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ABSTRACT

Recent advances in disease understanding have led to the discovery of new molecular targets and biomarkers.

Therapeutic antibodies targeting specific molecules have been successful in the development of antibody-drug

conjugates (ADCs) due to their proven clinical effectiveness and manageable toxicity. Antibody-radionuclide

conjugates (ARCs), which use radionuclides instead of drugs, also show promise for their potential therapeutic

effects in radioimmunotherapy. Identifying these biomarkers before treatment is increasingly important,

leading to personalized medicine. Immuno-positron emission tomography (PET) using radiolabeled monoclonal

antibodies is promising for non-invasively assessing target expression and distribution. It can provide valuable

information for risk assessment, diagnosis, treatment selection, and evaluation of treatment response. This

review discusses recent developments in ADC and ARC and aims to explore opportunities for the simultaneous

progress of these drugs.
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Introduction

“Magic bullet (7} ©3H)”, Paul Ehrlich7} %3t 0]
U2 e MEH o2 BAslo] AR & T 71
A o] /gL 1975 Kohler? Milsteino] HE2 A
(monoclonal antibody, mAb) 7S 9|3t Slo| B 2| =}
(hybridoma) 7]&2 T=A5HHA Bl24 AHE7] AZHR
o HE2E = AT 9hd A5, 535 U
wopo A Ak 9 A5 A| = ARG SHES A E o] g,
T GEE A e 0t FE Y] FAlEol AEE A,

= .

A)-9FE A gA|(antibody-drug conjugates, ADC)Y
th ADCE EAEAS] Boldoz AFT 4= = A
(mAb)of] Ml Z=54S 7HAl= 2FE(payload)e] &7 (linker)
£ &3l dZ2E FHE 7HAH, oY Bl dEE
A Y A aFeta o] Ml xAbd EA1 A9ste
g AAE NEL S7Y TaAelt @A7A F 1274

9] ADC7} 1] 4]&9]9F=(Food and Drug Administration,
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Table 1. The evolution of the ADC drug development.

First-generation ADC

Second-generation ADC

Third-generation ADC

Antibodies Mouse-original or chimeric
humanized antibodies

Linkers Unstable

Payloads Low potency, including

calicheamicin, duocarmycin,
doxorubicin

Conjugation
methods

Random lysines

Drug-Antibody
Ratio (DAR)

Representative
drugs

Gemtuzumab ozogamicin
Inotuzumab ozogamicin

Advantages e Specific targeting
e Increase therapeutic window

to some extent

Disadvantages e Heterogeneity;

e Lack of efficacy;

e Narrow therapeutic index;

o Off-target toxicity as
premature drug loss;

e High immunogenicity

Humanized antibodies

Improved stability: cleavable
and non-cleavable linkers

Potency, such as
auristatins, maytansinoids

Random lysines and reduced
interchain cysteines

uncontrollable (0-8) 4-8

Brentuximab vedotin
Ado-trastuzumab emtansine

e Improved targeting ability
e More potent payloads
e Lower immunogenicity

e Heterogeneity;

e Fast clearance for high DARSs;

o Off-target toxicity as
premature drug loss;

e Drug resistance

Fully humanized antibodies or
Fabs

Stable in circulation; precise
control drugs release into tumor
sites

High potency, such as PBDs, and
tubulysin, and novel payloads
like immunomodulators

Site-specific conjugation

2-4

Polatuzumab vedotin
Enfortumab vedotin
Fam-trastuzumab deruxtecan

e Higher efficacy thoughin
cancer cells with low antigen;

e Improved DAR along with
improved stability and PK/PD;

e More potent payloads;

o Less off-target toxicity

e Possible toxicity due to highly
potent payloads;

e Catabolism may be different
across species

e Drug resistance

FDA)9| 591 WO (&

AA o =Z 20229 739 574t
34.8%9] = B, /\]XJFFE—C 2028A71A] At
25.4%9] JHAES 7SS A o= = Qi

71M GutHo g kg2 F2 fetay oFEI B
o] UA|gt, "OFE"2 WIALH S QH (radioimmunotherapy,
RIT)S 3t SA-HFAMI S A3 A (antibody radionuclide
conjugates, ARC)]| o]-&5 = HAHIELat: <
e S ok EHR ARCE, H|S X7 YEF &
£ Y3t Zevalin™(AJE T *Y-ibritumomab tiuxetan)¥}
Bexxar* (A& "'I-tositumomab)7} 212+ 2002} 2003
o] FDA 5918 Bh2 8} Qo 184 Bexxar"= 2014
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£ ol#x) £o}a it

) ADC 9]2FE AJAFL. Z A
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B UL FAS Ao R s Bt A,
ADCS} ARCO] EA S AHET AT H
22 BAs) B st

O Ol5t IL=ZoOo
S 95t =9

Main Characteristics of
ADCs and ARCs

1. Antibody—-Drug Conjugates (ADCs)

ADCE FA ool £ £AK: L ECITY E=
THLHAFYE Eaﬁ}ﬂ ool 4 2Aof tigt H]
Eold &4 WAotal FAofl A AlZETE]
Ar8-& 7Hs ot gehQ2). ’OL%ZHW}X] of2] AliE = AA
™ ADCS] gHje} 7]50] NFE o] ghom, ZF Altjutct



Table 2. US FDA approval ADC.
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Drug UEE Target Maker Condition T
name Year

Gemtuzumab Mylotarg CD33 Pfizer/Wyeth relapsed acute myelogenous leukemia (AML) 2017;
ozogamicin 2000
Brentuximab Adcetris CD30 Seagen Genetics, relapsed HL and relapsed sALCL 2011
vedotin Millennium/Takeda
Trastuzumab Kadcyla HER2 Genentech, Roche HER2-positive metastatic breast cancer (mBC) 2013
emtansine following treatment with trastuzumab and a

maytansinoid
Inotuzumab Besponsa CD22 Pfizer/Wyeth relapsed or refractory CD22-positive B-cell 2017
ozogamicin precursor acute lymphoblastic leukemia
Moxetumomab Lumoxiti CD22 AstraZeneca adults with relapsed or refractory hairy cell 2018
pasudotox leukemia (HCL)
Polatuzumab Polivy CD79 Genentech, Roche relapsed or refractory (R/R) diffuse large B-cell 2019
vedotin-piiq lymphoma (DLBCL)
Enfortumab Padcev  Nectin-4 Astellas/Seagen adult patients with locally advanced or 2019
vedotin Genetics metastatic urothelial cancer who have received

a PD-1or PD-L1 inhibitor, and a Pt-containing

therapy
Trastuzumab Enhertu HER2 AstraZeneca/ adult patients with unresectable or metastatic 2019
deruxtecan Daiichi Sankyo HER2-positive breast cancer who have received

two or more prior anti-HER2 based regimens
Sacituzumab Trodelvy  Trop-2  Immunomedics adult patients with metastatic triple-negative 2020
govitecan breast cancer (nTNBC) who have received

at least two prior therapies for patients with

relapsed or refractory metastatic disease
Belantamab Blenrep BCMA  GlaxoSmithKline adult patients with relapsed or refractory 2020%
mafodotin-blmf (GSK) multiple myeloma
Loncastuximab Zynlonta CD19 ADC Therapeutics Large B-cell lymphoma 2021
tesirine-Ipyl
Tisotumab Tivdak Tissue  Seagen Inc Recurrent or metastatic cervical cancer 2021
vedotin-tftv factor
Mirvetuximab ELAHERE FRa ImmunoGen Platinum-Resistant Ovarian Cancer 2022

soravtansine

22022, withdrawn.

Source: Biochempeg Worldwide PEG Supplier home page (https://www.biochempeg.com/article/74.html) (Biochempeg, 2024)
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< F|Astoto] M4l =4do] B7] wjiEol(reduced toxicity)
A&7 AeE W 5 A 14 ADCOﬂ’ﬂb ofu] 0”}01
A A= S0l M A5E e ol AREsie
2ol A w2 Alx=4de l‘io]\_ OFEEE Y
of gyl BT S Folth. WA AHgHT 9]
22 24 MR 2RT 5 AoH, 04T 1) of
E(tubulin inhibitors)¥} DNA ¥3 9FE(DNA damaging
agents)0] &2 O|ET}. ThE A|L=4(cytotoxic) F &
2= DNA o]A™HzZ}A] I (DNA topoisomerase I), Toll- like
receptor 7/8 (TLR 7/8) 2}-8-2F(agonist), RNA polymerase
11 @144 (inhibitor)7} 0] 85| T QITH4-6).

FA= BAL} e 2= AR, BROIA &
Fote SRt A 2 oFEd AFsaL Qlojof 5, &
A Ao A= oFES WEsto] o2 1A AlE oF
AsHA Agsfiof "ﬂ":} ADC 7H 27] ADC °F=o] Aj
g ARl 5 she kel Z7IEE IHA Atk olF

01_‘: 01:

Mz F7E°] WLEHEAM Al ADC AlAl= A9 H]
) QLEHTL Ok . ADCO] AMBEE AL Wik
2o wa} B]-A A (non-cleavable)¥} A4 (cleavable) O
2 Ueofalrt

2. Antibody-Radionuclide Conjugates (ARCs)

ARCE 94X FA|
= 4t PAE YESH= ‘E‘J/\Véf‘ Fol 29d JH=, F

mlm
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a:
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f
)
o
iAS)
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H

o3t 1 ElEe] dhat FAH 2AE Be) PRt
2 vehdick. whebd ARCY) ik At )
4, sfok4] o] Qg WA Hrk B4 2 0|8 ¥w
1= A e Tk 3E 33} 2Tk
S BeH B4 2 v, 4B AR
SR} oUX, AT 5L X, o)fet 945
TEistel WIS AR ALGS IR AR AR &

q
8ttt £3] Hvtm B B U e 4
]_
o

;O

wejsfof 3 Ao 1 olg Sol, @4 el 01851 9
L HERA B WSS ARAI H £ A0 VY

Sh Q9w Az D S YA, o] A9 FA9] o5t
ﬂawae}ww 8)5:0] §171717} §AF8oF Sk,

ut
WA A5 ek B WA NS

e 379}
Aol e ARold F2% 24T FgUT
Y-90, Lu-1773% 22 5474 959 #2]9] 4¢ A
oF Azgtsl7] AsiA= dH ol (chelator)7} B R8I,
= bifunctional chelatorg AF&-5}= 7Hd H X (indirect
labeling) ¥ o]-&3tct. 1-131, At-2113 -2 24
3} 31HEo) 29, T v ofulieAt % E2 Al W
g5t F4 o AHZ AJ9F W aromatic cycled} T2
A 92 7 Ak Ago] s FRERE FAelel A
of| 213 I A|(direct labeling)& 4= Tt 7HE HE A (indirect
labeling) HP¥o] ALSE| Lol e WAy W} 7}
s ZElofol 5, o] SIsh WAL ] Spek

Table 3. List of radionuclides used and potentially usable for ARCs labeling.

Radionuclide E::'I:S: I?;Lft-llrisf;a Mea(r'::\r;)e 157 Ik dis::;nn:)e in tissue Production way
lodine-131 3 192.5 191.6 0.4 Neutron reactor
Lutetium-177 [y 149.3 149.3 0.3 Neutron reactor
Yttrium-90 ¥ 64 933.7 4.2 Neutron reactor
Astatine-211 o 7.2 5869-7450 <0.1 Cyclotron
Actinium-225 o 240 5800-8400 <0.1 Cyclotron
Bismuth-213 o 46 min 5500-5800 <0.1 Cyclotron
Lead-212/ /o 10.4/1 5700-6100 <0.1 Extracted from
Bismuth-212 thorium-232
Thorium-227 a 448.8 5600-6040 <0.1 Neutron reactor
Terbium-149 o 4.1 4000 <0.1 Cyclotron
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400 whe} ot AgolE 7t A= o] k. Aol
El= 318HE9] £x0) Wl A4 polyaminocarboxylate
acid derivative(DTPA)Q} 22 AF Z g o€ <} cyclic
polyaminocarboxylate acid derivative(DOTA)Q} -2 43
ZdEolH® U & Ut A4 1A M 14 S
SEH R A Y ofm|iAte] Htstr] YsiA= 771
BE2}7} reactive group= Al-5-dljof oF=t], o] wj = o]
419] Tt amineo] AMHW, T2 5 Aol s 4
5 thiourea T+= amide group= 47 AHEA] 9Fi=(non-

cleavable) E4-& 714t}
3. Mechanism of Action

A GAIZO] o) EHH EFFHo] ADCTt &
ojxo= At T FTHEH 2] YA S}(clathrin
dependent endocytosis) IS 5ol A|E QFo 2 TAH
ok AlE Y2 39lE ADCE SEERA EE= L, Al
E YoM HE AEA(vesicles)2} £ o5, AEFE-
2] A% (endosome-lysosome) AZE W2, Eo]|ZQ] &
FAIEZ Y5 S0 B Q40 95 Ao 4] eFEo] B
St FANA EelE o] B3t A254 e
AF UhF Iesto] A 2F = ol5sty e £4 B4
of ZtRto 2 X ofe| A s HI|sto] FYA L AT
715 BAIAZ1 2L A ZAFEE =5k AAIZE AFESH
HTh®). At FAFUS] Aol s AlZ U2 Y
A = A, AAE FHEA O Qs FA=HE =]
2= o A7 A E Y2 Sd o2k ofe an
£ I35 = 3k, 10).

ADC7} sjdsfof & #HA] 5 st FAIS} o= o

oFZo] W& wlo] LIS Wso} Bt AAR RS G
Aol 2 v, okgo] GAlo) 24 A4, 714 A%
£4, ok FEjo] YL 74 golof sk, obz A
SAATHE A Folof gk 237] ADC ko] Urjg
91 9 Shit k8ol 27] WEE LA Yk AR
Y7150 AR 220 ADCE AREH oFE g
Ao 28 B2 54 SPAE A wnE F7A
717] 918 237 ADCO| B]3) AR o] & Z2st oF

Mo o
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< ARESHAL QITH(11). OFE9] Ed0] whet #AgE A2
54E& UE AL, olojA TR thE SYA|EE 0]FS

F7HQl 54L& UEhd 4= Ql=d, ol & <A 2
(bystander effect)”2}1 S}

ARCOJ|A] YHFA O & AlE-5}+= chelating agentS-2-
7N A} A1 Aot star, AT A A<
HSFA|7] 2] grotof gttt ARC HA] 74 &
Lotz SUAEL} Aotar, AeE YA EL} 1
HO| thE SUA Lo = AL O3t A THE WS 5
o, o]t FAS “A RS} G T (crossfire effect)”2}al
Seh(12). AARESE G b= HAIHE Y v A HY
ofjAl AR B R, WA A2 W= A7 HlE Eo =

QAR A4 X 2 EAHe SFuie ol 7t e % et

e
30, AN Mo Jm

4. ADC and combination therapy

ADCS] 53 494l 7|dols BT, AR
P LY Aol dFEEL A= AEHAQ A=
gollAl ADCol thgt Wi/do] A71A e A97F Kl
AUtk wEbA B2 Y FolA 2 AmEE FEst
gomn, W2 ADC7} thE 893} Haste] A AlEE
ZYstar Qi E35| o] & Al (tumor heterogeneity) U]
2ol gt A8 71AE M A 5AE HEToEN &
A 9?20 =2 7Hs/do] Eold 4= /lHk(13). 9]
of whet MU mda A A BFo|A] ek |,
AR =, WEH| 8 H, BAEAAA, B8y 5 o
3] FAA}F ADCO] &2 HZ AFE L et

HoR

0

)

[¢]

of
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5. Immuno-positron emission tomography
(Immuno—-PET)
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2502 PETIAMO] PAHEAAZA I
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0 st g9 Bol e Aastel IAY #
ARo] A W g gstol] it 22A A HHE A
= v Ael Holt(4, 15), WS PETE
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Ao EEH ALl Fa8 QB T 4 9
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RIT)E 93 B4} $5.8 A7aks o) 583 % o), 4

2 A5 A W 3A BA 2 9 oFEat 2ol
A 2410 B4 23] Wk
ek
o PETO|| AFE &= FAAHE L [-124, Zr-89, Cu-
64, Ga-68, F-18 50| AH&E 4= Qlth. o] 5 1-124¢}
Zr-89% 27 Whgk7| 7} 4.18Y 3} 78.4A1 k0.2 A 9]
20 AW w710l ARgsh7] Agsiet. Aol A #EA4
7} 7V535t 11249} 2], Zr-89+= Deferoxamine(DFO)2}
Z+2- chelating agent”}| & Q 3}TH(16-18). 1-124+= 27| H
o PETH O] AFEE A O, AYofA] dehalogenation
o] dojit= 59 AHES] AT wiEell, EA= Zr-89
£ ol83 W PETATIL Ho} ST W PET
o] o g AN E = P FF= FuUE A IR
(vascular endothelial growth factor, VEGF), ¥3]4d%}2l
Z}<=-&-A| (epidermal growth factor receptor, EGFR), A&
AT A 1RS84 2% (Human Epidermal growth
factor Receptor 2, HER2), A3 FHIAU 2] 20(Cluster
of differentiation 20, CD20), ¢3}-125(Carbohydrate
antigen-125, CA-125), A YA E o] Zu}tg} Y (Prostate-
specific membrane antigen, PSMA), BHAIE+8 4 49
(Carbonic anhydrase IX, CAIX), CD44 variant isoform
6(CD44v6), &Y 19.9 (Carbohydrate antigen 19.9,
CA19.9), FHH8 A33(Glycoprotein A33, A33) 5 O.% T}
oF5}A| A5 91.0.1(19-27), 2 CDS, CD103, Cytotoxic
T-lymphocyte associated protein 4(CTLA-4), Programmed
cell death protein 1(PD-1), Programmed Cell Death-ligand
1(PD-L1) & EH O = st= FAE ol&5to] HAH
A A2 24 = HHIEJA| Al (immune checkpoint
inhibitor) & 0]51@— HAX 79 HYEHHYS Yot Ad+7}
% Folth(28-32). WebA We] PETE F9F A% Bl

SREER ﬂre A5l 574 YUS K02 5] 4L
171 o WA 5 & B o . A A5 3
e W ARe WY QW 2L AR 23S 200
B I A8 50
ADC9] 28 7| - =

FAA| Z(FA ) =Esto] AR &, YL Ud
o] HEHUA AN RO AES B3 FIdaAE
A= Aotk oA AHF=, ADCO] 3
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St 2ol I 2 X H(targeted therapy)@} ©|2 Q19 7|&
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Market trends of ADC and ARC
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2HE 7155t ddiH] 34.8%9] S AL, A
FEE 2028U7HA] A&H 02 ARSI, AWF 25.4%
o HES 712 A0 2HET UTG6). TIF FDA
50E ol Al £A1" ADCE 12709, o] F uj&
A+ 57K A& (Kadcyla(Roche), Enhertu(Daiich-Sankyo/
AstraZeneca), Trodelvy(Gillead Science), Padcev(Astellas/
Seagen), Adcetris(Seagen/Takeda))°] 80% ©]4+2] A%
$82 AT YcH37-39)

Z10] Hls), HAMH G A SA & 501% ARCY] HEFA}
9l Zevalin™1} Bexxar®2 A& o7 37 FEukz B
it} Zevalin™-2 20034 uﬂ%o] 19 DPE{E G/gsta,
Az s FHY e =E 5 3 o7 ASFHL
(38), L A& FEoHA] ZHh E}‘] < A 1037k mf
£ A7t 1,500% 22-3,0008 2o 1321, 2013

AR E vjEo] 23] TrAstct Bexxar% 1990 dh
Sk 7= o, 2000 9] Corixao]] 2]3f Q14=%]°] Glaxo
Smith Kline (GSK)E 53l A5 At 7H\ﬂj_1- Al 1994
doj 3l ojerE o e AL, 19980 HAEEH
o8 AU, o]F FDAS] 7149l HH 2730
= 5<lo] A|AF 0] 200313 0] Fo]AoF FDAL} f-+ 2] oF
% (European Medicines Agency, EMA)2] %91-& w3t
Tk Z1 Abol, M XY] YEF0 REXEHORE HEA
(Rituxan™)¥} g}et Qo] A&k, 2005E 714 39
5H9rEe] o] viEo] 7|djoll= E X 1A, 2004 WiE
o 187] 1309 2, 257] 2209 2] 4220 BT,
A= GSK= & F4et tiA A 2A412 7}%*32i sk
Bexxar"9] A| 2 & A 0 2 ST AolZta IR

Zevalin ™1} Bexxar®9] A9]4 HRloj= &2 0 =2 o}
23} 22 ol 550) YU} Am of 2uts A S
O 2 Ao BFA Hls 17te]7l FAI, 1
3] A=l A& A%tshd, ﬂ /\]_‘L]' st e ¥ o] HA A&
712K E) F_te] vl 82 H]S3t ol Qlnt. 1y
Aol Hiet Hi52] ?l*—]ﬂr e, ARt HUEFHLS §
oY AR, AFE7I] B 5oE REA R
of vls A2 w7} DojA= AIE 7PAZTHA40). o] T
A wzofl -3t Amart 7o e AHERIE
& AA| lymphoma 2H22] 10%0l| &= B X 2] ZoHA =]
TH41).

ol
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Emerging radioligand therapy market

L GAE Y E HoFolA = ARC Ht&
Radioligand therapy (RLT)2] F#lo] ==& At} t# 2]
O 7 A ZAWEH]ZEF(neuroendocrine tumor)of| A T
& AntEAEE 28
FA35l= ""Lu-DOTATATE (Lutathera”, Novartis), '"’Lu-
DOTATOCO] @A AFAIH Foll omn, dFAdo|
A I EE = AP A S| AU (PSMA) S R4St
choFst A2 27 =([*GalGa-PSMA-11, "F-DCFPyL,
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Conclusion
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