, confirms the technical feasibility and more accurately assesses the costs of
investment and operation

December 18, 2003: The project, led by the University of Nantes and supported by the Minister Francois Fillon and the President of
the Regional Council of Pays de la Loire, Jean-Luc Harousseau, receives a favorable advice of the Interministerial Committee for the
Planning and Development of the Territory (CIADT)

July 9, 2004: Jacques Auxiette, newly elected President of the Regional Council of Pays de la Loire, supports and decides to launch
the project to be installed on the northern site of the Nantes University Hospital, on land made available by the hospital. The
project ownership is delegated by the State to the Region Pays de la Loire during the building period.

End of 2004 : the financial closure of the estimated investment of € 36.9 million is provided with the following distribution

State: € 8.4 million

Region Pays de la Loire: 14.260 M €

European Funds: 7,490 M €

French

Poitou Charente Brittany Regional Council: 0.750 M €

Pays de la Loire Regional Council: 0,500 M €

General Council of Loire Atlantique: 2.00 M €

General Council of Maine et Loire: 0,300 M €

Nantes Métropole: 3.00 M €

Angers Loire Métropole: 0,200 M €

2005: definition of the equipments and award of public contracts

7 December 2006: laying of the first foundation stone

March 2008: delivery of the cyclotron, then assembly, tests and adjustments

November 7, 2008: Inauguration of the cyclotron and Arronax site in the presence of Prime Minister Francois Fillon, President of
Region Jacques Auxiette, Deputy Mayor of Nantes Jean-Marc Ayrault, Mayor and Senator of Saint Herblain Jean-Charles Gautier
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Inauguration le 07/11/2008
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Yo Letainte, Président de PUniversitg de Nantes

1. Marting,  Directewer de S5F Arrone

E. Fillom, Promior Mindicre

25 October 2010 :: the cyclotron reaches full power for 24 hours

2011: The cyclotron produces Strontium-82 in routine and R/D allows for the production of copper-64, Ge-68, Scandium-44 and
radiolysis, radiobiology and physics experients.
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The Arronax GIP

From a statutory point of view, Arronax is a « Groupement d’Intérét Public » (GIP). Arronax is thus a public research institute with a
private accounting. It is a kind of mixed economy system that allows it both to cooperate as equal with public research partners and
to act as a company with respect to industrial customers (Siret: 13000411200012, DUNS: 295659028).

A GIP is a grouping of several public and private members, linked by a written agreement, approved by the State. Members of the
Arronax GIP are the State and the Region Pays de la Loire, large national organizations of research, higher education and research
institutions, hospitals. Members are gathered in an Administration Council which elects its president and vice president.

The Arronax GIP is constituted for a period of 25 years, renewable. First, it supports the operation of the cyclotron Arronax
(Accelerator for Research in Radiochemistry and Oncology at Nantes AtlantiX), which is a large platform with an international
Research and Development objective. The responsibility for management lies with the director of the GIP, who signs research
contracts and service contracts with national or international, public or industrial partners.

Staff members working for the GIP are, researchers, engineers, technicians provided by its members, and employees of the GIP.

Some counselors, and several members of the partnership laboratories cooperate regularly on the platform. Depending on the time
period, the number of staff members is between 30 and 40.
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Scientific Board members

The mission of the International Scientific Council of ARRONAX is to advise the management of the GIP in its strategic choices.

It meets once a year in the fall since 2004. It consists 14 members including 4 technical committee members:

m Professor Suresh Srivastava, Professor of Radiology at the Medical School of the State University of New York at Stony Brook,
director of Radionuclide and Research Division Radiopharmaceutical (R & RR) of the Medical Department at Brookhaven National
Laboratory, Upton, New York (USA), President.

m Professor Marion de Jong, Professor of Nuclear Biology, Erasmus MC, Rotterdam (Netherlands), Vice-President.

m Professor Patrick Bourguet (Centre Eugéne Marquis, Rennes), Professor of Biophysics and Nuclear Medicine, University of Rennes 1
(France).

m Professor Patrick Cozzone, Professor of Biophysics at the Faculty of Medicine of Marseille, head of department at the Hospital La
Timone, CHU Marseille, Chair of Biophysics at the Institut Universitaire de France, founder and directorof the Centre for Magnetic
Resonance Biological and Medical CNRS (France).

m Professor Peter Ell, Nuclear Medicine, Senior Investigator National Institute for Health Research (NIHR) and Professor Emeritus at
University College London (UK).

m Professor Denis Guilloteau, professor of pharmaceutical biophysics, Director of Inserm U619 “Dynamics and pathology of brain
development,” Director of Nuclear Medicine, CHU Bretonneau, Tours (France).

m Dr. Ulli Koster, nuclear physicist, radioisotope production at the Institut Laue Langevin (Grenoble) and ISOLDE (CERN).

m Professor Jorg Kotzerke, Professor of Nuclear Medicine, Director of the Department of Nuclear Medicine, University Hospital of
Dresden (Germany).

m Dr. Bernard Laune, Accelerators Physicist , Head of Mission for the Pole IN2P3 Accelerators CEA / CNRS, Technical Coordinator of
the Accelerators Division of the Institute of Nuclear Physics of Orsay, Member of the National Programme for Research in Radiation
Therapy (France).

m Professor Jacques Martino, nuclear physicist, director of IN2P3 (CNRS), Paris (France).

Additional members from the Technical Committee:

m Professor Michel Chérel, Professor of Biophysics, Pharmacist, Doctor of the University of Nantes, Centre for Research in Cancer
Nantes-Angers, Nantes (France).

m Dr. Ferid Haddad, Senior Lecturer at the University of Nantes, Deputy Director of GIP ARRONAX, Doctor of Physics, Subatech,
Nantes (Nantes).

m Dr. Vincent Metivier, Assistant Professor at the Ecole des Mines de Nantes, Doctor of Physics, Subatech, Nantes (France)

m Docteur Freddy Poirier,Research ingineer at the CNRS, Doctor in accelerator physics, ARRONAX, Nantes(France).
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The Arronax facility

The Arronax plant is installed in a 4000 m? building, located 1 rue Aronnax, Saint Herblain, in the suburbs of Nantes, near the north
branch of the University Hospital. This building is built on a 10 000 m? plot of land in the Bio-Ouest Laénnec technology park.

The building is split into 3 parts:

« A conventional area (blue on plan) comprising offices, a conference room, the cyclotron control-command room, an electrical
supply room and standard service areas (heating equipment, ventilation system, compressor, etc.).

A controlled area (in yellow) in which all nuclear activities are performed. Here are the cyclotron, its reaction shields, its utilities,
the various laboratories, storage areas for nuclear waste, target processing areas (hot cells, etc.)

« A technical space (in green), to allow for growth in activity, or for use by partners and R/D consortiums developed by Arronax.
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SRS

Research units

Aerosol Physics and Metrology
Laboratory (LPMA)

The Aerosol Physics and Metrology Laboratory (LPMA) has long been involved in
developing aerosol science in France in conjunction with various academic and
industrial partners. It is located at the CEA site in Saclay (Essonne, France). It is
directed by Francois Gensdarmes.

Summary

Context and research themes
Research axes

Specialties and researchers
Facilities and techniques
Partnership and research networks

Context and research themes

The LPMA carries out experimental research, studies and technical assessments
related to the characterisation of source terms at facilities, in normal and accident
situations.

This involves:
basic research and studies, as well as applied studies, on aerosol physics and
metrology, and on air contamination by natural sources, both radioactive and
non-radioactive, and anthropogenic sources (formation, physical and chemical
changes, and transfer, mainly via containment barriers);
research and studies on the physics and chemistry of phenomena likely to
occur during an accident situation at a nuclear facility;
applying the results obtained to define, analyse and develop the related
measurement devices, especially atmospheric samplers;
testing devices used to measure radioactive contamination.

Research axes

Main areas

To fulfil its tasks, the LPMA develops knowledge in three main areas :

Aerosol physics: sources (suspension, nucleation), changes in space and over
time (condensation, evaporation, agglomeration, electrical charge) and
aerosol deposition (deposition on surfaces, transfer via ducts).

Aerosol metrology: measuring physical properties (aerodynamics, diffusion,
electrical, aggregate morphology) and sampling methods (performance, use
strategy).

Purification of radioactive gases such as iodine and tritium.

Major research topics currently studied at LPMA

Particle suspension by air flow or by the fall of potentially dispersible materials
(powders, contaminated objects, liquids), suspension during dismantling
operations.

Characterisation of aerosols emitted during a fire situation and the suspension
of contaminants emitted by materials subject to fire.

Nanoparticles (characterising emissions, specific metrology, transfer and
deposition, containment and filtration)

Sampling aerosols for workstation monitoring.

Radon, thoron and decay product metrology.

Assessing the performance of air contamination monitors.

Trapping radioactive iodine and tritium on activated carbon and zeolite filters.

Specialties and researchers

Services provided

Assessment and characterisation of o, 3 et y radioactive contamination
measurement equipment.

Verification and calibration of radon measurement instruments.
Measurement and characterisation of particle releases at industrial facilities.

Researchers

Frangois Gensdarmes, head of laboratory

Sylvain Bondiguel, technician

Sylvain Fauvel, engineer

Guillaume Davenne, technician

Zakaria Mana, engineer 48
Nathalie Michielsen, research engineer

Céline Monsanglant-Louvet, research engineer

|

Publications

LEMAC's publications (till 2003)
recorded in this website

LPMA's publications (since 2003)
recorded in this website

The co-authored book “History and
Reviews of Aerosol Science” (2005)
includes a chapter on the research
carried out by LPMA and its partners
between 1980 and 2001.

The table of contents

Contact

Francois Gensdarmes, head of
laboratory

IRSN/PSN-RES/SCA

Aerosol Physics and Metrology
Laboratory

91191 Gif-sur-Yvette Cedex
France

By phone: +33 (0)1 69 08 55 06


http://www.irsn.fr/EN/Research/Search/Pages/Advancedsearch2.aspx?k=LPMAC%20(Aerosol/containment%20physics%20and%20metrology%20laboratory)&field=UniteDeRechercheEN
http://www.irsn.fr/EN/Research/Search/Pages/Advancedsearch2.aspx?k=IRSN/DSU/SERAC/LPMA&field=UniteDeRechercheEN
http://www.aaar.org/index2.cfm?section=Bookstore&content=History_Reviews_Aerosol_book
mailto:Francois.gensdarmes@irsn.fr

Frangois-Xavier Ouf, engineer
Samuel Peillon, engineer
Sébastien Pontreau, technician
Stéphane Roussel, technician
Audrey Roynette, technician
Philippe Sillon, technician

Facilities and techniques

Facilities

Icare, test bench for performing tests using calibrated radioactive aerosols,
with caesium or plutonium markers;

Baccara, test bench for research on the metrology of radon.

Lec, ISO Class 8 dust-monitoring cleanroom.

Bise, air duct for research on the suspension of contaminants by air flow.

Cepia, test chamber for research on the performance of personal and
environment aerosol samplers.

Measuring equipment

For aerosol characterisation :

Condensation Nuclei Counter (CNC), Nephelometer and Optical Counters
(COP),

Scanning Mobility Particle Sizer (SMPS), Engine Exhaust Particle Size
Spectrometer (EEPS), Differential Mobility Spectrometer (DMS),

Diffusion battery, Aerodynamic Particle Sizer (APS), Aerosizer, Electrical Low
Pressure and Cascade Impactors (ELPI, Andersen), Coulter Counter,

Tapered Element Oscillating Microbalance (TEOM).

For aerosol generation:

Atomizers, Piezoelectric ceramics, Vibrating Orifices, Rotating brush,
Fluidized bed, Vortex Shaker, Voltage pulse generator,
Evaporation/condensation generator.

For radioactivity:

MINI 20 proportional counter, [, [1 and (] spectrometry, Measurement of the
activity concentration of radon

Partnership and research networks

LRGP (CNRS and Nancy University joint laboratory),
CORIA (Rouen University, CNRS and INSA joint laboratory),

LISA (Paris-Est Créteil University, Paris Diderot University and CNRS joint
laboratory),

CERTES (Paris-Est Créteil University),

LPGP (Paris-Sud University and CNRS joint laboratory),
INRS,

CEA,

LNE,

AREVA,

EDF,

ONERA
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Already clinical use

Production in NIRS
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Fukushima Medical University
Fukushima Global Medical Science Center
Targeted Alpha Therapy

FMU website

Radionuclide Therapy Ward in Medical Center

=i ;
oerer @ eterail W LT ]
el el el s g ‘

— e AT T L

SR TR 37.0GBq: (#3)
22.2GBq: (#2)
7.4GBq: (#4,5,6)

Seve o A0 376Bq: (#1,7,8,9)

T
al 1 1
7 B .
N =0
(m) Waiting period =
o =
3
2
=
4 =
=
2
=
Z I ’
0
2008 2009 2010 °
Time (months)

52



Two cyclotrons for production of radionuclides

HM-20S MP-30
R Energy 20 MeV Proton Energy 15 - 30 MeV
Current 150 pA SR 100 uA
E 16 MeV
Energy 10 MeV Deuteron etz 6 Me
Deuteron Current 50 YA
Current 50 pA Alpha Energy 32 MeV
Max. Targets 8 (4/Port) Current 30 pA
Power 55 kW Max. Targets Depend on Requirement
Power 150 kW

Cyclotron (MP-30, Sumitomo Heavy Industries, Ltd.)

Acceleration energy

Proton 15 - 30 MeV
Deuteron 8-15 MeV

Alpha 32 MeV

For Nuclear Reaction of

(p,x) (d,x) (a,x)
< MVIAENE (Horizontal Beam)
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MP-30 Cyclotron

Beam from Cyclotron

(Horizontal Beam)

| 90 deg. Bending Magnet |
v

L

Target Shield /

Irradiation Port

Shielding Box

purified by a
dry
distillation
process

r|

(Target Changer)

Recovery Pipelines
to Hotlab.

Target Carrier System
Rail

Special Features:

Vertical Irradiation System & Automatic Target Transport System

Station

Preclinical facility for study with radionuclide

Pass room

Wash/dry

Quarantine room Breeding rooms 1,2 Treatment room Lab 3 Lab2

Imaging
PET/SPECT/CT Fluorescence/luminescence imaging
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SEGRT

‘ Production group of e-emitter in Europe

Deutsc
Forschungszel risruhe, Deutschland
Universiteit Gent, Belgie o
Virga Jesseziekenhuis, Belgie Ruusia, Poland
Universitatsspital Basel, Schweiz

Production facilities of «-emitter in Japan

/-
PSSP R

227Th, 23Ra
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ABSTRACT

Introduction: The combination of a targeted biomolecule that specifically defines the target and a
radionuclide that delivers a cytotoxic payload offers a specific way to destroy cancer cells. Targeted
radionuclide therapy (TRNT) aims to deliver cytotoxic radiation to cancer cells and causes minimal
toxicity to surrounding healthy tissues. Recent advances using a-particle radiation emphasizes their
potential to generate radiation in a highly localized and toxic manner because of their high level of
ionization and short range in tissue.

Areas covered: We review the importance of targeted alpha therapy (TAT) and focus on nanobodies as
potential beneficial vehicles. In recent years, nanobodies have been evaluated intensively as unique
antigen-specific vehicles for molecular imaging and TRNT.

Expert opinion: We expect that the efficient targeting capacity and fast clearance of nanobodies offer a
high potential for TAT. More particularly, we argue that the nanobodies’ pharmacokinetic properties
match perfectly with the interesting decay properties of the short-lived a-particle emitting radionu-
clides Astatine-211 and Bismuth-213 and offer an interesting treatment option particularly for micro-
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metastatic cancer and residual disease.

1. Introduction

1.1. Targeted radionuclide therapy

The evolution of modern medicine during the second half of
the twentieth century has improved the clinical outcome of
patients with numerous forms of cancer. Today, the treatment
of cancer generally consists of surgery, systemic chemother-
apy, radiation therapy (including external beam radiation),
immunotherapy, antihormone therapy, targeted radionuclide
therapy (TRNT). The choice depends upon the location and
grade of the tumor and the stage of the disease, as well as the
general state of the patient. Presently, tumor reduction by
chemotherapy is increasingly being used in combination
with surgery in multiple cancer types. Chemotherapy interacts
with vital processes of the cell cycle or cell metabolism,
thereby stopping or reversing cancer growth. Chemotherapy
does not distinguish cancer cells from certain healthy cells,
making it a less specific treatment option. External beam
radiation is not suited for disseminated disease and immu-
notherapy often has to deal with specific resistance issues.[1]

The main objective of TRNT is the ability to selectively
deliver cytotoxic radiation to cancer cells that causes minimal
toxicity to surrounding healthy tissues, using optimized vehi-
cles that deliver a nuclear payload into the tumor cells. TRNT is
a growing and favorable treatment option for cancer.

Currently, two principal categories can be distinguished.
First, there are agents that accumulate naturally in tumor
tissue. Examples are lodine-131 ('3'l) for the treatment of
differentiated thyroid cancer [2] and Strontium-89 (3%Sr) and
Radium-223 (***Ra) for the treatment of bone metastases.(3,4]
31 and ®Sr are both B -particle-emitting radionuclides, while
22Ra is an a-particle-emitting radionuclide. The second cate-
gory includes agents that target tumor-associated antigens
that are aberrantly present in malignant tissue. Examples are
Yttrium-90 (°°Y)- and Lutetium-177 ('"’Lu)-octreotide as radi-
olabeled peptides to treat somatostatin-overexpressing neuro-
blastoma.[5-7] In addition, monoclonal antibodies (mAbs) are
also used as vehicles to target tumor-associated antigens and
hereby providing a specific internal radiotherapy.[8] The only
regulatory-approved radiolabeled mAb is *°Y-ibritumomab to
treat non-Hodgkin lymphoma.[9,10]

Thus, a radiopharmaceutical usually consists of two parts: a
targeting biomolecule that specifically determines the locali-
zation of the radiopharmaceutical and a radionuclide that
delivers the mechanism of action through its decay. Today,
radiopharmaceuticals are used as either diagnostics for non-
invasive imaging through the detection of y-rays using posi-
tron emission tomography (PET) or single-photon emission
computerized tomography (SPECT), and/or as therapeutics to
deliver radiation to the targeted tumor cells. When
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Article highlights

« Due to the short range in tissue and high linear energy transfer of a-
particles, targeted alpha therapy (TAT) is ideal for micrometastatic or
residual disease

Nanobodies are the smallest antibody-derived antigen-binding frag-
ments and have superior characteristics compared to classical mAbs
and their derived fragments for in vivo cell targeting

Nanobodies are being evaluated intensively as both diagnostic tra-
cers for nuclear imaging and vehicles for TRNT .
The combination of the short-lived a-particle emitters *''At and 2"Bi
and nanobodies offer new possibilities for their application in TAT,
which will most likely be demonstrated by ongoing and planned
research work.

The box summarizes key points contained in the article.

radiopharmaceuticals are employed both for diagnosis and
therapy, they are referred to as ‘theranostic agents.’ This com-
bined diagnostic-therapeutic procedure uses a diagnostic test
to determine whether a patient may benefit from a specific
therapeutic drug, allowing personal, structural, and functional
characterization of a tumor during therapy. Moreover, the
therapy response could be measured throughout the therapy.

In general, there are three types of radiation that can be
used for TRNT: B -particles, Auger electrons, and a-particles.
Each radionuclide is characterized by its own decay properties,
tissue range, half-life, and chemistry, proposing the opportu-
nity to adapt the features of the radionuclide to a particular
type of cancer and in the long run to the needs of an indivi-
dual patient.[11] Until now, TRNT has been mainly explored
using P -particle-emitting radionuclides. B -Particles have a
low linear energy transfer (LET) (0.2 keV/um), producing repair-
able DNA damage including single- or double-stranded DNA
breaks, base chemical modifications, and protein crosslinks. In
case of low-LET radiation, like for example [ -particles, the
damage caused by direct ionization of the target might only
be sublethal, if dosed insufficiently high. Indirect effects
caused by reactive oxygen species (ROS) also contribute to
the eventual damage. 3 -Particles have a relatively long range
in tissue (1-10 mm), causing cytotoxic damage in surrounding
nontargeted cells, referred to as ‘crossfire effect.’ This might be
useful for the treatment of heterogeneous, bulky tumors, but
it has the disadvantage of damaging surrounding normal
tissue. Most progress with B -particle radiation has been
made in hematological malignancies, while the progress in
epithelial-derived tumors has been slow. One of the short-
comings of low-LET B~ -particle-emitters is that much more of
the radioactivity need to reach the tumor tissue to effectively
kill it, compared to high-LET a-particles. A single a-particle is
sufficient to destroy the cell nucleus, as cell death due to the
a-radiation is largely independent of oxygenation or active cell
proliferation. B™-Particles on the other hand need much more
hits at the level of the cell nucleus as they produce sparse
ionization and individual DNA lesions, mostly repairable. This
disadvantage is one of the reasons for the average success of
agents labeled with B -particle-emitting radionuclides in clin-
ical trials. Theoretically, Auger-electron emitters present multi-
ple advantageous characteristics, making it an attractive
candidate for TRNT. Auger emitters have a short effect range
(subcellular, order of nanometers), a LET of 4-26 keV/um, and
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are able to produce a high level of cytotoxicity due to Auger
electron cascades. These cascades, by which electrons, carry-
ing a characteristic kinetic energy, are ejeeted from atoms in
response to a downward transition by another electron in the
atom. In contrast to a-radiation, Auger radiation is of low
toxicity when decaying outside the cell nucleus, such as in
the cytoplasm or outside of cells, and will therefore cause little
damage to nontargeted cells. Some studies have shown that
Auger electrons can be effective when targeted only to the
cell membrane.[12] However, it is generally considered that
the radioisotope needs to be delivered close to the cell
nucleus in order to be effective, which makes internalization
into the cell crucial.[13]

1.2. General considerations of targeted alpha therapy

The selection of the appropriate radionuclide depends on its
decay properties, namely the physical half-life and emission
characteristics. For the management of bulky and heteroge-
neous tumors, treatment with B -particle-emitting radionu-
clides might be the preferred approach. However, for the
eradication of small-volume tumors and small clusters of can-
cer cells, agents that emit high-energy a-particles would be
more beneficial due to their highly specific toxic load to the
targeted tumor cells and their short range in tissue. Thus, the
main strength of targeted alpha therapy (TAT) is the potential
to deliver radiation in a highly localized and toxic manner,
because of their high level of ionization produced and short
range in tissue.[14] An o-particle consists of a *He nucleus;
therefore, it is much heavier than other subatomic particles
emitted from decaying radionuclides and nuclear reactions.
The main characteristics of currently available a-particle-emit-
ting radionuclides are summarized in Table 1.[12] With a
charge of +2, a-particles are effective ionization agents with
a high LET (50-230 keV/um) at a short range of 50-100 um in
tissue. They induce clusters of DNA damage such as double-
stranded DNA breaks and base chemical modifications that
evoke a large number of cellular responses and pathways that
include apoptosis, autophagy, necrosis, and cell-cycle arrest.
This type of damage is difficult to repair by the cell. Moreover,
the damage is independent from the generation of indirect
ROS, leaving their effectiveness potentially unabated by tumor
hypoxia.[12] These characteristics make a-emitters effective in
eradicating small clusters or isolated cancerous cells with little
exposure to surrounding healthy tissue. Thus, TAT is of high
interest for the treatment of micrometastatic and minimal
residual disease after surgery. Moreover, the concept of TAT
has moved from bench to bedside, with increasing clinical
experience in, for example, ovarian cancer, metastatic prostate
cancer, gliomas, and acute myeloid leukemia (Table 2). A
median survival of 8.9 months could be achieved after intra-
venous administration of the a-immunoconjugate, Bismuth-
213 (*"Bi)-cyclic diethylenetriaminepentaacetic acid anhy-
dride (cDTPA)-9.2.27, in patients with metastatic melanoma
in a phase | trial.[15] Using TAT to treat metastatic melanoma,
a-particles reach the endothelial cell nuclei, causing cell death
and leading to capillary closure and interruption of nutritional
support to the tumor. If enough capillaries are closed down,
the tumor might regress and could even disappear. Thus, this



Table 1, Main characteristics of the currently available o-particle-emitting
radionuclides.

Maximum
Daughter  Physical energy Occurrence Associated
Isotope  isotopes® half-life (keV) (%) emissions
21at 7.2 h 5,867 a (41.8%) a, y, LEE
*pg 516 ms 7450 a (100%)
e = 10 days  5.830 a (100%) a, y, Auger, p~
21y 49 min  6.341 a (100%)
AL 323ms  7.069 a (99.98%)/p
(0.01%)
3g; 456 min  6.051 a (2.2%)/
B(97.8%)
23pq 4.2 us 8.377 a (100%)
#13g; 456 min  6.051 a (2.29)/p™ a, y, Auger, f~
(97.8%)
Hpg 432 ps 8.377 a (100%)
R - - 61 min 5.870 a (36%)/p a, y, Auger, B~
(64%)
2Hpg 298 ns 8.785 a (100%)
h - 18.72 days 6.038 a (100%) a, y, Auger, B~
223p3 11.4 days  5.871 a (100%)
2% 45 6.819 a (100%)
?15pg 1.8 ms 7.386 a (100%)
211gj 214 min  6.623 a (99.7%)/p~
(0.3%)
2pp 10,64 h B~ (100%) B
n2g; 61 min  5.870 a (36%)/p a, y, Auger, B~
(64%)
pg 0.3 ps 8.785 a (100%)
g - 114 days  5.871 a (100%) a, v, Auger, B~
219pn 45 6.819 a (100%)
*13pg 1.8 ms 7.386 a (100%)
211g; 214 min 6,623 a (99.7%)/B
(0.3%)

*Generated a-particle emitter after decay of the conjugated parent.
LEE: Low-energy electron emission; NS: vield not significant.

subtype of TAT targets specifically the vasculature and has
been referred to as ‘tumor anti-vascular a-therapy
(TAVAT).[16] TAT has been compared to B -particle-emitting
radionuclides in several clinical trials, highlighting their pro-
mising therapeutic potential. For example, investigators com-
pared '*'l-labeled bisphosphonates with their Astatine-211
(*""At)-labeled counterparts for pain relief in patients with
bone metastasis.[17] In addition, Henriksen et al. explored
the bone-seeking properties of 2**Ra and compared it with
those of the B -particle-emitting radionuclide °Sr.[3] The con-
clusion of both studies was that a-particle radiation showed a
lower toxic effect to the healthy bone marrow compared to
B -particle emitters, which is attributed to the reduced cross-
fire effect. This and other studies indicated that the strength
and short distance of high-LET a-particles make them more
suitable than low-LET B -particles in particular circumstances.
Despite its positive features, the translation of TAT into the
clinic has been slow, mainly due to the limited radionuclide
availability and the short physical half-life and daughter a-
particles of some of the available a-emitters. Furthermore,
several other issues concerning a-particle emitters should be
addressed as well, which are discussed in the following
paragraphs.

1.2.1. Radiolysis

Radiolysis is the dissociation of molecules by nuclear radiation.
The magnitude of energy deposits by volume of a-particle
emitters is two times greater than that of B -emitters such as
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“y or '*'I. Because of this, the potential impact of radiolysis
effects when using a-particles is noticeably higher. Hence, the
radiolabeling of certain vectors with an a-particle emitter
using high levels of radioactivity while maintaining appropri-
ate biclogical properties may be challenging.[51] Studies by
Zalutsky et al. indeed emphasize the potential importance of
radiolysis-mediated effects on the chemistry of a-particle-
emitting radiopharmaceuticals and the need to evaluate
their labeling chemistry and stability at high doses required
for clinical use.[63,64]

1.2.2. The radiation-induced biological bystander effect
The radiation-induced biological bystander effect (RIBBE) is a
process whereby nontargeted healthy cells are damaged, not
as a result of directly being hit by radiation, but via the
radiation-induced death or stress of neighboring cells. As a-
particle-emitting radionuclides have a range in tissue that is
equivalent to only a few cell diameters, the physical crossfire
effect will be limited. To date, the majority of studies of RIBBE
have been performed in vitro using single-cell or multicellular
systems ex vivo or in artificial three-dimensional human tissue
systems. Boyd et al. demonstrated that cell death in adjacent
cells after treatment with a-particle-emitting radionuclides
might be enhanced via RIBBE.[65] Furthermore, evidence on
the in vivo effectiveness of RIBBE has been limited, but new
findings indicate that they may affect tumor development in
susceptible mouse models. For example, Mancuso et al.
demonstrated that DNA double strand breaks and apoptotic
cell death could be induced by bystander responses in mouse
cerebellum after X-ray exposure of the remainder of the body.
[66] Mice were whole-body exposed or irradiated with indivi-
dual cylindrical lead shields providing protection of heads.
Whole-body-irradiated animals developed cerebellar tumors.
A high percentage of mice (62%) died of aggressive disease by
23 weeks, with median survival of 14 weeks. Significantly, they
also observed a remarkably increased medulloblastoma rate
(39%) in lead shielded-irradiated mice, indicating that bystan-
der effects are factual in vivo events with carcinogenic poten-
tial. However, the underlying mechanisms are incompletely
characterized and it remains unclear how processes involving
oxidative metabolism and stress-inducible proteins lead to
(oxidative) DNA damage in bystander cells.[67]

1.2.3. Distribution of recoil daughters in the body

Another important aspect that should be taken into account is
the unstable bond of daughter isotopes upon a-decay due to
the different chemical properties of the daughters. This could
result in an immediate loss of the daughter atom from the
chelating chemistry.[68] In addition, the recoil energy of the
recoiling daughters is more than 1000 times higher than the
binding energy of any chemical compound, which will lead to
the rupture of the chemical bonds of the daughter atom with
the targeting vehicle, as well as to the ionization of the
surrounding medium. The released daughter isotopes that
are often themselves a-emitters might cause substantial
harm since they will no longer be bound to the targeting
vehicle. Therefore, it is of utmost importance to study the
fate of both mother and daughter isotopes. For instance, the
biodistribution of the bone-targeting radiopharmaceutical
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Table 2. Vehicles used in targeted a-particle therapy in preclinical and clinical settings.

Reference Reference

Radionuclide TAT agent Indication Antigen (preclinical data) {clinical phase)
Ac Anti-CD33 IgG (HuM195) Leukemia €D33 [18] 1 119,20
2B50¢ Anti-HER2 lgG (trastuzumab) Ovarian cancer HER2 [21] =
231TH Anti-HERZ IgG (trastuzumab) Breast and ovarian cancer HER2 [22,23]
2Th Anti-CD20 19G (rituximab) Non-Hodgkin lymphoma CD20 [24,25]
213g; Anti-CD33 IgG (HUM195) Leukemia €D33 [26,27] 1 and 1711 [28,29]
213g; Anti-CD20 IgG (rituximab) Non-Hodgkin lymphoma CD20 [30,31] 1[32]
213g; Plasminogen activator inhibitor  Breast cancer, pancreatic cancer Urokinase plasminogen [33-35]

type 2 activator receptor
213g Anti-MUC1 1gG (€595 IgG) Ovarian cancer, pancreatic cancer  MUCI [36,37]
213g; Substance P Glioblastoma Neurokinin type-1 receptor 0/1 [38,39]
213gj Anti-NG2 1gG (9227 IgG) Melanoma NG2 proteoglycan [40,41] | [15,42,43]
13g; Anti-CD138 IgG Multiple myeloma CD138 [44]
213g; Anti-PSMA 1gG (J591 IgG) Prostate cancer PSMA [45]
219gj €6.5K-A scFv, C6.5K-A diabody  Breast and ovarian carcinomas HER2 [46]
Z12pp/228;  Anti-HER2 IgG (TCMC- Ovarian cancer HER2 [47,48] [48-50]

trastuzumab)
g Chimeric 81C6 IgG Glioblastoma Tenascin-C [51,52] Il (53]
ae MX35 F{ab"), Ovarian cancer NaPi2b [54] 1 [55]
At Anti-FRA 19G (Mov18) Ovarian cancer Folate receptor alpha [56]
At Anti-EGFRvIIl IgG Glioblastoma EGFRVIII [57]
at Anti-HER2 C6.5 diabody Breast cancer HER2 (58]
Mat Zyera3az and (Zyerow); affibody  Breast and ovarian carcinomas HER2 [59]

molecules
3pg 2234 chloride Skeletal breast and prostate cancer Hydroxyapatite [60] -1l [61,62]

metastases

NG2: Neural/glial antigen 2; PSMA: prostate-specific membrane antigen; EGFRvIII: epidermal growth factor receptor variant Il

223Ra, which naturally targets the hydroxyapatite matrix in the
bone, has been studied extensively in vivo.[3,69] Although the
daughter isotopes are not intrinsically bone-seeking, the rapid
cascade of a-particle-emitting daughters will deliver high
doses to bone metastases. However, their short half-life
appears to prevent them from causing major damage to
healthy tissue. An in vivo study demonstrated that less than
2% of the daughters migrate away from the bone surface
within 6 h after administration of **’Ra, and after 3 days, this
number has dropped down to less than 1%.[3] Another exam-
ple is the decay of actinium-225 (***Ac) with the formation of
potentially disadvantageous radiotoxic daughter products
such as "*Bi. It is critically important to reduce the redistribu-
tion of the daughter isotopes to nontarget tissues and to
diminish systemic radiotoxic events. Therefore, the ***Ac
‘nanogenerator’ approach was designed in which the delivery
system is engineered to be internalized into the targeted
tumor cell.[70] McDevitt and colleagues demonstrated the
ability to safely and efficiently use **’Ac as a potent tumor-
selective generator in both established solid carcinomas and
disseminated cancers.[71] Although these results were very
promising, additional development of this modality is war-
ranted to optimize the stability of the nanogenerator to max-
imize the retention of the tumor while avoiding uptake in
healthy organs.

1.2.4. Dosimetry

Radiation dosimetry is the measurement of the absorbed dose
delivered by the ionizing radiation and provides a basis for
understanding the effects and efficacy of different radiation-
based treatments. One of the major impediments of TRNT is
the heterogeneous distribution of the radiopharmaceutical in
normal and tumor tissues. In the case of a-particle radiation,
their short path length and high LET need to be taken into
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account, posing an enormous challenge on the methods
needed for relevant dosimetry.[72] For high-LET irradiation,
the effect of a single incident in the nucleus of the cell is so
abundant that the variations in absorbed dose (specific
energy) to the nucleus can be very large and therefore
might be a misleading index of the biologic effect. The clinical
quantification of the absorbed doses with the y-camera is only
able to give an estimate about the uptake of the radiophar-
maceutical in whole organs and in macroscopic tumors, while
quantification of absorbed doses in smaller compartments in
organs or microscopic tumors is barely feasible. Thus, small-
scale dosimetry or microdosimetry, which takes into account
the stochastic nature of energy deposited in small targets,
would generate improved dosimetric calculations for a-parti-
cle radiation. Due to the limited clinical experience with a-
particles to date, unknown maximum tolerable doses in
humans are the major issue in TAT. In mice, absorbed doses
of a-particle radiation can be calculated in tissues at a macro-
scopic level (organs and substructures) using Monte Carlo
techniques based on fundamental physical principles.[73,74]
In addition to that, Back and colleagues developed the a-
camera, which is a quantitative imaging technique developed
to detect a-particles in tissues ex vivo at suborgan level, to get
a better view on the biodistribution of internal a-radiation on
a cellular level.[75] The high-resolution (35 pm or less) a-
camera was able to measure the activity distribution on a
cellular level by virtue of the short path length of a-particles,
making it a promising tool in the evaluation of future TAT.

2. The current developments
2.1. A milestone for TAT: radium-223

Radium (Ra) and polonium (Po) were first described by Marie
and Pierre Curie in 1898 while investigating the radioactive



properties of a complex ore, which had radioactive emissions
in excess. *’Ra and ®°Sr are bone-targeting radiopharmaceu-
ticals with hydroxyapatite (Cas[PO,]150H) as target, which is an
essential component of the inorganic bone matrix. Ra, barium
(Ba), Sr, and calcium (Ca) are all chemicals in the alkaline earth
metal family on the periodic table and each will localize in the
areas of osteoblastic metastases. **’Ra is currently the most
commonly used radioisotope for medical therapeutics, show-
ing an increased survival in patients with metastatic castra-
tion-resistant prostate cancer [61] and has a half-life of
11.4 days (Table 1). *Ra is the first a-emitter approved by
the US Food and Drug Administration.[76] In addition, ?**Ra is
the first a-particle-based therapy that results in pain relief and
extends survival in patients with progressive castration-resis-
tant prostate cancer and bone metastasis in the absence of
visceral metastasis. Thus, “**Ra is naturally incorporated in
areas of increased bone turnover in bone metastases.[77]
More than 90% of patients with metastatic resistant prostate
cancer have radiologic evidence of bone metastases. ***Ra
dichloride has been evaluated in two phase | trials and three
double-blind phase Il trials. The phase Il ALSYMPCA
(Alpharadin in the Treatment of Patients With Symptomatic
Bone Metastases in Castration-Resistant Prostate Cancer) trial
showed an improved overall survival of 3 months and pain
relief in patients with osseous metastasis.[61] The success of
*3Ra as a therapeutic further stimulates TAT-based preclinical
and clinical research. In a way, **>Ra could be considered as a
game changer in nuclear medicine, as it might facilitate the
future use of additional high-LET particle emitters.

2.2. Other promising a-particle-emitting radionuclides

Besides ?Ra, many other a-particle emitters have suitable
characteristics for therapeutic applications (Table 2). *''At,
213gj, lead-212 (*'*Pb)/bismuth-212 (*'?Bi), and ***Ac are the
most frequently used a-particle-emitting radionuclides in clin-
ical molecular targeting applications to date.[78]

2.2.1. Actinium-225

*3Ac is a parent a-particle emitter in a decay cascade that
produces three net a-particle isotopes, 22'Fr (half-life 4.8 min),
217 At (half-life 32.3 ms), and 2'*Bi (half-life 45.6 min), making it a
very effective and potent option for TAT (Table 1). ?°Ac has a
half-life of 10 days and can be produced by natural decay of ***U
in Oak Ridge National Laboratory, USA [79] or by accelerator-
based methods in Karlsruhe.[80] However, the latter production
of *Ac also results in the production of 2”Ac which decays with
a half-life of 21.772 years. The biggest disadvantage concerning
225Ac is its cost, which might reach to $1200/mCi. In addition, the
recoiled daughters of 2*Ac can do significant damage to healthy
tissue when not retained at the tumor site. Encapsulation in a
nano-carrier, fast uptake of the a-particle-emitting radionuclides
in tumor cells, and local administration are some approaches to
minimize toxic effects caused by a-particle-emitting daughters.
[68] On the other hand, the relatively long half-life of ***Ac allows
a centralized production and shipment of the irradiated targets
to further users so that any investigator is able to exploit the
power of this a-particle. Furthermore, **Ac decays to *'*Bi, of
which the latter also results in a 440 keV y-ray emission that can
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be useful for imaging of the therapeutic biodistribution. It should
be remarked that it is uncertain whether the measured radio-
active decay represents intact radiopharmaceutical or released
daughter radioisotopes. Moreover, 2*Ac can be conjugated to
peptides or antibodies, using an optimized radiochemistry with
standard widely available macrocyclic bifunctional chelators.
[81,82] In vivo experiments showed that the ***Ac complex
with 1,4,7,10-tetraazacyclododecane-N,N',N',N'""-tetra-acetic
acid (DOTA) was more stable than the Ac complex with
4,7,10,13,16-hexaazacyclohexadecane- NN' NN N"' N""-hex-
aacetic acid.[70] The biodistribution aspects of ?**Ac-labeled
mAbs and other carriers, together with their pharmacokinetic
properties, radiobiology, and dosimetry, have been reviewed by
Miederer et al.[70] A successful phase | trial has demonstrated
that a humanized anti-CD33 mAb HuM195 conjugated to 2**Ac
(Actimab-A) is safe to use at doses <0.1 MBq/kg [19] (Table 2).

2.2.2. Bismuth-213

213Bj is most often produced through an *?*Ac-generator.
The principal drawbacks of using *'*Bi are its very short
physical half-life of 46 min and limitations regarding avail-
ability and cost as for *°Ac. Pippin and colleagues were the
first to label ?'*Bi with mAbs.[83] Moreover, McDevitt and
colleagues labeled ?'*Bi via the bifunctional metal cDTPA
complex with a humanized mAb (HuM195) directed against
CD33, a glycoprotein expressed on the majority of myeloid
leukemia cells.[26] In subsequent studies, the stability of
this radiopharmaceutical has been improved to achieve a
clinically applicable ?'*Bi-CHX-A-DTPA-HuM195.[84] A phase
I clinical study on 18 patients with acute myelogenous
leukemia (AML) or chronic myelomonocytic leukemia
showed no significant extramedullary toxicity, although
myelosuppression was seen in all patients.[28] The phase
I/Il trials showed that sequential administration of cytara-
bine and 2'’Bi-CHX-A-DTPA-HuM195 was reported to be
tolerable and produced remissions in some patients with
AML, although myelosuppression was again a common
adverse effect.[29] The responses in this high-risk popula-
tion persisted up to 12 months. In addition, patients with
non-Hodgkin lymphoma, malignant melanoma, and glio-
blastoma have been enrolled in clinical trials with other
2VBi-labeled compounds, showing its relevant potential for
TAT (Table 2).

2.2.3. Astatine-211

1At is an a-particle-emitting radionuclide with a physical
half-life of 7.2 h and its decay does not result in the pro-
duction of any relevant daughter isotopes. The first branch
decays to *''Po (half-life 526 ms), after which it decays
through a-particle radiation to stable *°’Pb. In the second
branch, 2''At a-decays to 2°’Bi, which then results in stable
207ph after emission of X-rays. Theoretically, this offers sig-
nificant advantages for TAT regarding minimal toxicity and
quantitative a-particle emission. However, additional clinical
research is needed in order to confirm this as a real advan-
tage. The chemical features of 2''At are similar to those of
iodine, its nearest halogen neighbor, but 2"'At contrarily
also tends to behave as a metalloid. Moreover, the exact
behavior of *''At is far from understood due to the limited
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knowledge of the chemistry of elemental ''At and the lack
of any stable equivalent, which excludes the use of conven-
tional analytical techniques for its characterization.[85]
Reasonable yields (0.8-2.5 GBq) of 2''At are obtained via
the bombardment of natural bismuth targets with a-parti-
cles through the 2%Bi(a, 2n) ?''At nuclear reaction in a
cyclotron.[86] The 7.2-h half-life of 2''At is well suited for
a multistep synthetic procedure. Consequently, a wide vari-
ety of tumor-associated antigens that are aberrantly
expressed on the cancer cell surface have been targeted
by 2"'At-labeled radiopharmaceuticals.[87,88] To date, 2''At
has been investigated bound to antibodies, thymidine ana-
logs,[89] biotin analogs,[90] colloids,[91] melanin precursors,
[92] substrate carriers,[93] and bisphosphonate complexes.
[94] Only two clinical studies have been reported so far with
21 At-labeled molecules.[53,55] The first clinical study for the
treatment of recurrent brain tumor provides a proof-of-con-
cept for regional targeted radiotherapy with ?''At-labeled
mAbs.[53] This clinical study demonstrated that the regional
administration of “''At-ch81C6 was feasible, safe, and
resulted in a possible therapeutic benefit for patients with
malignant brain tumors. In the second reported clinical
study of *''At using the MX35 F(ab'),, the compound was
delivered successfully through intraperitoneal administration
without observed toxicity.[55] These two clinical trials
showed no subjective toxicity related to the immunoconju-
gate and the overall outcomes were highly encouraging.
However, there are no clinical data on the toxicity of
21 At-labeled immunoconjugates after intravenous adminis-
tration. Further clinical evaluation of *''At-labeled com-
pounds in metastatic tumors or residual disease is
warranted.

3. Vehicles for TAT

The attractive feature of TRNT is its adaptable nature. The
radionuclide and the targeting vehicle should in principle be
matched to each other in the context of the route of admin-
istration, disease stage, target accessibility, and site of action.
The selection of both the optimal tumor-associated antigen
and the targeting vehicle is a crucial step in the development
of a new probe for TRNT. The ideal antigen should be over-
expressed on cancer cells, while the expression levels on
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normal, healthy cells should be extremely low.[95] Examples
of biomarkers that are targeted in TAT studies are epidermal
growth factor receptor variant lll, human epidermal growth
factor receptor 2 (HER2), folate receptor alpha, tenascin-C,
CD20, (D33, and prostate-specific membrane antigen
(Table 2). The vehicle molecules should be optimized to pro-
vide a high degree of selectivity and specificity toward the
target site or 'biomarker.’ Below, a section of important vehi-
cles are discussed.

mAbs are Y-shaped proteins that contain two identical
fragment antigen-binding (Fab) fragments and a fragment crys-
tallizable (Fc) region (Figure 1). They are produced by plasma
cells (mature, activated B cells) and are recruited by the
immune system to identify and destroy foreign objects.
Moreover, they have the capacity to bind any potential anti-
gen epitope with high affinity, including tumor-associated
biomarkers. Today, a variety of preclinical and clinical investi-
gations were conducted using mAbs labeled with a-particle-
emitting radionuclides (Table 2). The melanoma trials (Table 2)
using ?'"’Bi-cDTPA-9.2.27 show that solid tumors can be
regressed by TAVAT. Moreover, these clinical results demon-
strated that TAVAT for melanoma patients were locally effica-
cious and nontoxic up to 1.4 mCi. In the 2"*Bi-HuM195 phase |
study described above, the authors provided a proof-of-con-
cept for the use of a-particle immunotherapy to treat myeloid
leukemia. Although *">Bi-HuM195 was well tolerated and 14
(78%) of 18 patients had reductions in the percentage of bone
marrow blasts, myelosuppression was seen in all treated
patients.[28] Similarly, myelosuppression and liver function
abnormalities were observed in a phase I/ll trial investigating
antileukemic effects of 2"*Bi-HUM195 after partial cytoreduc-
tive chemotherapy.[29] These toxicities could be explained by
the suboptimal pharmacokinetic properties of mAbs as vehi-
cles for TAT. The high molecular weight of mAbs (150 kDa)
and the presence of an Fc-region result in a long serum half-
life (several days or weeks) and in interactions with Fc-recep-
tors in myeloid and hepatic sinusoidal cells, resulting in higher
bone marrow toxicity and accumulation in the liver.
Improvement in antibody engineering has led to the develop-
ment of antibody fragments that are smaller and devoid of Fc,
such as 25-kDa single-chain Fv (scFv), Fab (50 kDa), F(ab'),
(110 kDa), diabodies (55 kDa), and minibodies (80 kDa) with-
out compromising their affinity and specificity (Figure 1).[96]
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Figure 1. Schematic representation of antibodies and their derived antigen-binding fragments. a. Conventional mAb and the derived Fab, scFv, Fv domains V| or Vy,
Fab';, minibody and diabody. b. Camelid heavy-chain-only antibody and its VyH (also known as nanobody).
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Smaller engineered mAb derivatives are more rapidly deliv-
ered to the tumor and mediate more effective tumor penetra-
tion. Because of their smaller size and lack of Fc, they are more
rapidly cleared from the circulation, which is indirectly propor-
tional to the level of kidney retention. Therefore, their admin-
istration results in fast tumor uptake with high tumor-to-
background ratios. One study reported the successful conju-
gation of 2'?Bi to anti-HER2 C6.5 scFv and diabody molecules.
However, a lack of tumor-specific therapeutic effect was
shown, probably resulting from instability of the scFv and
diabody molecules in vivo.[46] Here, it was concluded that
the physical half-life of 456 min of *">Bi was too short to
allow the systemically administered diabody to specifically
localize in an established solid tumor. In a subsequent study,
21TAt was coupled to the stable N-succinimidyl-N-(4-[2"'At]
astatophenethyl) succinamate and subsequently conjugated
to the C6.5 diabody (Table 2).[58] Here, the somewhat longer
physical half-life of 2'"At matches more closely to the rapid
tumor targeting and rather fast systemic clearance of the C6.5
diabody. In the *''At-MX35 F(ab’), phase | trial, therapeutic
doses were reached for the treatment of ovarian cancer.[55]
However, 50% of the initial activity concentration of this radio-
nuclide remained in the peritoneal fluids 24 h after injection,
indicating a higher toxicity risk related to this
immunoconjugate.

Besides antibodies and antibody derivatives, ligands (e.g.
folate), synthetic protein scaffolds (e.g. affibodies), and sub-
strate analogs (e.g. peptides) can also be used as targeting
agents in order to specifically deliver the toxic radionuclide.
[97-99] Affibody molecules are small single domain proteins
with a molecular weight of 6.5 kDa that are derived from one
of the immunoglobulin binding domains of staphylococcal
protein A.[100] Previous research demonstrated that affibody
molecules can bind to their targets within minutes after
administration. The binding kinetics of affibodies are similar
to that of nanobodies, but faster than the larger sized mAb
and its derived fragments. With regard to TAT, affibody mole-
cules directed against the membrane protein HER2 (Zuepz.342
and the bivalent version [Zyepaqls) were radiolabeled with
211At using the precursor N-succimidyl-para(trimethylstannyl)
benzoate. Based on preliminary results, the authors concluded
that the labeling chemistry needs to be improved before this
strategy can be translated to clinical studies.[59]

So far, significant improvements have been made in the
development and application of optimized vehicles for TAT.
While these preliminary results are promising, there is still
considerable room for improvement, mainly in the develop-
ment of new coupling chemistries and elucidation and opti-
mization of the in vivo biodistribution.

4, Nanobodies: potential vehicles to specifically
deliver toxic a-radiation

Recently, there has been a growing interest in the use of
nanobodies as vehicles for TRNT. Nanobodies are the smal-
lest, antigen-binding fragments from unigque heavy-chain-
only antibodies naturally occurring in Camelidae (Figure 1).
[101] Several applications of nanobodies as in vivo diagnos-
tic tracers have been and are currently being developed.
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[102] Nanobodies have many favorable characteristics as
targeted tracers, including high stability in harsh conditions,
such as elevated temperatures and extreme pHs offering
the potential to use a broader range of radiochemistry
methods. Other favorable characteristics include high affi-
nity and specificity for their cognate antigen and facile
production (Figure 2(a,b)). As such, nanobodies have been
developed as efficient radiotracers directed against a variety
of membrane-bound biomarkers [103] in various animal
models of cancer,[104-107] inflammation,[108] and cardio-
vascular diseases [102] using SPECT/PET. Because of their
exceptional targeting specificity that is unaffected by label-
ing with various radionuclides, nanobodies have become
valuable vehicles for both nuclear imaging and TRNT.[105-
1071 Furthermore, nanobodies possess various advantages
over mAbs. First, the molecular weight of nanobodies
(15 kDa) is one-tenth of that of conventional Abs

(150 kDa), making it possible to recognize and bind hidden
isotopes. Second, nanobodies have a low immunogenicity
because of their rapid blood clearance and high sequence
identity to human variable domains of the heavy chain.
Furthermore, previous studies by our group demonstrated
that nanobodies efficiently penetrate tumor tissues and
antigens

bind tumor rapidly and specifically in vivo.
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Figure 2. Nanobodies possess numerous advantageous characteristics, includ-
ing their high antigen specificity (a) and high tumor targeting potential (b). a.
#™Tc-labeled-nancbody targeting the complement receptor of the Ig super-
family, CRIg, expressed on Kupffer cells in the liver. 3D-rendered SPECT/micro-CT
images of naive wild-type (A.1.) and CRIg'“" mice (A.2) 1 h after intravenous
injection of *™Tclabeled-nanobody. Representative images for 3 mice per
group are shown. Figures adapted with permission from.[115] b. Dosimetry
calculation of untagged '’Lu-DTPA-anti-HER2 nanobody coinfused with
150 mg/kg Gelofusin, in HER2P™ tumor xenografted mice. Radiolabeling of
nanobodies is characterized by significant retention of radioactivity at the
kidneys, due to the charged-based aspecific tubular reuptake after glomerular
filtration, Figure adapted with permission from.[109].
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Meanwhile, there is very little nonspecific binding to other
tissues, which, along with the rapid blood clearance, results
in high tumor-to-background ratios as early as 1 h after
injection.[109] Therefore, the nanobody technology could
provide an adequate solution to the off-target toxicity pro-
blem caused by long blood circulation, as is observed dur-
ing mAb-based TRNT. A first-in-human PET study with a
GMP-grade HER2-targeting nanobody-based tracer for
breast cancer has recently been completed at our university
hospital [110] and new clinical trials with nanobodies tar-
geting HER2 and tumor-associated macrophages are
planned for 2016. The first clinical study confirmed the
fast clearance of nanobodies in patients, with only 10% of
the injected activity remaining in the blood at 1 h p..
(Figure 3(a)). In addition, high tumor-to-background ratios
could be observed in 17 out of 19 primary tumors, with
mean standard uptake values ranging between 0.7 and 11.8
(Figure 3(b)). Furthermore, the utility of nanobodies as vehi-
cles for TRNT has been investigated in preclinical models
using the P -particle-emitting radionuclide '"’Lu. The most
relevant in vivo study demonstrated that '"’Lu-labeled anti-
HER2 nanobody efficiently targeted HER2P®® s.c. xenografts
in a 5-day follow-up study, while radioactivity levels in
normal organs were low (Figure 2(b)).[109] Weekly iv.
administrations of '"’Lu-labeled anti-HER2 nanobody in
mice with small HER2P® tumors completely prevented
tumor growth, while tumors grew exponentially in
untreated mice or in mice receiving a control, nontargeting
nanobody. In addition, TRNT using a '7’Lu-labeled anti-5T2
multiple myeloma nanobody led to an inhibition of disease
progression in treated mice compared to control animals.
[111] These proof-of-concept TRNT studies show that nano-
bodies display a more beneficial toxicity profile than mAbs
and can deliver a specific lethal radiation dose to a devel-
oping tumor. The low molecular weight of nanobodies,
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below the kidney cut-off for glomerular filtration, and the
subsequent charged-based nonspecific tubular reuptake
result in significant accumulation and retention of radio-
activity in the kidneys. To avoid potential kidney-related
toxicities, strategies were tested to reduce renal retention.
Both the removal of nonessential positively charged amino
acids in the nanobody sequence and co-infusion with posi-
tively charged amino acids or the plasma expander
Gel