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Clinical Review of the Current Status and Utility of Targeted Alpha Therapy

Sang-Gyu Choi

Department of Radiation Oncology, Dankook University Hospital

Abstract Targeted Alpha Therapy (TAT) is a new method of cancer treatment that protects normal tissues while se-
lectively killing tumor cells using high cytotoxicity and short range of alpha particles, and target alpha therapy is a highly
specific and effective cancer treatment strategy, and its potential has been proven through many clinical and experimental

studies, This treatment method accurately delivers alpha particles by selecting specific molecules present in cancer tissue,
which has an effective destruction and tumor suppression effect on cancer cells, and one of the main advantages of tar-
get alpha treatment is the physical properties of alpha particles, Alpha particles have a very high energy and short effec-
tive distance, interacting with target molecules in cancer tissues and having a fatal effect on cancer cells, which is known
to cause DNA damage and cell death in cancer cells. TAT has shown positive results in preclinical and clinical studies
for various types of cancers, especially those that resist or are unresponsive to existing treatments, but there are several
challenges and limitations to overcome for successful clinical transition and application, These include the provision and
production of suitable alpha radioisotopes, optimization of target vectors and delivery formulations, understanding and reg-
ulation of radiological effects, accurate dosage calculation and toxicity assessment. Future research should focus on devel-
oping new or improved isotopes, target vectors, transfer formulations, radiobiological models, combination strategies, imag-
ing techniques, etc. for TAT. In addition, TAT has the potential to improve the quality of life and survival of cancer pa-
tients due to the possibility of a new treatment for overcoming cancer, and to this end, prospective research on more

carcinomas and more diverse patient groups is needed.
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#4 ost Aol ¥F U 840l e ds 13
Table 1, Characteristis in Alpha particle and others
Classification Alpha particle(Helium) Beta particle(electron) Auger €electron
Electric charge +2 -1 0
Mass Very large; 8000 times that of Very small Very small
electrons
Speed Volumetric and slow Fast Fast
LET Very high 50-230 keV/um Low—0.2 keV/um Middle 4-26 keV/um
Track length Middle 50-100 um Long <12 mm Short 2-500 nm
Emission energy per decay 59 MeV 50-2300 keV 0.27200 keV
Effective range ﬁi?g;ég;ii Tissues with some volume One cell
Symbol a B —
(A2D) E= ARG ET E4 #2 LETE Zi=4 7HA 8 7420l ofsl B-EH HR2 45 DNA H&31<
£ 50, & W 5.5 MeV ¥} JAH] LET= 9F 100 keV/n  ARgSto] H-2X DNA 29| e A9t 25 Hgic)
m Q1 BHE = W 1 MeV H[E} A} = ubde] LET=  NHEJ= "E51E F8 = sH1] ¢fal #2171 DNA &< A3
F 0.2 keV/um oJt}, &2 LETE= 3 &9 A7 =4 AR, e77F B WAsh] i ARjlelu AHAIE
oA I59 RS W}Eﬂl %l Ao R F2 e ek 4= leH23]). DNA &= A2 7] @], DNA &4
£ dethe S Yulst &3 S57t A0 dut 9 Tt 5, B aal] 7R 24, B A
ARe] J = R 7N Al 270l sidsh= 100 pm m]Rke. O T} 2 of7 R4of &It URMA O 2, SSBs=
2 A ks w2 ma AT AR W2 AR dolE7F DSBsHth B B82 0% B4l DSBs= NHEJETE HR
A|aL QueH19]. o o3f o AesA E-tEnh 12y HRS Al A=nkE
At YAke] Wel= ERE 27] oyt mjEe] HE=o} olEF YIS E AR & Qe Al 7719 3] S Y
T3l &Skl EollA 5.5 MeV duf Jxte] W of= of G2 DA AR B9k 3L NHEJ= A2 7] Ao 24
37 um ©1 Wb W o] M= oF 15 umE o] AL Uu} ¢ /dSFE AR GL DAl A o AR oleH24], A} A=
A7F 22 @ Ao wet e = v e E AR dEsAL S 4 Qe SRk 2
AAIZFEH20]. H DNA &2 #=2 7 et 49 ke 42 7=
(<10bp) WellM o] 7|} DSBE E& o= 1o, ol=
2) A= 54 NHEJo|| &fsff &Ht27| vhA] 2eslr] of#t. Tk HidjH
Sl qlAjoll OJgt AL Apo] sl e pe (100 9B IS U] by G DSBS e 4 A
DNA 49] $12 B 870} Bolo] glizd] DNAL: fat b o1 HIVE WO o Ak G &l A3 )
ARE ERSL YA AR V5L B uhzol] a0 BB A A S Sl IS DA
o oI5t A ATO 1 Eagh ol DNa dpe S FIET 4 lri2al, ofdl AskEe A 3, DNA
A W 1 ] om e s g = age  SUSHS W R, BT asel 1e W vl 87
24 T DNA HiE| Tl 71g EH(Single Strand Break, wdel ofsll YR M= AT ALwef A Ale 1he]
SSB) = o]F 719 E<¥(Double Strand Break, DSB)& o et alek. ol vt drfe] AEsha Ak A Al
23k 2= oJr} SSBL= QulA 0 & 4AFE AU Za o szof| AIRFEA] ¢kar vhefet wAUESE S ol T W
e A sk TASHE 7] A4 BT (Base excision  VEAE FHE I 5 low] ofefdt AL vlEA
repair, BER) T+ F2Y LEE HA B (Nucleotide B} s 3 X]: A3} (Bystander effect) 2 FHWe], &
Excision Repair, NER) 20| 93] E-1%= H'H DSB= AR O R ma, AR AR, A AP B el
QA o)y, §7% Blo] i AE Agom ofojr v T U T 10y H[NTE A1 s LDReA
4 o] tEo) o Hxteln AWHolc21,22), DSB AF  © e 2ol Aol A AL Mgt g Alet
= A %3 (Homologous Recombination HR) B+ H|ANE AL FEE Tz IR AR 7P gl
2 A% o) AEZE B4 A ek Sk o pae

Wt A3 (Non—Homologous End Joining, NHEJ) 2| F
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o] o2 PSMA(Prostate—Specific Membrane Antigen)S
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AGAL Alazof| dpdEl= 34 FUoR dA Q=
9| Lutetium—177 PSMA—-617-& PSMAo] Eo|zxo & At
Sz ARAEA FEHIE-1T70)2e gt UEA Selda
oF Agsto] AMEEM A AIFE B9 Lutetium—177
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1. Actinium—225 (225Ac)

ot} (Actinium)-2 1899 of| E=H|o|E(Debierne) ¥} 1902
Aol 7](Giesel)of| O3] HAE AL AAX 02 SThe
SpAP IR0} A el 239U9] $3) T 6Rac)
47 Aol A E QS 4 oIk Ac-225% 4] 9F Ao
58 ofollAl 7H ol At dut YA = WA FS

s 5 Sfjoln] ofiz AHESH BirIeh AlH O sk

Aoz 71 B3 Wtr)9.99)9 GHES ATKos
N7 4 Q= e o URI(6,0 MeV o} Jxpe} 2o

olabHel Belx B4 7 gtk o] F9jAht o
B AR B AR PgetE HlARE-200= oo
Ak, Ac-225 U5k YRS WESHH, o)t 2% olA
e AL 05T 4 U ToUA Yrolm, o] 4L
olg5to] F AT Aol Hadhe] 4 FolwA
QAER WAHS Ao Fol 3 EAZOZ AT 4 ek
Ac-225% 2 AL el =0} e ehAY Hxjo] Aatst
of B4 QIS -8AI} A AYSHE B oIS,

ARG PAHAS A ALY 4 o4

2. Bismuth—213 (213Bi)

HIARELE= 3589 S9U4aE 7ML et o]
213Bix} 212Bi o] AU E RE & k] dLE
T}, 213Bit= 225AcQ] T Eo @ IRE 21| (97.8%)
2 HEEY 2,290+ 4t 5= W77 46200 A%
Aol HuE ) ¢Fy3E 209Bi2 B1]Eo] B — WE(0.6
~2 MeV)¥} ad2t 178 HE(5.9~8.4 MeV)E o]ojIt},
ou} 539 o YR|7} e 7] ufito]l 213Big] o A] tf
HE2 dut o] ot A oR o]= A AlE 54S

HQITH48,49].
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3. Astatine—211 (211At)

ofrefRle 3079 B9414-S THH) o] % ebgste
FoAlet ShiE glon] ohi a—Abol AR, 21lAt
’Fo] TRTO| 2zt Eel2 S4& Uehich. wizt17} 7.21
AZIO1 01% 271 gL AH 5.9 W 7.5 MeV o YAHE
HEIIh o] #7l0l7 211Ace] WaF (211AU} HT
o) YRR TR by o) by 4L vlujdie)
211Po (3% % 51h ) w717} v Frobal we) 41
sk Aol S2E Alzto] Q] who]w, E the welg
el 207Bi ] o) vl Ho| B4 ko] T FolE

tH50].

4. Radium—-223 (223Ra)

Zhee o 33719 S 7L Sl Bl ©
223Ra ¥ 224Rat= & tf alFALA|O|X]TE 224Ra 2] 5-3] A}
Soll= 220Rn(562) I 212Pb(10.6A|7H 9} 22 FAIS 4
gl HH7IE 7R g SFo] xEe] A9 AR
223Ra0| =2 ANEE|UT) 223Ra= A HHA| A WO

3 2kl 7HAAL Qo] ' AF] A EEr A9 @l

HGCR, w2 W SHES Holz FojollA w 4t
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313N AR EAIE ATt 223Ra= 6H 2] WAL
A BHE AA A 207Pbell =EBl7] Aol 5.87
MeVe] B4t o JA|et 54 um?] 2] IEE 712l 4709] a
UAE WEsh 11.449] S84 vi7]E 7HX]aL Q)AL o
Yz|2] 95.3%5 LT-UALR, 3.6%% HEH-YAR &3
ti{51],
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5. Thorium—227 (227Th)

=2 O

1828 Aol A3 WHE B AEez 1
18.7249] =& ¥V & 7H duk AR 27709] 5
ANELE 7=t olF AAA | E2Aeks EF232= &
55 sHANE BE7I7F U o] A= dFomA 9
oul= Ay glon F2 Gt A 5A|=A 9 7S LiE
= Z2 226Th(30.6%) U 227Th(18,7¥)HL1d| 226Th
AAREA o] ofFT) 227Thi= 227Ac(T1/2= 21.8)¢]
A B2 wiZell A/dE o 2o 227Ra(T1/2= 4235 A
/Joh= 226Ra®] T4l Al o8l Yxf=AA BEE
it Q1A WollAle] 7] ZEHL]= 50~100 micrometers
= Ad3t AmHE 262l

rr

6. Lead 212 (212Pb)

Pb ~212 \1o] BIRLEA 228Ra7} 4} YRR
S WEel 212pbR MR, SRS oA ohe 9
4 % 74 BAS Az sl B9194vt Raslo] gl
o of 7he YAH O o]f 7Kt 2 203Pb(SPRCT)
S AFg3F o|u W} 212Pb ALY AR T Apoldt
212Pb A= oH F LT ofy ] AlLSA WA &
YE AR o] FHHEE oF 1064 o]k Blad
& H71E 7HA1AL QAL 212Pb o] 53] HE= 100% H|E
B35 ofeieh WEE AR Sls) 212Pbt oY FRAL
H|ATLE -212(219Bi) & WaHETH U7b7]7} 60507 Bhe
HIARE 212+ Ut 505 53 6.1 Mev?] oHAE W
H7]71 38kl ket 208TIE A 208PbE QY SE Y,
QA oA o] 2] MEHS= 80~100 micrometers= &
A Ut} A et =9 2 B Aol gt of
A azol ezl o= Agtsh ebAazo] a1gaFe] AN

dgste] Az utaE FU3It53][Fig. 1](Table 2),

233U 227AcC 228Ac 228Th
1.6x10% 218y 6.1h 19y
229Th 223Fr 224Ra
T340y 21.8min 36d
225Ra 219Fn 220Rn
14.8d 40s 55.88
221Fr 215P0 216P0
4.38min 1.8ms 01s
217AL 217Ra 211Pb
32ms 0.5ms 36.1m
213Bi 213Po 211Bi 211Po 212Bi
A36min 4.2us 21m 0.5s 60.6min
209T1 209Pb 209Bi 207M 207Pb
2.2min 33h Stable 4.3m Stable 32.9y 3.1min Stable

—* Alpha emission

Fig. 1. Radionuclides decay

384

= Beta emission
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Table 2. Classification of Radionuclide

Maximum Range in

Radionuclide Half-Life Emission Type Tissue Energy Notable Applications
o _ . _ Various solid tumors,
Actinium-225 9.9 days Alpha 50-80 micrometers 5.8 MeV .
leukemia
Prostate cancer,
Bismuth-213 46 minutes Alpha 50-80 micrometers 8.4 MeV neuroendocrine
tumors, leukemia
. Ovarian cancer,
Lead-212 10.6 hours Alpha 80-100 micrometers 6.1 MeV )
glioblastoma
Thyroid cancer
Astatine-211 7.2 hours Alpha 50-80 micrometers 6.0 MeV yrot ’
melanoma
Bone metastases from
Radium-223 11.4 days Alpha 100-200 micrometers 5.8 MeV
prostate cancer
Thorium-227 18.7 days Alpha 50-100 micrometers 6.0 MeV Various solid tumors

AYPALE A AR SR oA 7P &8t
2 & F shtolm Az FA13} Zfofl Fhofsh= |
2l MY Soluf FAPSMA) 9] w2 o] 5
PSMA+= Tt a1y F4F9] A g oA e Ed s
of| g}t 2 o] Frt. 223RaCl2 (Xofigo)= M Ho|&
HieE Ho] AA A3 d HAHAAYe] TATo| tisf] FDA 51
HES AR OfofEo R T AR AEE oh 5 18
A & MERAe| Esk=t, W] 11,49, Bt oflu]
2] 5.78 MeVe] &t 2} 47} 5 &3}, 223RaCl2S 9]
B2t 2%29] 2159121 Nilsson's-2] ¢tolAl= W Hol& Hel
AP AF 15787 R A 10982 o= okAd
I HobdS e o 1 AlRleld 7] e 8= F
o3t 5714(46, 93, 163, 213, or 250 kBq/kg) o2 TAES
o] AlRRt A3 55 Ash= 7ItbEE A7 1Y, 47,
231 85kl 242} 52%, 60%, 56%S ERI SEF-Hkg- A
wAlE FElshA] el FARE S == AAF (10/25), W
o] 55 (9/25), H= (5/25), 241(5/25)7F F+E(5/25)7} 3l
Ao o= HigHS Folgt oAtk yekyth =3
223Ra®] HAE&E 24X710] 99%5 Ko g SRIE S
TH52]. o] % Al U4 AtQl ALSYMPCA A=
Zol7k Qli= 92178 9] AA| A APAY sH=S tide
2 202 223Ra (50kBq/kg.1V) 63] Fojot 6143} 71
of 5ok foft 307TH o= Uro] AE 7IRY 55 &%t
et thE Tl Am7t Bast AR Y] 717 55 H
W= AL 717 223Ra0llA] flokatel Hlsl F-ofsHA

>

o

FIAFIL (FYEL 14,9 vs 11.370€, HR 0.695) Woldo]
S-=5HA] VbRt Q)5 AR 271 AR EAIA L
2 o] 9IA| 223Raxto] fekite] vlal o A%l om npeky
ZIEA 2} ARG7IA| Q] Tt AR f]ektol] H]sf 223Ra<toll
A AFFa] B 29 H(HR = 0.621; 95% CI, 0,456—0,846)
f1F o] 38% HAFTt QOL % = 1651} f]oF 2k}
of ulsl Ra—223 $HA}Q] FFo] Tadt Ao et
Ra—223 $HAb= 165729} 24520 7] ol H]al} A3t 55
745 Hoj Ra—2230] CRPC $HA10] &g ¢igket mat
oflzl 35 W U o]t AMG-E A= AoR

FoH54]. 225Ac(Actinium225)E ©]-83F YA 14
o] NCT032765720] A= o] & o] 223Ra ¥ 177Lu-PSMA
A =5 2 Ao o= S-S 236l A& Aol w2
A mCRPC 32} 32 0] ZFodgi o o]5 225Ac—J591
2 13] Eofdigl=g] X3 A= 7|7Hprogression free
survival : PFS) Zgh 7.2719(95% CI, 4.6-NR)°|$laL
A & 717 S 10.970€(95% CI, 7.6-21.1)°]%]
o 327 5 1278004 PSA 527} 50% o AAFaL Fo
¥ 93.3 kBq/kg(2.52 UCi/kg) 2] B0l 2o oS =
Ak [55]. 2|t 18789 SALE o= AR X8 51 NCT
04886986 7= 177Lu—PSMA-I&TS} 225Ac—J5915 H
& Folohs A /I A2 Fdf 2527] 5%t 85miT) 85
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Fig. 3. In a 32-year-old woman suffering from an astrocytoma WHO grade |I, conversion into a secondary GBM
manifested 10,6 months after initial diagnosis, Following standard treatment, four cycles of 2"*Bi-DOTA-SP were
applied, The total activity injected amounted to 8.0 GBq of the therapeutic isotope, The T1-weighted enhanced
MRI examination revealed regression of the tumor, The last MRI examination was performed 5 years after
diagnosis of GBM, The patient feels well, is fully professionally active, she shows no neurological symptoms,
The T1-weighted enhanced MRI: a, Before the alpha therapy (October 2014); b, 42 months after the start of
treatment; ¢, 56 months after the start of the treatment,

Reference : Seminars in Nuclear Medicine “[69]”

Table 3, Current ongoing clinical trials using targeted alpha therapy

Alpha Primary Outcome
Trial Number , Target Agent(s Settin
Particle E gent(s 9 Measures
o 21 Thyroid Differentiated thyroid cancer refractory to
NCT05275946 At ) TAH-1005 ) AE, DLT
tissue standard therapies
NCT03670966 At CD45 21, Bee B1O Hematopoie'tic stem cell tranjspla'nt regimen for Toxicity
malignant hematologic diseases
NCT05204147  *Ac CEA *BAc-DOTA-M5A Metastatic solid tumors —expressing CEA AE, DLT
225 25 Relapsed or refractory multiple myeloma
NCT05363111 Ac CD38 'Ac-DOTA-daratumuab ) i DLT, MTD
after at least 2 lines of prior therapy
NCT04506567  *Ac PSMA BAc-1591 mCRPC treated with prior ARPI DLT, MTD, RP2D
NCT05567770  *®Ac PSMA BAc-J591 mHSPC DLT, MTD
NCTO03466216 2%Ph SSTR2 22pp, DOT. ATE SSTR2-positive neuroendocrine t.umors DLT, MTD
refractory to standard therapies
, HER2-positive solid tumors refractory t
NCT04147819  'Th HER2 BAY2701439 PoSiEive solic. umors 1etraciory to AE, ORR
standard therapies
CRPC with prior ARPI and
NCT05720130  *%Pb  PSMA A2ph ADVCO01 PR Wit priot o RP2D

no prior exposure to 177Lu

Abbreviations: AE, adverse events DLT, dose-limiting toxicities CEA, carcinoembryonic antigen MID, maximum tolerated dose PSMA, prostate-specitic
membrane antigen mCRPC, metastatic castration-resistant prostate cancer ARPI, androgen-receptor pathway inhibitor RP2D, recommended phase
2 dose mHSPC, metastatic hormone-sensitive prostate cancer ORR, objective response rate SSTR2, somatostatin receptor type 2
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