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PAJTIO®APMIIPEITAPATU HA OCHOBI IHTTIBITOPIB
®IBPOBJIACT-AKTUBYIOYOI'O ITPOTEIHY B OHKOJIOITYHIM
ITPAKTHUIII

B ornAni po3msHyTi NUTaHHA 3aCTOCYBAHHA HOBOMO NEPCNEKTUBHOIO Knacy pafioHyKNifHUX TpelicopiB, 3aCHOBAHOrO
Ha iHribiTopax ¢ibpobnacT-akTuByloyoro npoteiHy (PAI), wo € mapkepom KaHuep-acouioBaHux ¢ibpobnactis
MiKpOOTOYEHHA 6inbwocTi 3n0sKicHUX nyxauH. OAM-iHri6itopu (FAPI) MoxyTb MiTUTUCA LWMPOKMM CMEKTPOM
pafioHyKNiAiB, Wo 3abe3nedyye NpoBefeHHN AK PaAioHyKNiAHOT AiarHOCTUKK, Tak i Tepanii. Moka3aHo, Wo npu 6inb-
WOCTi MyXAKUH NO3UTPOHHA eMmiciiiHa Tomorpadis/komn'totepHa Tomorpadis (MET/KT) 3 miveHumun FAPI 3a6e3neuye
piBEHb [iarHOCTUKK, AKWIT Moxe 6yTu nopiBHaHMi 3 NET/KT 3 **F-dTopae3okcurniokosoto (PAI) abo nepesuuye iio-
ro. Pagiodapmnpenapatu (P®I) Ha ocHosi FAPI matoTb neBHi nepesaru nepeg ®II: Hema He0OXiAHOCTI NPU3HAYEH-
HA [AIi€ETU Ta cnewuianbHOT NaAroTOBKM, MOXIMBICTb WBMAKOTO OTPUMAHHSA 300paxeHb 3 BUCOKOK KOHTPACTHICTIO, NifBM-
lWeHa YyTnuBicTb B 06NacTAX 3 BMCOKUM [MIOKO3HUM MeTabonizmom. HeobxigHi mopmanblui WMPOKI NPOCNeKTUBHI
LOCNI[XKEHHs Ans OUiHKK AiarHocTUYHOT edpekTBHOCTI FAPI-P®I1 i BU3HaYeHHs Kona nokasaHb s iX 3aCTOCYBaHHS.
KnioueBi cnoBa: ¢ibpobnact-akTusyilounii npotein, iHribitopu ¢ibpobnact-akTusyioyoro npoteiny, FAPI-MET/KT,
pagioHyKNigHA AiarHOCTUKA, pafioHykNifHa Tepanis.
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RADIOPHARMACEUTICALS BASED ON FIBROBLAST ACTIVATION
PROTEIN INHIBITORS IN ONCOLOGICAL PRACTICE

The review is devoted to the application of the new perspective class of radionuclide tracers, based on inhibitors of
the fibroblast activation protein (FAP), which is a marker of cancer-associated fibroblasts of microenvironment of
most malignant tumors. FAP inhibitors (FAPI) can be labeled by a wide spectrum of radionuclides, which can pro-
vide both radionuclide diagnostics and radionuclide therapy. It was showed, that the diagnostic efficacy of FAPI
positron emission tomography/computed tomography (PET/CT) in various cancers is similar to *F-fluorodesoxyglu-
cose-PET/CT or superior. The FAPI radiopharmaceuticals (RP) have some advantage compared to **F-fluorodesoxy-
glucose (FDG): no need for special preparation and diet, fast imaging with high contrast, and increased sensitivity
in region with high glucose metabolism. FAPI-PET/CT may be an important addition to conventional methods in all
stages of diagnostic process in oncology, especially when ®F-FDG cannot be used. It is need to further wide prospec-
tive investigations for assessing of diagnostic efficacy of FAPI-RP and determination of indications for its using.
Key words: fibroblast activation protein; radiolabeled fibroblast activation protein inhibitors; FAPI-PET/CT; radio-
nuclide diagnostics; radionuclide therapy.
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BCTYII

37105IKiCHI HOBOYTBOPEHHS CKJIAIal0ThCS 3 HEOTUIACTUY -
HUX KJIITUH 1 Pi3HUX HE3JI0SIKICHUX TKAHUHHUX €JIeMEeH-
TiB, 1110 (POPMYIOTh yXJIMHHE MiKpooToueHHs (ITMO) —
CTpOMY IyXJIMHHU, SIKa CKJIama€ Oifplly ii YacTUHY (10
90 %) i Ma€ 3arajabHi KOMIIOHEHTH Y Pi3HUX TUITaX HOBO-
yrBopeHb. [IMO BKiTIouae KIIiTMHU 0a3abHOT MeMOpa-
HU 1 Kaminsipu, Me3eHXxiMalbHi CTOBOYpOBi, iMyHHI,
eIiTesliajibHi, XWPOBi KJIITUHU Ta TE€TEPOTEHHY ITOMy-
JIsiio (piopo0aacTONOAIOHMX KIIITUH, 110 TTO3HAYAIOTh-
cd K KaHuep-acouiiioBaHi ¢iopoonactu (KAD). Kii-
tHU [TM O B3aeMoAiI0Th MixK cO0010 Uepe3 CKIagHy JU-
HaMiuyHy Mepexy OioJIOTiYHO aKTUBHUX pPedyoBUH [1].
ITyxnuHHI KJTITUHY iHAYKYIOTh aKTUBallilo (piopodiacTiB
Ta iHmmx KrituH [IMO, 00yMOBIIIOI0YM, TAKUM YUHOM,
BUHUKHEHHSI HOBOI CcIelUivHOl MyXJIMHHO-aCOLi0-
BaHOi CTPOMU, K IHTErpajbHOI YaCTUHU ITyXJIMHHOI
iHBa3ii, HalOUIbIL BUTiAHOI 1JIs1 iXHBOI'O BUXKMUBAHHS [2].

IIponykuist pidHUX (PaKTOpPiB pOCTY, XEMOKIiHiB i LIU1-
TOKiHIiB HEPaKOBUMHM CTPOMaJbHUMU eJIeMEHTaMU
CIIPUSIE PEMOJIETIOBAHHIO MO3aKJIITUMHHOTO MaTPHUKCY,
IHAYKIIi1 aHTioreHe3y, KJIITUHHIA Mirpauii, MeauKaMeH-
TO3Hill Pe3UCTEHTHOCTI Ta eBa3ii iIMyHHOTO HarJjsay, o-
JIeTLIYIOUM po3BUTOK MeTtacTasiB. Kiitmuau ITMO mo-
KYTh CYTTEBO MOIYJIIOBATH BiMIOBiAb Ha Teparlilo MyTa-
HTHMX 3J10SIKICHUX KJTITUH, 1O CITPUSIE iX MTOCTIMHIN mpo-
nmidepalrii Ta iHBa3WBHIN TToBemiHi [3, 4].

KA® roxonsth 3 JTIOKaJIbHMX Ta LIUPKYII0I0UMX hibpoo-
JIaCTiB, EHIOTEMiaTbHUX KIIITUH CYIWH, CTOBOYPOBUX KIIi-
THUH KiCTKOBOTO MO3KY, JKUPOBUX KJTITUH i HABIiTh 3 PAKOBUX
KJIITUH LJISIXOM €eIliTeslialbHO-Me3eHXIMaJIbHOTO Mepexo-
ay [5]. CriekTp oKepest MOXOKEHHS, IPMHAMHI 4YaCTKOBO,
MOSICHIOE icHYBaHHST (peHoTHIIOBO pisHMX miarpyn KAD,
SIKi CITPUSTIOTH T€TEPOreHHOCTI BJIACTUBOCTEM IMMyXJIMH B OK-
pemux ix ginsHkax [6]. Aktusatiiss KA® He3BOpOTHA, BOHU
MaloTh JOCTaTHBO BUCOKY ITpoJTipepaTUBHY 30aTHICTh i He
MOXXYTh OyTH BUIAJIeHi IIsixoM arnonrosy |7, 8]. KAD re-
HETUYHO CTaOUIbHilIi, HIXX PAaKOBi KJIITMHM, i TOMY MEHII
CXWJIbHI 0 PO3BUTKY PE3UCTEHTHOCTI 0 Tepartil.

KA® MoXyTh NMPOAYKYBAaTH K paKOBO-CIeIU(PIUHMI
MO3aKJITUHHUI MaTPUKC, TaK i pi3Hi pO34yMHHI OioJio-
riYHO aKTWUBHi CHOJYKM, TaKi K (paKTOpU pOCTy, LU-
TOKiHM Ta €H3VMMU, i BUSBJISTIOTHCS] HAN3BUYAHO ITOTYXK-
HUMU MoIMdiKaTopaMu ITyXJIMHHOIO ITPOrpecyBaHHS Ta
MeTtactasyBaHHs [ 1]. PozButok KA® y myxJmMHHili cTpo-
Mi CyIPOBOKYETBHCS 1X MOP(POJOTIYHUMU i MOJIEKYJISIP-
HUMMU 3MiHaMU, 110 BEAYTh 10 eKCIpecii 0COOIMBUX MO~
BEPXHEBUX MapKepiB, TaKMX SK O-aKTUH INaJeHbKOI
myckynatypu (o-SMA), BIMEHTHH, I€CMiH, pELENTOp
TpoMboLMTapHOro ¢akropy pocty oera (PTD®P-6eta) i
diopobaacr-akTuBytounii mporeid (PAIT) [2, 6].

INTRODUCTION

Malignant tumors are consisted of neoplastic cells
and various noncancerous tissue elements, which
form the tumor microenvironment (TME) —
tumoral stroma, constituting its main part (up to
90 %) and owing general components in different
types of tumors. TME includes the basal membrane
cells and capillars, the mesenchymal stem, immune,
epithelial, adipose cells and heterogenic population
of fibroblast-like cells, named as cancer-associated
fibroblasts (CAFs). The TME cells interact within
themselves through the complex dynamic net of bio-
logically active substances [1]. Tumoral cells induce
activation of fibroblasts and other TME cells, thus
causing occurrence of a new specific tumor-associ-
ated stroma, as an integrated part of tumoral inva-
sion, mostly beneficial for their survival [2].

Production of various growth factors, chemokines
and cytokines by non-cancer stromal elements stim-
ulates the extracellular matrix remodeling, induc-
tion of angiogenesis, cellular migration, medicinal
resistance, the immune supervision evasion, stimu-
lating the spread of metastases. The TME cells are
capable to modulate therapeutic answer of mutated
malignant cells essentially, promoting their persist-
ent proliferation and invasive behavior |3, 4].

CAFs originate from local and circulating fibrob-
lasts, endothelial cells, vascular cells, the bone
marrow derived stem cells, adipose cells and even
from the cancer cells through epithelial-mesenchy-
mal transition [5]. The naturally wide spectrum of
origin explains, merely partly, the existence of phe-
notypically different subgroups of CAFs, promot-
ing tumoral feature of heterogeneity in some of
their parts [6]. The CAFs activation is irreversible;
they owe high proliferative capacity and can not be
removed in apoptotic way [7, 8]. CAFs are geneti-
cally more stable, than cancer cells, and thus are
less prone to development of resistance to therapy.

CAFs may produce together with cancer-specific
extracellular matrix various soluble biologically
active compounds, such as cytokines, enzymes, and
growth factors and manifest themselves as most
potent modifiers of tumoral progress and metastat-
ic spread [1]. The CAFs development inside tu-
moral stroma is accompanied by their morphologi-
cal and molecular changes, leading to expression of
special surface markers, such as smooth muscle
actin (a-SMA), vimentin, desmin, platelet-derived
growth factor receptor-beta (PDGFRB) and
fibroblast activation protein (FAP) [2, 6].
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®diopobGacT-akTUBYIOUMIA NPOTEIH

Ha BimMiny Bim inmmx mapkepiB PAIl mpucyTHiii B
KA® 6inbir HixX 90 % enitemianbiux myxanH [9]. AIT
€ MeMOpaHHUM TJikornpoTeiHoM I Tury, 110 HAAEKUTH
0 ponvHM aunentuauianentuaas-4 (DPP4) 3 nmonsiii-
HOIO JTUIMCHTUAMINCITUAA3HOIO i eHIOIEeNTUIA3HOI
aKTMBHICTIO, K4 PO3IICIUIIOE CyOCTpaTu y MOCTIIPOJIi-
HOBoMY 3B’a3Ky. [IpoTeiH 11e oTpuMaB Ha3By celpasa,
BiH cKJ1ama€eThes 3 760 aMiHOKHMCIIOT, 110 CTBOPIOIOTH KO-
POTKMI LIMTOIUIA3MATUYHUI JOMeH (6 aMiHOKUCIIOT),
TpaHcMeMOpaHHMI JoMeH (20 aMiHOKMCIIOT) i BeTMKUI
no3akiaiTuHHUM gomeH (734 aminokuciorn) [10].

Sk HacHimoK eH3MMHUX i HeeH3UMHUX edekTiB, AT
Oe3rocepeHbO TMOCUIIIOE Mpotidepaliito, Mirpaiito Ta
iHBa3il0 cTpoManbHUX (PiOPOOIACTIB Ta IHIINX KIITHH,
BKJIFOUHO 3 MYyXJIMHHUMM, eIliTeliaJbHUMU Ta IMyHHUMU
KJITMHAMM, 1O TMPU3BOAUTHL A0 iHBAa3MBHOCTI, Jerpa-
Jauii Mo3akJiTHHHOTO MaTPUKCY, BacKyJsipu3aliil myx-
JINHU Ta YHUKHEHHS Helo iMyHHoro Harmsamy [11, 12].
BigmoBigHO 10 1HOTO, TPX OAaraThboX 3M0SIKICHUX MyXJIU -
Hax, 0COOJIMBO MpPU KOJOPEKTAAbHOMY paky, paKy IMia-
IIJTYHKOBOI 3aJI031, paKy SIEYHUKIB, TeTIaTOLEIIOISIPHO-
MY paky Ta HeApiOHOKJIITUHHOMY paKy JereHb, eKCIpe-
cig DAIl Kopesoe 3 BUCOKOIO IyXJIMHHOIO iHBa3i€lo,
30iIbIIIEHUM PU3UMKOM MeTacTa3yBaHHS y JiM@aTHUHi
BY3JIM i 3HMXKEHOIO BUKMBAHICTIO XBOPUX [4].

Oxkpim rinepekcnpecii B KAD, ®AIl BuzHayaeTbes y
MyXJIMHHUX KJIITUHAX CapKOM KiCTOK i M KX TKaHWH,
MejaaHoM. BiH Takoxk Moxke OYyTU CeJIeKTUBHO €KCITPeco-
BaHUI y KJIITUHAX MPU JOOPOSKICHUX 3aXBOPIOBAHHSIX i
B HOpMaJIbHMX TKaHMHAaXx IIil yac peMojaeatoBaHHs. 1o
HUX BiZHOCSITHCS CTPOMAJIbHI KJIITUHU, Me3eHXiMaJbHi
CTOBOYPOBI KJIITUHU B Mepioa eMOpioreHe3y, akTMBOBA-
Hi (ibpobyiacTu mig yac 3aKMBaHHS paH, (POpMyBaHHI
¢i0po3y JIereHb, MeYiHKU, TP aTePOCKIEPO3i, 3aranb-
HUX peakilisiX, TaKUX SIK apTPUTHU, a TAaKOX B illIeMiu-
Hill TKaHWHI cepus michas iHdapkTy Miokapay [13—15].
VY TKaHMHaxX 310POBOI IOPOCIOI JIOAMHU HMOTO Mpak-
TUYHO HeMa, B He3HaYHill KiJIbKOCTi BiH MOKe BU3Haya-
TUCS Y MaTIli, WAL MaTKU, TIALEHTi, TPYAHIN 3a103i
Ta mKipi [3].

Papiodapmnpenapatu (P®PI) Ha ocHOBI

dAN

MapkyBaHHs KA® pamioHyKTigaMu BiIKpUBA€E IIUPOKi

MNepCreKTUBU 1151 (PYHKLIOHAIBHOI Bidyai3allil, a TPUTHi-

YeHHS IXHBOI (PYHKILIT MOXKe OYTH TiEBMM HATTPSIMKOM JIiKYy-

BaHHSI ITyXJIVH, TIpY 1IboMy BuKopucTtaHHst MATL, sk ineH-

tudikaropa KAD, ysaBasieTbest HaitOUTbII e(DeKTHBHUM.
Xoua DAII 3amisHuii y uncaeHHUX (i3ioaoriyHux i

natodiziooriyHUX Mpolecax, MWoro cyocTpaTHuUi

Fibroblast activation protein
Unlike other markers, FAP is present in CAFs of
more than 90 % of epithelial tumors [9]. FAP rep-
resents the membrane glycoprotein type II,
belonging to the dipeptidyl peptidase 4 (DPP4)
family with the double dipeptidyl peptidase and
endopeptidase activity, which splits substrates in a
postproline bond. Another name of the protein is
seprase, it consists of 760 amino acids, which cre-
ate a short cytoplasmic domain (6 amino acids),
the transmembrane domain (20 amino acids), and
large extracellular domain (734 amino acids) [10].
As a consequence of enzymatic and nonenzymatic
effects FAP directly strengthens the processes of pro-
liferation, migration and invasion of stromal fibrob-
lasts and other cells, including tumoral, epithelial
and immune cells, leading to invasive transforma-
tion, the extracellular matrix degradation, tumoral
vascularization, and escape from the immune super-
vision [11, 12]. In accordance to the abovementioned
processes, in most malignant tumors, especially in
colorectal cancer, pancreatic cancer, ovarian cancer,
hepatocellular cancer and non-small cell pulmonary
cancer, the FAP expression correlates with high
tumoral invasion, enhanced risk of metastatic spread
to lymphatic nodes in patients with lower survival [4].
Apart from hyperexpression in CAFs, FAP is
determined in tumoral cells of the bone and soft
tissue sarcomas, and melanomas. It also may be
selectively expressed in cells in benign diseases, as
well as in normal tissues while remodeling take
place. They include stromal cells, mesenchymal
stem cells in the period of embryogenesis, activat-
ed fibroblasts during healing of the wounds, while
formation of pulmonary and hepatic fibrosis, in
the atherosclerosis, inflammatory reactions, such
as arthritis, and in the heart ischemic tissue after
myocardial infarction [13—15]. In tissues of
healthy adult person it is practically absent; it may
be determined in a small amount in uterus, cervix,
placenta, mammary gland and skin [3].

Radiopharmaceuticals (RP) based on fib-
roblast activation protein inhibitors (FAPI)
The CAFs marking with radionuclides open wide
perspectives for functional visualization, while their
function inhibition may be as efficient trend in treat-
ment of tumors. In this sense the FAP application, as
the CAFs identifier, appears to be mostly effective.
Although FAP is involved in a lot of physiologi-
cal and pathophysiological processes, its substrate
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Jiama3oH 3aJMIIAETbCS 3AeOiNBIIOr0 HEeBiZOMUM, a
naTepHu eKcHpecii He J0 KiHLg BUBYEHi. [0JIOBHI
TpynHomi y BuB4YeHHI DAIl Oynm mow’s3aHi 3 Bid-
CYTHICTIO TOCTaTHBhO €(peKTUBHUX METOIiB MapKyBaH-
HS L€l TpOTeas3u, cepell IKUX HalOiIbII MTepCHIeKTUB-
HUM BUSIBUJIOCH 3aCTOCYBaHHS iHri0iTopiB [10]. 3HaH-
HS TUTICITUIHOTO cyocTpary, HeooxigHoro mis MAII,
pPOOUTH MOXJIMBUM CHUHTE3 BEJIMKOI KiJIbKOCTi Pi3HUX
HU3bKOMOJIEKYJISIPHUX CIIOJIYK, IO INPUTHIYYIOTh
crieuu@iyHy MPOJINENTUAA3HyY aKTUBHICTb €H3UMY.
Po3pobka B ocTaHHE AecATUPiuYsl CUJIbHUX i BUCOKO-
CeJIEKTUBHUX iHTiOITOPIiB HA OCHOBI CIOJYK OOpPUHO-
BOI KMCJIOTH Ta XiHOJiHY J03BOJIMJIA 3HAYHO MTPOCYHY-
ticd B nocaimkeHHi MAIT i KITiTHH, 1110 eKCIIPeCyIOTh
®AII [16, 17].

Panni po6otu, npucsstueHi @AIT-inricitopam (FAPI),
CTOCYBAJIMCS TTOXITHUX MipOJTiANH-2-00pUHOBOI KUCIO-
TH, 3 KOTPUX MEPIIMM KJIiHiYHO BUIIPOOYBaHUM OYB
ValboroPro (Talabostat, PT-100). Ilpemapat moxa3zaB
3HAYHYy a(iHHICTh 10 AEKUIbKOX WieHiB poauHu DPP4,
ajie He OyB JOCTaTHBO cesleKTUBHUM 1t DAIT [18].

HusbkomonexynsapHi FAPI (UAMC-1110) Ha oc-
HOBi 4-XiHOJIHUJI-TIIiIWI-2-MiaHOIIPOJTiANHY 103~
0aBJieHi HEOJiKiB MOXiTHUX TipOJIiANH-2-00pUHOBOL
KHCJIOTH 3aBISKK 1X BUCOKIi apiHHOCTI Ta CEJIEKTUB-
Hocrti o DAIT [16].

binbuiicth ocTtaHHiX poOiT, 1o crocyroTbest FAPI,
HarpapjeHi Ha XiMiyHy MoaM@ikallito HU3bKOMOJIEKY-
JIIPHUX iHTIOITOPiB HA OCHOBI XiHOJIIHY JUTSI OTPUMaHHSI
npernapariB 3 OiIbII BUCOKOIO ahiHHICTIO Ta MOJIiMIIe-
HOI0 (hapMaKOKiHETHKOI0. XOpOIIi KJIiHiYHiI pe3yJbTa-
T mokaszanu aekinbka cronayk: FAPI-02, FAPI-04,
FAPI-46, FAPI-34, FAPI-74, DOTA.SA. FAPI,
DOTA.5m.SA.FAPI, DOTA-2P(FAPI)2, FAPI-42. ba-
raTto IpernapariB 3HAXOAUTHCSI Y pO3pOOLIi i AesIKi 1eMO-
HCTpYBaJld TEPCIEeKTUBHI AOKIiHIUHI pe3ynbTaTh —
FGlc-FAPI, QCP01, QCP02, AAZTAS5.SA.FAPI [19].
Hnsa pesikux FAPI cTBopeHi TeXHOJIOTIT i MOIyJli aBTO-
MaTU4YHOTO cMHTe3y [20].

Ha ocHoBi XenaTHUX CITOJIYK PO3pO0JIeHI METOAN Map-
kyBaHHST FAPI noctaTHhO IIMPOKMM CHEKTPOM pajlio-
HYKJIiIiB, i TAKMM YAHOM OyB CTBOPEHMII HOBMIA KJ1ac
P®II, gk mig 0iarHOCTUKM, Tak i 11 JIiKyBaHHs [21].

FAPI-P®II, miueni ®Ga 3a 101OoMOroi Xxejaropa
DOTA, B ocHoBHOMYy mipenctaBieHi FAPI-04, FAPI-
46, FAPI-74, DOTA.SA. FAPI, DOTA.5m.SA.FAPI,
DOTA-2P(FAPI)2. 3aBasku BUCOKOMY HaKOITMYEH-
HIO B IyXJIUHi, Ay>Ke HU3bKiil (piKcallii B HOpMaIbHUX
TKaHWHaXx i mBuaKoMy kiipeHcy *Ga-FAPI-POII 3a-
0e3IeuyIoTh YiTKYy KOHTPACTHICTh 300pakeHb IIPU T10-
3UTPOHHIN eMicCiliHill TomMorpadii/KOMIT’I0OTepHill TO-

diapason remains mainly unknown, and the expres-
sion patterns not completely studied. Main difficul-
ties in the FAP studying were connected with
absence of sufficiently effective methods of this pro-
tease marking, among which the application of
inhibitors proved to serve as the most effective [10].
The knowledge of the dipeptide substrate, necessary
for FAP, makes possible synthesis of large quantity of
various low-molecular compounds, which inhibit
specific prolyl peptidase activity of the enzyme [3].
Elaboration in last decades of potent and highly
selective inhibitors, based on the boronic acid com-
pounds and quinolone, have permitted to go signifi-
cantly further in investigation of FAP and the cells,
which expresse FAP [16, 17].

Early investigations on FAPI were devoted to the
pyrrolidine-2-boronic acid derivates, of which
ValboroPro (Talabostat, PT-100) was the first to be
clinically tested. The preparation showed a signifi-
cant affinity to several members of the DPP family,
but was not sufficiently selective towards FAP [18].

Low molecular FAPI based on 4-quinolinyl-gly-
cyl-2-cyanopyrrolidine do not demonstrate the
shortcomings of the pyrrolidin-2-boronic acid
derivates due to their high affinity and selectivity
towards FAP [16].

Majority of last investigations on FAPI were
directed towards chemical modification of low-
molecular inhibitors, based on quinoline, to obtain
the preparations with higher affinity and improved
pharmacokinetics. Beneficial clinical results have
shown several compounds, such as FAPI-02, FAPI-
04, FAPI-46, FAPI-34, FAPI-74, DOTA.SA. FAPI,
DOTA.5m.SA.FAPI, DOTA-2P(FAPI)2, FAPI-42.
Many preparations are in the elaboration process
now and some of them have demonstrated perspec-
tive preclinical results, including FGlc-FAPI,
QCPO1, QCPO02, and AAZTAS.SA.FAPI [19]. For
some FAPI the technologies and modules of auto-
matic synthesis were already created [20].

Basing on the chelate compounds, the methods for
FAPI labeling using wide spectrum of radionuclides
were elaborated, and thus, a new class of RP for
diagnosis and treatment was evolved [21].

FAPI-RP traced by ®Ga using the DOTA chelator,
are mainly represented by FAPI-04, FAPI-46,
FAPI-74, DOTA.SA. FAPI, DOTA.5m.SA.FAPI,
DOTA-2P(FAPI)2. Due to its high intratumoral
accumulation, very low fixation in normal tissues
and rapid clearance ®*Ga-FAPI-RP provides the
clear contrasting in positron emission tomography
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morpagii (ITET/KT) Bxke 3a aekiibKa XBUJIWH ITiCJIs
BBeIICHHS. 3a3BUYall MiABUILeHA PadiOaKTUBHICTh BUSIB-
JISIETBCS TiABKU B JUISIHLI HUPKOBUX MMCOK i CEUOBOTrO
Mixypa, 0e3 HaKOMMYEeHHsI B HUPKOBIill MapeHXiMi, 110
CYTTEBO JUISI MOXJIMBOTO TEPAIIEBTUYHOTO 3aCTOCYBAHHS
[21, 22].

Hnst npoeneHHs1 FAPI-TIET nanieHTam He moTpiOHa
crieliajJbHa IMiArOTOBKA i Ai€Ta, MOCTIIXEHHS 3 OTpHU-
MaHHS$IM 300paXkeHb BUCOKOI SIKOCTi MOXYTh BUKOHYBa-
TUCS TIpOTIroMm Big 10 XBuAWH 10 1 TOOMHU ITiC/s1 BBE-
nenHs [23]. Josu, o susHavanuch mid “Ga-FAPI-02,
%Ga-FAPI-04, ®Ga-FAPI-46, 6yiu B mexax 1,4—1,8
M3B/100 MBK, i OpiBHSIHHI 3 H03aMU TIpYU BUKOPUC-
taHHi iHIMX POIT — ®Ga-DOTATOC/DOTATATE,
8Ga-PSMA-11, “F-dropmesokcuriaoko3ow (POAT)
[21, 24].

[Mpu nopiBHsHHI ®Ga-FAPI 3 "F-®JII" Bu3Hauaioch
CYTTEBO MEHILIE HOr0 HAKOITMYEHHS B TOJIOBHOMY MO3KY,
MeviHli Ta CAMU30Bifi POTOTJIIOTKM, HPU LbOMY HE
BiIMivaJioch 0COOJMBOI Pi3HUIII B HAKOMMMYEHHI B iHIIINX
HOpMaJbHUX TKAaHWHAX 1 MyXJIMHAX, Xo4a CIOoCTepira-
JIOCh TIOKpallleHe CHiBBiTHOIIEHHS ITyxJinHa/(poH
(CII®) [21].

IIpu ominui dapmakokiHetuku FAPI-02, FAPI-04 B
28 Tunax MmyxJauH OyJ0 BUAJIEHO TPU IPYIU HOBOYTBO-
peHb 3aJieXKHO Big iHTEHCHMBHOCTI HAKOMMYEHHS: 3
HaoineII BUCcOKOO (> 12) cepeAHbOI0 MaKCUMAaJIbHOIO
BEJIMYMHOK  CTaHIApPTU30BAaHOTO  HAKOIMYEHHS
(BCH,uakc) — capkoMu, pak CTpaBOXO.Y, paK I'pyaHOI 3a-
JIO3U, paK JIETeHb, XOJIAHTIOCApKOMa; 3 MPOMiKHOIO
BCHyaxc (6—12) — pak rojoBu Ta 11, paK Iepeamixy-
POBOI 3aJ103U, paK IEYHUKIB, paK IMiIILIYHKOBOI 321031,
reTaTOLECIIOJISIPHUIA paK, KOJOPEKTATbHUM pak; Hawi-
6inbn Hu3bke HakonmueHHST (BCH yaxe < 6) BimMivamoch
npu GeoXpOMOIINTOMI, HUPKOBOKIITUHHOMY paKy, J1-
depeHLiioBaHOMY paKy ILIMTOIOAIOHOI 3aJl03U, paKy
mutyHka (PII), aneHoinkucro3HoMy paky. OmnHak, 3Hau-
Hi pO30iXKHOCTi BeJIMUYMH HAKOMMMUYEHHS CITOCTEpiramcs
B MeXKaxX yCiX TMITiB MyxJInH [22].

VY 3B’43Ky 3 JOCTaTHBO LIMPOKKUM PO3MOBCIOMKEHHSIM
00JIaTHaHHS 1 TEXHOJIOTIH 1711 BUpoOHUIITBA (pTOp-18 Ta
anapatypu st ITET, a Takox 3 ypaxyBaHHSIM OOMexe-
HMX MOXJIMBOCTel reHepatopis “Ge/®*Ga, Oynu mpoBe-
neHi po3pooku FAPI, mivenux ®F. YyrausicTts i mpocTo-
pose pospizHeHHs [1ET 3 P®II, mivenumu “F, By,
Hix npu ®Ga-TTET, 1mo mokpaliye KOHTPACTHICTh 300-
paXeHHs1. YIOCKOHAJIEHHSI TEXHOJIOriA BHECEHHSI padio-
aKTMBHUX MITOK i CUHTE3 HOBUX X€JaTHUX CHOJIYK J03-
BOJIMJTY 3a0e3MeunTH CTBOpeHHSs epekTuBHUX *F-FAPI-
P®II. Bunpobysanus “F-FAPI-74 i *F-NOTA-FAPI-04
B KJiHIYHUX YMOBax IMOKa3ajJl0 BMCOKY SIKiCTb 300pa-

(PET)/computed tomography (CT) already in
several minutes after injection. Conventionally
enhanced radioactivity is observed in the region of
renal bowls and bladder only, without accumula-
tion in renal parenchyma, what is beneficial for the
possible therapeutic application [21, 22].

For the FAPI-PET conduction the patients do
not need a special preparation and diet, and the
investigations with obtaining of high quality
images may be accomplished in 10 min to 1 h after
the injection [23]. The effective doses, determined
for *Ga-FAPI-02, ®*Ga-FAPI-04, ®Ga-FAPI-46,
were in the range 1.4—2.0 mSv/100 MBq, and are
comparable to the doses when using such RP as
%Ga-DOTATOC/DOTATATE, *“Ga-PSMA-11,
BF-fluorodeoxyglucose (FDG) [21, 24].

As a result of ®Ga-FAPI and ®F-FDG compar-
ing, the substantially lower accumulations in the
brain, liver and oropharyngeal mucosa were
revealed, and no essential difference was observed
in accumulation in other normal tissues and
tumors, although the better tumor-to-background
ratio (TBR) was observed [21].

While estimating pharmacokinetics of FAPI-02,
FAPI-04 in 28 tumoral types three groups of tumors
were delineated, depending on the accumulation
intensity: with the highest (>12) average index of
maximal standardized uptake value (SUVmax) in
sarcomas, esophageal cancer, breast cancer, pul-
monary cancer, cholangiocarcinoma; with the
intermediate SUVnax (6—12) in the head and neck
cancer, prostate cancer, ovarian cancer, pancreatic
cancer, hepatocellular cancer, colorectal cancer;
the lowest uptake (SUVmax < 6) was noted in
pheochromocytoma, renal cell cancer, differentiat-
ed thyroid cancer, gastric cancer (GC), adenoid-
cystic cancer. However, large range of the uptake
values was observed in all types of tumors [22].

Because of sufficiently wide spreading of equip-
ment and technologies for manufacturing of fluo-
rine-18 and apparatuses for PET, as well as taking
into account the restricted capacities of the
%Ge/®Ga generators, there were conducted elabo-
rations of new FAPI traced by "®F. Sensitivity and
spatial resolution of PET with RP, traced by "F is
higher, than in ®*Ga-PET, what enhances the image
contrasting capacity. Technological improvements
concerning introduction of radioactive label and
synthesis of new chelate compounds have permitted
to provide the creation of effective "*F-FAPI-RP.
Clinical testing of "*F-FAPI-74 and "F-NOTA-
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>KeHb Ta €(EeKTUBHICTh MiarHOCTUKHU. 3aCTOCYBaHHS
BF-FAPI-74 npu myxiauHax JereHb ITOKa3allo Kpalle
CII® gepe3 1 roguHy micias BBeISHHS i MEHIIT TTOTIN-
HYTI 1031, HiXX IpY BUKOpUCTaHHI iHmmx PDII, mive-
Hux "*F [25, 26].

OcKinbKkM 0gHOMDOTOHHA eMiCiliHa KOMIT 10TepHa TO-
morpadis (ODEKT) € 6ifbIll eKOHOMIYHOIO i PO3ITOB-
cromxeHolo anprepHatuBolo ITET, ctBopeni PDII, gki
MOXYTb MITUTUCSI T€HEPAaTOPHUMM padiOHYKIiTamMu
¥mTe, "In, "Re — FAPI-34, QCP01, QCP02. *"Tc-
FAPI-34 3abe3meuye BUCOKY KOHTPACTHICTH 300pa-
JKEeHb i TOKAa3aB XOPOIIli pe3yJbTaTU B 1iarHOCTUILII ITyX-
nuHHOTO Tpotiecy, PPOIT moxke mitutucst ' Re, mo po-
OUTb MOXJIVMBUM HOro BUKOPUCTAHHS B PATiOHYKIIiI-
Hiit Tepamnii. [Ipenapar 3acToCOBYBaBCSl 1JISI CLIUHTUT -
padii Ta O®EKT npu MeTtacTaTUYHOMY paKy SIEYHU-
KiB i paKy MiIIITYHKOBOI 3aJI031 3 IOCIiAYI0UOI0 Te-
pamielo *Y-FAPI-34. 3ictaBineHHs 3 pe3yJbTaTaMu
IMMET/KT 3 ®Ga-FAPI-46 noka3zaio, mo “"Tc-FAPI-34
HAKOIIMYYETHCSI B TUX XK€ IYyXJMHHUX BOTHHUIIAX 3
BIIMiHHOIO $IKiCTIO 300paxeHHS [27]. ¥V moximi-
HIYHUX JOCHIIKEHHSIX ITOKa3aHa MOXJIUBICTb OTPU-
MaHHS SKiCHUX CHMHTUTpadidyHMX 300pakeHb 3
""n-QCP02 [28].

3actocyBanHs FAPI-46, miuenoro '*Sm i Y, misa
JIIKyBaHHSI METacTa3iB CapKOMM M’SIKUX TKaHWH J103-
BOJIMUIO JOCSITU TIEBHOTO ITO3UTHUBHOIO pe3YJbIary,
10 MOXe 3yMoBmoBaTuch ekcrpecieo MAIl gk B
KA®, Tak i B KjtiTiHaX capkomu [29].

Po3pobaeHo MeToauKy MiueHHs omom-131 FAPI-2 i
FAPI-4 Ta mpoBeneno amnpoo6auito PDII, mo mokaszana
e(eKTUBHICTh IX BUKOPUCTAHHS JIsI OHKOJIOTiYHOI Te-
paHocTuku. MeTtonnka n03Bojisie MitutTu FAPI-P®OI1
acratoM-211, KUl € ONTUMAJIbHUM PaNdiOHYKJiAOM
JIJ1 pamioHYKJiAHOI Teparii nmMu Hocistmu [30].

AiarHocTnyHa epeKTUBHICTb 3aCTOCYBaHHS
FAPI-PON

3 yacy mepiIoro KJiiHigHOro 3actocyBaHHs y 2018 poiri
npiarHoctuyHi MoxiuBocTi FAPI-P®OIT pochimxkysa-
JIUCb Ha IIMPOKOMY KOJIi OHKOJIOTIYHMX i HEOHKO-
JIOTIYHUX 3aXBoploBaHb [31]. MeTaaHai3 faHuUX JliTepa-
Typn (23 JgochimKkeHHS) IIOAO CTamiloBaHHS Ta pec-
Tair0BaHHS Pi3HUX 3JIOSIKICHUX IMyXJIMH I0Ka3aB YyT-
muBicTh ®*Ga-FAPI-TIET/KT B mysti npu po3paxyHKax
3a yuciaoM mauieHTiB 99 %, cneuudiunicte — 87 %.
ITpu anHanizi 3a KiJIbKiCTIO BOTHUI YYTJIMBICTh CKJIaaa-
Ja st iepBuHHUX yximH 100 %, i BingaaeHux Me-
tactaziB — 93 % [32]. 3ictaBieHHS pe3yJbTaTiB
IMET/KT 3 ®Ga-DOTA-FAPI-04 i ®F-®/II" noka3zaio
OinbI BucoKi piBHI HakormueHHST FAPI-P®II B mmyx-

FAPI-04 showed a high quality of images and diag-
nostic efficacy. Application of "F-FAPI-74 in pul-
monary tumors demonstrated better TBR in 1 h after
injection and lesser adsorbed doses, than while appli-
cation of other RP, traced by "*F [25, 26].

Taking into account, that single-photon emission
computed tomography (SPECT) constitutes a more
economical and a widely-applied alternative versus
PET, there were created new RP, which may be
traced by the generator radionuclides, such as *"Tc,
"In, " Re — FAPI-34, QCP01, QCP02. *Tc-FAPI-
34 provides high contrasting ability of obtained
images and has shown good results in diagnosis of a
tumoral process. RP may be traced by '¥Re, what
enables its application in radionuclide therapy. RP
was applied for scintigraphy and SPECT in metasta-
tic ovarian cancer and pancreatic cancer with conse-
quent therapy, using Y-FAPI-34. Comparison with
results of PET/CT with ®Ga-FAPI-46 has shown
that *"Tc-FAPI-34 accumulates in the same
tumoral lesions with high quality of the images [27].
The possibility of obtaining of qualitative scinti-
graphic images with '"'In-QCP02 was demonstrated
in the preclinical investigation [28].

Application of FAPI-46, traced by ' *Sm and *Y,
for treatment of the soft tissue sarcoma metastases
permitted to achieve a certain positive result, what
may be explained by FAP expression in CAFs as well
as in the sarcoma cells [29].

The procedure of labeling of FAPI-2 and FAPI-4 by
iodine-131 was elaborated and the RP testing accom-
plished, showing efficacy of its application for onco-
logical theranostics. The procedure allows labeling
FAPI-RP by astatine-211, which constitutes an opti-
mal radionuclide for therapy, using these carriers [30].

Diagnostic efficacy of the FAPI RP in clinical
application

From the time of first clinical application in 2018 yr
diagnostic possibilities of FAPI-RP were investigat-
ed in wide spectrum of oncological and benign dis-
eases [31]. Meta-analysis of the literature data (23
articles) on staging and restaging of various malig-
nant tumors showed on patient-based analysis the
8Ga-FAPI-PET/CT pooled sensitivity 99 %, pooled
specificity — 87 %. While on lesion-based analysis
pooled sensitivity for the primary tumors was 100 %,
for the distant metastases — 93 % [32]. Comparison
of the results of PET/CT with ®*Ga-DOTA-FAPI-04
and ®F-FDG showed higher levels of accumulation
of FAPI-RP in tumoral lesions and the enhanced
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JIMHHUX BOTHUIAX i BULLII YYTJIMBICTb Ta TOYHICTb, SIK
Npu AiarHOCTULI MEepBMHHMX MYyXJIMH, TaK i perioHap-
HUX Ta BilJaJIeHUX METacTasiB, 32 BAHITKOM MHOXWH-
HOI Mi€JIOMH i JTiMGpOM, TIPU IKUX 11i TOKA3HUKU OyJIU
Hixye [33].

VY xBopux 3 nyxsmHamu roygosu Ta mui ®Ga-FAPI-
MET mnopiBasaao 3 “F-OJII' mo3Boisia MTOKPAIIUTH
CTafliloBaHHsI, KOHTYPYBaHHSI MillleHel /ISl IpOMeHe-
BOI Teparii Ta MPOrHOCTUYHI OWIHKMW IS TJI0C-
KOKJIITUHHOTO paKy POTOBOI TMOPOXHWHU, Hazoda-
pUHIreaabHOI KaplMHOMM Ta aJeHOIOHOI KiCTO3HOI
KapuuHomu [34, 35].

FAPI-TIET/KT no3Bonuia miarHOCTyBaTH MEPBUH-
HUit ocepenok y 5 (27,2 %) 3 18 xBopux 3 MyXJINHAMU
rojoBu Ta mui, y skux OUAI-TIIET/KT He Bussuia
MYXJITMHHUX BOTHMII, B TOH XK€ 4ac METOJ He I0Ka3aB
repeBar y MiarHOCTUII perioHapHUX i BilgaJeHUX Me-
tactasiB [36]. [1pu 3ictaBienHi pesynsratis [IET/KT
3 ¥Ga-FAPI-46 i "F-®II' BCHya Ta CII® Oynu
nocrosipHo Buie (p < 0,001) 3 ®*Ga-FAPI. logaTko-
Ba iH(opMmallist 6ysa orpuMana 3 *Ga-FAPI B 10 % Bu-
MagkiB mOpu HeraTUBHUX pesynbratax "‘F-OI-
MET/KT, Toxni sk *F-®JII' 3a6e3neuniia HOBUMU Ja-
HuMHU B 8 %. Benukuii 06’eM MyXJIMHU, BU3HAYEHUI Ha
IMET/KT 3 ®Ga-FAPI, 6yB cyrTeBo BHIlle, HiX INpU
MET/KT 3 "F-®JII" Ta pyTuHHUX MeTomax. BusHaueH-
H4 cramii mporiecy 3 ®*Ga-FAPI i *F-®/II" B ocHOBHOMY
30irajgocs, MpoTe MOPiBHSIHO 3 PYTMHHUMHU METOIAMU
BimMivanock migBuieHHs ctamii y 33 % xBopux [37].
Y XBOpHX 3 IJIOCKOKJITMHHUM PAaKOM TOJIOBM Ta IIWL
niarHoctnuHi nokasHuku [MET/KT ¢ ®Ga-FAPI-46 i
BE-OJIT" mpu aHati3i 3a KiUIBKICTIO OCEpEeNKiB ypaxKeH-
Hs OyJau omHaKOBUMM: uymimBicth — 100 %, cre-
nudivnicts — 50 %, Tounicts — 94,4 % [38].

3icraBieHHsa pesyiasrariB ®*Ga-FAPI i “F-®AT
IIET/KT y xBopux 3 MeTacTaTUYHUM AUdepeHIliiio-
BaHUM DPaKOM IIMTOIIOAIOHOI 3aJI03W ITOKa3ajio, IO
BCH,axe Y MiiHUX, MeIiaCTUHAJILHUX Ta JIETEHEBUX
MeTacTa3ax 3HAYHO BHILE IMpU 3acTocyBaHHi *Ga-
FAPI. Yyrmusicts “Ga-FAPI-TIIET/KT Oyna Bwuiia,
SIK TPU OiarHOCTHULI IIMITHUX MeTacTasiB (83% mportu
65 %, p=0,01), Tax i Bignasenux (79 % nporu 59 %,
p=10,001) [39].

8Ga-FAPI-TIIET mnoxaszana Bucoki piBHi CIID y
MepBUHHUX MYXJIMHAX i MeTacTazax HeIpiOHOKIITUH-
HOro paky JiereHb. TouHicTb Metomy B N-cranito-
BaHHi ckiangaia 80 %, M-cranitoBanni — 92,9 % [40].
%Ga-FAPI-TIET/KT mnokpaliye IiarHOCTUKY MeTac-
Ta3iB i 3a0e3meuye OibII TOUHE CTaAilOBAaHHS Y XBOPUX
3 IEPBMHHO AiarHOCTOBAHUM HEIPiOHOKIITUHHUM pa-
KoM JiereHb mopiBusiHo 3 *F-OAT-TITET/KT [41]. ¥V

sensitivity and accuracy in diagnosis of various solid
primary tumors, regional and distant metastases, but
excluding multiple myeloma and lymphoma, in
which these indices were lower [33].

In the head and neck tumors patients ®*Ga-FAPI-
PET in comparison with ®*F-FDG have permitted to
improve the staging, the target contouring for radia-
tion therapy and prognostic estimates for the squa-
mous cell cancer of oral cavity, nasopharyngeal car-
cinoma and adenoid cystic carcinoma [34, 35].

FAPI-PET/CT have permitted to diagnose a pri-
mary focus in 5 (27.2 %) of 18 patients with the head
and neck tumors, in whom FDG-PET/CT did not
reveal the foci, and at the same time the method did
nor show advantages in diagnosis of regional and
distant metastases [36]. While comparing PET/CT
with ®Ga-FAPI-46 and "“F-FDG, the SUVpax
and TBR were significantly higher (p < 0.001) in
%Ga-FAPI. Additional information was obtained
with ®Ga-FAPI in 10 % of cases in negative results
of "F-FDG-PET/CT, while "F-FDG presented
new data in 8 %. Large tumoral volumes, deter-
mined using ®*Ga-FAPI-PET/CT, were essentially
higher, than in "F-FDG-PET/CT and conven-
tional methods. The staging using ®*Ga-FAPI and
BF-FDG gave mainly similar results, but in compar-
ison with conventional methods the stage raise in
33 % of the patients was noted [37]. In patients with
the head and neck cancer the diagnostic indices of
PET/CT using ®Ga-FAPI-46 and "F-FDG on
lesion-based analysis were similar: sensitivity was
100 %, specificity — 50 %, and accuracy — 94.4 % [38].

The results of comparison between *Ga-FAPI
and "F-FDG-PET/CT in patients with metastatic
differentiated thyroid cancer have shown that
SUVma in cervical, mediastinal and pulmonary
metastases is significantly higher in the ®*Ga-FAPI
application. Sensitivity of ®Ga-FAPI-PET/CT was
higher in the diagnosis of regional (83 % versus 65 %,
p = 0.01) and distant metastases (79 % versus 59 %,
p=0.001) [39].

%8Ga-FAPI-PET showed high levels of TBR in the
primary tumors and metastases of non-small cell
pulmonary cancer. The accuracy of the N-staging
constituted 80 %, and the M-staging — 92.9 % [40].
%Ga-FAPI-PET/CT improves the metastases diag-
nostics and provides more accurate staging in patients
with primarily diagnosed non-small cell pulmonary
cancer, comparing with "F-FDG-PET/CT [41].
In patients with a pulmonary adenocarcinoma
BE-FAPI-PET/CT diagnosed more quantity of
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XBOpPUX 3 aJeHoKapuuHoMmaMu JjereHb "F-FAPI-
IIET/KT miarHoCTyBajia OiLIbIIY KiJIBKICTh ITyXJIMHHUX
BOTHHIII i TIPOIEMOHCTpYBayia TouHire, Hixx SF-D/IT,
BU3HAUEGHHSI MEX ITyXJIMHHOIO IpOlEecy, 0COOIUBO Y
JiM@paTUYHUX BYy3JaX, FOJOBHOMY MO3KY, IUIeBpi. 3a
nanumu mertony cragist TNM Oyna yrounenay 17,6 %
xBopux. OgHak MPT roimoBHOTro MO3Ky 103BOJISIE iICH-
TU(}IKyBaTU BOTHUILA MEHIIMX PO3MIipiB i B OiibIIii
kinbkocTi, Hix "*F-FAPI-TTET/KT [42].

MeTtaanani3 (18 pobit, 524 nauieHTiB), IPUCBSYECHUIA
ouinui epexrusHocti *Ga-FAPI-TTET/KT B miarHoc-
TULI TIEPBUHHUX IyXJIMH Ta METAcTa3iB LIJIyHKOBO-
KMIIIKOBOTO TpPaKTy, IMOKAa3aB BUCOKY HiaTHOCTUYHY
niHHicth Metony. Yytnusicte FAPI-P®II, mo Bu3Ha-
yajach 3a KiJIBKICTIO XBOpHMX, ckiagajia 98 %, 4dyr-
JIMBICTBH, BU3HAUYEHA 3a KiJbKICTIO BOTHUILI, B JAiarHOC-
TULi NMepBUHHUX MyXJIWH AopiBHIOBana 97 %, metac-
TaziB — 94 % [43].

VY 3B’13Ky 3 BHcokoio ekcrpecieio @AIT mpu paxy
ctpaBoxony FAPI-TIET noxka3sye Bucoki piBHi HaKOMH-
yeHHs POIT i CI1®P npu nepBUHHMX i MeTacTaTUYHUX
ypaxenusx. *Ga-DOTA-FAPI-04-TTET/KT mae 6inb-
my uyruBictb, HiX "F-OIAT-TTET/KT npu aiardoc-
TUL MEPBMHHMX BOTHMIL paky crpaBoxony (100 % mpo-
™ 96 %), perionapuux (95 % npotu 75 %, p < 0,001) i
Bigmanenux (100 % niporu 72 %, p = 0,008) meTtacrasis,
1110 TO3BOJISIE MIOKPAIIUTU CTaAilOBaHHS, SIKE € BU3HA-
YyaJIbHUM TIPU JIiKyBaHHI i€l yXauHu [22, 44].

%Ga-DOTA-FAPI-04 TTET nokasye Buiii BCH yaxc i
CII® npu nepsunHomy PIII, a Takox OLIbII BHCOKI
CII® B MeTacTaszax B JiMMaTUUHI By3/I1 Ta OYePEBUHY
nopiBHsaHO 3 BF-O/T'-TTET. Pe3ynbratu 3acToCyBaHHS
%Ga-DOTA-FAPI-04 Oyi1u nmopiBHSHHUMU 3 TaHUMU
BE-OAI npu miarHOCTULI MEPBUHHMX MYXJIUH i
perioHapHUX MeTacTa3iB Ta MepeBepllyBad 1X Yy BU-
naaKax MepUTOHeaJTbHUX i KiICTKOBUX MeTacTa3iB. Y BCix
XBOPHMX B pa3i pecTaliloBaHHSI METOJ, ITOKa3yBaB OiJlb-
1e JiSHOK ypaXKeHHsI Ta 3a0e3mneuyBaB OiJIbII YiTKe
KOHTYpYBaHHS MyXJIMHHOTO 00’eMy [45]. 3a manumu
J. Kuten 3i cniiBaBT. [46], piBeHb JiarHOCTUKM TIEPBUH-
noro PHI npu BF-®AT-TTET cknanas 50 %, Toxdi 9K
npu FAPI-TIET — 100 %. Ockinbku “F-®AT-TTET
Mae oOOMEXeHHsI y JiarHOCTUL JesIKMX 3JI0SIKICHUX
MYyXJIMH LUIYHKY, TaKUX SIK HEMe3eHXiMalbHa Tudy3Ha
KapLMHOMa, MYLMHO3Ha KaplLMHOMAa, iHZOJCHTHAa
KJIITMHHA KapuuHoMa, 3actocyBaHHs FAPI-TTET mo-
ke 3MiHuTu craBieHHsa 1o I1ET/KT mpu mux tumax
nyxiauH [19, 47]. Y meTaaHanisi, IpUCBSIYEHOMY 3iCTaB-
nennio edpekruBHocti [TET/KT/MPT 3 ®Ga-FAPI-04
i BF-®OOI v xBopux Ha PII (5 mocnimkeHb, 148
nali€HTiB), MiATBEepAXEHi IMepeBaru 3aCTOCYBaHHS

tumoral foci and demonstrated more precise, than
in ®F-FDG determination of the tumoral process
borders, especially in the lymphatic nodes, brain
and pleura. In accordance to the method data, the
TNM stage was specified in 17.6 % of patients.
However, magnetic resonance imaging (MRI) of
the brain permits to identify the lesions of lesser
dimensions and in more quantity, than "*F-FAPI-
PET/CT [42].

Meta-analysis (18 articles, 524 patients), devoted
to estimation of the ®*Ga-FAPI-PET/CT efficacy in
diagnostics of the primary tumors and metastases of
the digestive system tumors, has shown high diagnos-
tic value of the method. Sensitivity of FAPI-RP, de-
termined on patient-based analysis was 98 %, while
on lesion-based evaluations sensitivity for the prima-
ry tumors was 97 %, for the metastases — 94 % [43].

Due to high expression of FAP in esophageal can-
cer, FAPI-PET shows high levels of RP uptake and
TBR in primary and metastatic lesions. ®Ga-
DOTA-FAPI-04-PET/CT has a higher sensitivity
than *F-FDG-PET/CT for primary foci (100 % ver-
sus 96 %), lymph nodes (95 % versus 75 %, p < 0.001),
and distant (100 % versus 72 %, p = 0.008) metas-
tases, allowing to improve staging of esophageal can-
cer, which is crucial to managing this tumor [22, 44].

8Ga-DOTA-FAPI-04-PET demonstrates higher
SUVmax and TBR in primary GC, as well as higher
TBR in the lymph nodes and peritoneum metas-
tases in comparison with ®F-FDG-PET. Results of
the ®*Ga-DOTA-FAPI-04 application were compa-
rable with ®F-FDG in diagnosis of the primary
tumors and regional metastases and prevailed in
presence of the peritoneal and bone metastases. In
all restaging patients the method detected more
lesions and showed clearer tumor delineation [45].
In accordance to data of J. Kuten et al. [46], the
level of diagnosis of primary GC in "F-FDG-PET
have constituted 50 %, while in FAPI-PET — 100
%. Taking into account that "F-FDG-PET has
restrictions concerning diagnosis of some malignant
gastric cancers (non-mesenchymal diffuse carcino-
ma, mucinous carcinoma, indolent cell carcino-
ma), the application of FAPI-PET may change esti-
mated indications for PET/CT in these types of
tumors [19, 47]. In meta-analysis (5 articles, 148
patients), devoted to comparison of efficacy of
PET/CT/MRI with ®Ga-FAPI-04 and *F-FDG in
the patients with GC, the advantages of ®*Ga-FAPI-
04 in diagnostics of the primary tumors, lymph
nodes and peritoneum metastases were confirmed.
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%Ga-FAPI-04 y miarHOCTUIII TIEPBUHHMX ITyXJIWH, Me-
TacTaziB y JiM@aTU4Hi By3/1u Ta oyepeBrUHY. HeoOxinHi
NoAAIbIII AOCTIAXKEHHS ISl OLIHKM 1iarHOCTUYHUX I10-
ka3HukiB FAPI-P®II npu pizuux tunax PLL [48].

Harenep FAPI € naiikpammumu P®OIT gaa ITET npu
JIarHOCTUL 37TOSIKICHUX MYXJIUH TeYiHKU, OCKiJIbKU BU-
coke HecrenudiyHe HakonmumueHHs *F-OJI" B HopMasib-
Hili MeYiHKOBIM TKAHWHI CYTTEBO BIJIUBAE HA TOUHICTb 10-
crmimkeHHs. Yyrmmmsicte ®Ga-FAPI-04-TTET/KT mnpu
JiarHOCTHIIi renaToLETIoISIPHOrO paKky ckianana 85,7 %,
("F-®oII — 57,1 %, p = 0,002), npu giaMmeTpi BOTHUIIL
2 cMm i meHie — 68,8 % (DA — 18,8 %, p = 0,008), npu
MOMipHO i BUCOKO audepeHiiiioBannx opmax — 83,3 %
(dOI — 33,3 %, p=0,031) [49]. Uymusicts *Ga-FAPI-04
INET/KT B miarHOCTUIIi IIEpBUHHMX IeNaTOLEIIOISIPHOTO
paKy i BHyTPIlIHBLOIIEYiHKOBOI XOJIaHTiOKapIIMHOMU CKJIa-
nana 96—100 %, Toxi six 3 SF-OAI — 58—65 % [50, 51].
B iHmomy pocnimxeHHi uytauBicTh FAPI-TIET B
JIiarHOCTULI MEPBUHHMX MyXJIUH nedinku oyaa 100 %,
BE-®AI-TTET — 58,8 % [52].

KomnopexkranpHunit pak Mae BUCOKY ekcripecito MAII,
110 CTBOPIOE XOPOIlIi IepeaAyMOBU ISl Bizyasizalil 3
FAPI-P®II, gka Moxe MiIBUIINTA e(DeKTUBHICTb CTai-
JOBaHHS Ta peCTaliloBaHHS, BilirpaBaTU BaXJIMBY POJib Y
MOHITOPUHTY PEUUIMBIB i KOpeKuii JiKyBaHHS [53].
Yyrnusicts ®Ga-FAPI-04-TTET/KT B miarHOCTHLII Iep-
BUHHMX IyXJIUH cKiagaia 100 %, MetactasiB y qiMbaTiy-
Hi By3mu — 90 %, nepuroHeanbHux MeTacTtasiB — 100 %,
tomi sk 1ipu BukopuctanHi *F-OAT-TITET/KT 1i mokas-
Huku Oyau BignosinHo — 100, 80 i 55 %. ®*Ga-FAPI-04
3abe3reuyBaB B pa3i METaCTaTUYHOIO Ypa>KeHHS JIiM-
atrunux By31iB 3Ha4yHO BUII BCHyuxe i CITD, Hix
BE-DIT [54].

VYV XBopHMX Ha pak MiAUIyHKoBoOI 3am03u ®Ga-FAPI-
NET/KT nokasana nopiBusino 3 “F-®AT-TET/KT
OiJbII BMCOKY YYTJIMBICTH B JiarHOCTUI TI€PBUHHUX
MyxJIMH, perioHapHUX i BigJgaJeHUX MeTacTa3iB i BUSIBU-
Jlach TOYHIIIOIO MpU cTaaitoBaHHi. HeoOXigHi moganbIii
JOCHiIXKEHHS I OLIiHKU MOXJIMBOCTEU METOAY B MO-
Juikarlii JikyBaHHSI ITOPiBHSIHO 3i CTAHIAPTHUMU CXE-
MaMu o0CTexXeHHs [55].

ITpu MeTaaHai3i pe3yabTaTiB 1iarHOCTUKW MEPUTOHE-
allbHUX MeTacTasiB 3a moromoroio *Ga-FAPI-TIET/KT
YyTJIMUBICTh, IO BU3HAyajach 3a KiJIbKIiCTIO XBOpWUX,
ckinagana 98,2 %, BU3HayeHa 3a KUIBKICTIO BOTHMIL -
99,9 %, Toni ax nipu pocmimkeHHi 3 “F-OAT ui mokas-
HUKY Oyu BiamosigHo 55,9 % i 27,3 % [56].

BacrtocyBanHsa ®Ga-FAPI-TTET/KT npu pi3Hux riHe-
KOJIOTIYHUX MyXJIWHaX (paK sSIEYHUKIB, paK IIUAKU MaT-
KM, paK €HIOMETpisl, INIAIKOM SI30Ba CapKoOMa MAaTKH,
paK MaTOYHUX TPYO, paK TPYIHOI 3aJ1031) TTOKA3aJI0 BU-

Further investigations for estimating diagnostic
indications of FAPI-RP-PET/CT in different
types of GC are necessary [48].

Currently FAPI constitute the best RP for PET
in diagnostics of hepatic malignant tumors, be-
cause high nonspecific accumulation of *F-FDG
in normal hepatic tissue essentially influences on
the diagnostic efficacy. Sensitivity of ®*Ga-FAPI-
04-PET/CT in the hepatocellular cancer diagnosis
constitutes 85.7 % (*F-FDG — 57.1 %, p = 0.002),
in the foci diameter 2 cm and lesser is 68.8 %
(FDG — 18.8 %, p = 0.008), while in moderately
and highly differentiated forms is 83.3 % (FDG —
33.3 %, p = 0.031) [49]. Sensitivity of “*Ga-FAPI-
04-PET/CT in diagnosis of primary hepatocellular
cancer and intrahepatic cholangiocarcinoma con-
stitutes 96—100 %, while in *F-FDG-PET/CT —
58—65 % [50, 51]. In another investigation the
FAPI-PET sensitivity in diagnosis of the primary
hepatic tumors was 100 %, while *F-FDG PET
was 58.8 % [52].

Colorectal cancer has high expression of FAP,
this creates good prerequisites for visualization
with FAPI-RP and it may raise the efficacy of stag-
ing and restaging processes, playing a significant
role during the recurrence monitoring and treat-
ment correction [53]. Sensitivity of ®Ga-FAPI-
04-PET/CT in diagnosis of primary tumors was
100 %, of the lymph node metastases — 90 %, peri-
toneal metastases — 100 %, while using *F-FDG-
PET/CT these indices were 100, 80 and 55 %,
respectively. ®*Ga-FAPI-04 provided significantly
higher SUVmax and TBR, than "*F-FDG in cases of
the lymph nodes metastatic affection [54].

In patients with pancreatic cancer *Ga-FAPI-
PET/CT, compared with "F-FDG-PET/CT,
showed higher sensitivity in diagnosis of the pri-
mary tumors, regional and distant metastases, and
more precision in staging. Further investigations
estimating possibilities of the method to modify the
conventional diagnostic strategy are necessary [55].

According meta-analysis of the efficacy
%Ga-FAPI-PET/CT in detection of the peritoneal
metastases, the pooled sensitivity on patient-based
analysis was 98.2 %, and on lesion-based analysis
was 99.9 %, while in *F-FDG-PET/CT these
indices were 55.9 and 27.3 %, respectively [56].

Application of ®Ga-FAPI-PET/CT in different
gynecological tumors (ovarian cancer, cervical
cancer, endometrial cancer, leiomyosarcoma of
the uterus, tubal cancer, breast cancer) demon-
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coke BCHyaxc IpY MEPBUHHUX Ta METaCTaTUYHMUX ypa-
xkeHHsax. CII® Oyno mocToOBipHO BHUIIE ITOPIBHSIHO 3
BE-®AI npu Bigmanenux meracrasax (13,0 npotu 5,7,
p = 0,047) i mano TeHAEHIiO 10 30iMbIICHHS MMPU ypa-
>keHHi nmiMdbarnydux By3aiB (13,0 mporu 5,7, p = 0,6).
OnHak, icHye 3HauHa pizHML B HakonudeHHi FAPI y
npeMeHonay3ajlbHUX i MTOCTMEHOIIay3aJbHUX Talli€HTIB
B eHpomeTpii (BCHyaxe 11,7 ipotu 3,0) Ta rpynHiii 3a-
J03i (BCHyaxe 1,8 mpotu 1,0), 1110 MOXe BIUIMBATU Ha
YYTJIMBICTb 1iarHOCTUKW BOTHUII LIUX JJOKaTi3aliil. 3aB-
ISIKA BHCOKOMY HakommdeHHI0O PPIT “Ga-FAPI-
ITET/KT Moxe OyTM BHUCOKOE(hEKTUBHUM METOIOM
CTaJlilOBaHHS i MOHITOPMHIY OHKOTiHEKOJIOTIYHUX XBO-
pux [57].

%Ga-FAPI TIET/KT BusiBUIach IepCHEKTUBHOIO
JIIarHOCTUYHOIO METOJMKOIO i Y XBOPUX HA paK CEYOBOr0
mixypa. P®II nokaszaB 3HauHe HAKOMWYEHHS 3 OLIbII
BucokuM, Hix y "F-®ITI cepenniMm BCH,ux K B Tiep-
BUHHIl iHTpaMypaJlbHili ITyXJIMHi, TaK i B MeTacTa3ax B
JiMdaTnyHi By3JH, KicTku, gereHi. FAPI-P®II no3Bo-
JIMJIU TOAATKOBO JiarHocTyBaTy 30 % BOTHUIN, HE BUSIB-
JleHnx 3a noromororo MJII [58].

MET/KT 3 %Ga-DOTA-FAPI-04 ouiHIOETBCS SIK
OB YYTJIUBUI METOJI JiarHOCTUKU KiCTKOBUX METacTa-
3iB, Hixx 3 *F-®JII} yyrnusicts BinnosigHo 1001 81,7 %.
Hakommuennst FAPI-P®II Gyno 3HayHO BUILE SIK IIpU
OCTEOOIACTUYHMX, TAK i OCTEOITUIHNX MeTacTaszax [59].

VY piarHocTUIli capkKOM M’SIKWUX TKAaHWH Pi3HUX THUIIiB
IMMET/KT 3 %Ga-DOTA-FAPI-04 BusBuia Oiblll BHU-
coki BCH,ue i CII® B mMyxIMHHMX Ocepedkax i mepe-
pepuryBaia “F-OAT-TIET/KT B uyrauBocTi, cre-
HU(DIYHOCTI, TOYHOCTI, MPEAUKATUBHUX IOKa3HUKAX
MO3UTUBHOIO i HETATMBHOTO PE3YJIBTATIB IPU JIiItocap-
KOMi, 3JI0sKiCHilil cosiTapHiii (iOpo3Hi MyXauHiI Ta
IHTepAUTUTAIbHIN TeHIPUTOKIIITUHHIN capkomi. Hako-
nudeHHs *F-OJIT 6y1o Giablil BUCOKUM B pasi Heaude-
peH1iifoBaHilt mieoMopdHili capKkoMu Ta padgomiocap-
KoMmu [60].

BUCHOBKU

FAPI-P®I1 gBnsitoTh co0010 HOBUI TepCNeKTUBHUI
KJIac pagiodapmiipenapariB, 110 0a3yeTbCs Ha iHTiOiLIil
®DAII, gkuit € MmapkepoM (HiOpOOIACTIB MiKPOOTOUCHHST
oinbinocti nmyxiauH. FAPI-P®IT MoxXyTb MITUTBLCSI LLIMPO-
KMM CITEKTPOM PalioHYKJIiiB, 1110 3a0e3rneuye MpoBeacH-
H$I 1K pagioOHYKJTiAHOI 1iarHOCTUKM, TaK i Tepartii. 3acTo-
cyBaHHs1 FAPI-P®II He nmoTpebye crniewiaabHOl MiAroToB-
K1 nauieHTiB, papmakokiHeTnka PDII no3BoJisie mpoBo-
IUTA IOCTIIKEHHST BXe 4Yepe3 JeKiIbKa XBWIMH ITiCIs
BBEIACHHS i OTpUMYyBaTU 300pa*K€HHsI BMCOKOI SIKOCTI.
IMET/KT 3 FAPI-P®II npu GinbLIoCTi ITyxXJIMH 3a0e311e-

strated a high mean SUVpax in both the primary
and metastatic lesions. TBR was significantly
higher compared to *F-FDG for distant metas-
tases (13.0 versus 5; p = 0.047) and by trend for
regional metastases (31.9 versus 27.4; p = 0.6).
Nevertheless, there existed significant difference
in FAPI accumulation in premenopausal and
postmenopausal patients in endometrium (SUVpax
11.7 versus 3.0) and mammary gland (SUVpax 1.8
versus 1.0), what may affect the diagnostic efficacy
for lesions of these localizations. Due to high trace
uptake ®Ga-FAPI-PET/CT may be a highly
promising method for staging and follow-up of
gynecological patients [57].

%Ga-FAPI-PET/CT evolved as perspective
diagnostic procedure in patients with the bladder
carcinoma. RP demonstrated significant accumu-
lation with higher than in "“F-FDG average
SUVmax in the primary intramural bladder tumor
as well as in the metastases in lymph nodes, bones,
and lungs. FAPI-RP permitted to determine addi-
tionally 30 % of foci, not revealed with FDG [58].

PET/CT with ®*Ga-DOTA-FAPI-04 is evaluat-
ed as a more effective method for diagnosis of the
bone metastases, than with *F-FDG: the sensitiv-
ity was 100.0 and 81.7 %, respectively. Accumula-
tion of FAPI-RP was significantly higher in
osteoblastic, as well as osteolytic metastases [59].

In diagnosis of the soft tissues sarcomas of vari-
ous types PET/CT with ®Ga-DOTA-FAPI-04
showed higher SUVya.x and TBR in tumoral lesions
and exceeded "F-FDG-PET/CT in sensitivity,
specificity, accuracy, positive and negative predica-
tive values in liposarcoma, malignant solitary
fibrous tumor, and interdigitating dendritic cell
sarcoma. Accumulation of ®F-FDG was higher in
undifferentiated pleomorphic sarcoma and rhab-
domyosarcoma [60].

CONCLUSION

Radiolabeled FAPI constitute a new perspective
class of RP, which are markers of the cancer-asso-
ciated fibroblasts in most of malignant tumors.
FAPI-RP may be traced by wide spectrum of
radionuclides, what provides conducting both the
radionuclide diagnostics and therapy. Application
of FAPI-RP does not demand the special prepara-
tion of the patients, the RP pharmacokinetics per-
mits to obtain the high quality images already in
several minutes after injection. In majority of
tumors FAPI-RP-PET/CT guarantees the diag-
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Yyy€ piBeHb AiarHOCTUKU, 1110 MOXe OyTH MOPiBHIHHUM 3
BE-OT-TIET/KT ab6o nepesepiiye iioro. MeTton Moxe
Oyt BaxyBuM goroBHeHHsIM 10 “F-OAT-TIET/KT Ha
BCiX eTamax AiarHOCTUYHOTO TIPOLIECY, OCOOJIMBO B THX
punankax, koau BF-®JII He 3actocoByeThest. HeoOxinHi
noAablli IIMPOKi MPOCHEKTUBHI JAOCIIIXKEHHS IS
BCEOIYHOI OIIHKM JiarHOCTUYHOI edeKkTuBHOCTI FAPI-
P®II i BU3HaYeHHS KOJj1a ITOKa3aHb JUII 1X 3aCTOCYBaHHSI.

KoHonikT iHTepeciB
ABTOpHM 3asIBISIOTH PO BiICYTHICTH KOHQIIIKTY iHTE-
peciB.

CMUCOK BUKOPUCTAHUX OXEPEN

1. Tumor-associated stromal cells as key contributors to the tumor
microenvironment / K. M. Bussard, L. Mutkus, K. Stumpf et al. Breast
Cancer Res. 2016. Vol. 18, no.1. P. 84. doi: 10.1186/s13058-016-
0740-2.

2. Ocunckuin C. 1N. MUKpOOKPYXEHME OMyXONEBLIX KIETOK 1 OMyXoneBas
nporpeccusi. akTopbl CTPOMANLHOrO MUKPOOKPYXEHUS. 340p0B’a
Ykpainmn. 2013. Ne 3. C. 36-39.

3. Aitmann A., Haberkor U., Siveke J. The latest developments in imag-
ing of fibroblast activation protein. J. Nucl. Med. 2021. Vol. 62, no. 1.
P. 160-167. doi: 10.2967/jnumed.120.244806.

4. Could fibroblast activation protein (FAP)-specific radioligands be con-
sidered as pan-tumor agents? / H. Roustaei, Z. Kiamanesh, E. Askari
et al. Contrast Media Mol. Imaging. 2022. Vlol. 2022. P. 3948873. doi:
10.1155/2022/3948873.

5. Gascard P., Tisty T. D. Carcinoma-associated fibroblasts: orchestrat-
ing the composition of malignancy. Genes Dev. 2016. Vol. 30, no. 9.
P. 1002-1019. doi: 10.1101/gad.279737.116.

6. Biological heterogeneity and versatility of cancer-associated fibrob-
lasts in the tumor microenvironment / L. Bu, H. Baba, N. Yoshida et
al. Biological Oncogene. 2019. Vol. 38, no. 25. P. 4887-4901. doi: 10.
1038/541388-019-0765-y.

7. Orimo A., Weinberg R. A. Stromal fibroblasts in cancer: a novel tumor-
promoting cell type. Cell Cycle. 2006. Vol. 5, no. 15. P. 1597-1601.
doi: 10.4161/cc.5.15.3112.

8. Cirri P., Chiarugi P. Cancer-associated fibroblasts and tumor cells: a
diabolic liaison driving cancer progression. Cancer Metastas Rev.
2012. Vol. 31, no. 1-2. P. 195-208. doi: 10.1007/510555-011-
9340-x.

9. Molecular cloning of fibroblast activation protein alpha, a member of
the serine protease family selectively expressed in stromal fibroblasts
of epithelial cancers / M. J. Scanian, B. K. Raj, B. Calvo et al. Proc.
Natl. Acad. Sci. USA. 1994. Vol. 91, no.12. P. 5657-5661. doi: 10.
1073/pnas.91.12.5657.

10. Understanding fibroblast activation protein (FAP): substrates, activi-

ties, expression and targeting for cancer therapy / E. J. Hamson, F.
M. Keane, S. Tholen et al. Proteomics Clin. Appl. 2014. Vol. 8, no. 5-
6. P. 454-463. doi: 10.1002/prca.201300095.

nostic level, comparable with *F-FDG-PET/CT
or overpowers it. The method may be the impor-
tant addition to ®*F-FDG-PET/CT in all stages of
diagnostic process, especially in the cases, when
BE-FDG is not used. Conduction of further
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