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Streszczenie

Celowania terapia radionuklidowa (targeted radionuclide therapy, TRT, rozdziat
1.1.), zaliczana do technik radioterapii wewnetrznej, jest jedna z najszybciej
rozwijajacych si¢ dziedzin we wspolczesnej onkologii. W przeciwienstwie
do chemioterapii i radioterapii zewnetrznej, TRT jest metoda wysoce selektywna
wobec konkretnego celu lub markera molekularnego (gltownie receptora, enzymu
lub innej struktury biatkowej), ktory jest scisle specyficzny dla komorek
nowotworowych lub okreslonego procesu patologicznego. Celowana terapia
radionuklidowa bazuje na zastosowaniu radiofarmaceutykow, to jest znakowanych
promieniotwdrczo czasteczek zdolnych do wigzania sie z wysokim powinowactwem
jedynie do preferencyjnych (swoistych) celow molekularnych. Tym samym,
zaprojektowanie i wuzyskanie radiofarmaceutyku zdolnego do osiaggniecia
zamierzonego celu wydaje si¢ by¢ istota powodzenia celowanej terapii

radionuklidowej (rozdziat 1.3.).

Obiecujacym potencjatem uzyteczno$ci w przeciwnowotworowej strategii
terapeutycznej cechuje si¢ dobrze znany receptor neurokininy 1 (receptor NKI,
NKIR, rozdziat 2.1.)[1]. Jest to receptor o ograniczonej abundancji w organizmie
ludzkim, wystepujacy gtownie w osrodkowym i obwodowym uktadzie nerwowym,
swoisty dla endogennego neuropeptydu Substancja P (SP) o dziataniu mitotycznym
(rozdziat 2.1.1.). Do tej pory opracowano juz pierwsze wysoce selektywne ligandy
receptora NK1 o znaczeniu klinicznym (rozdzial 2.2.), w tym takze pierwszy
radiofarmaceutyk stosowany w eksperymentalnej TRT NK1R-pozytywnego glejaka
wielopostaciowego  (rozdziat 2.1.3.)[1], niemniej wciaz istnieje potrzeba
poszukiwania nowych wysoce efektywnych radiofarmaceutykéw do celow

onkologicznych.

W  prezentowanej rozprawie przedstawitem sposob w jaki otrzymatem
potencjalne radiofarmaceutyki dedykowane do celowanej diagnostyki i terapii
patologii NK1R-dodatnich (rozdzial III)[2-5]. Podczas realizacji tego celu skupitem
swoja uwage na dwoch grupach antagonistéw NKIR, peptydowych antagonistach
receptora cechujacych si¢ pelna stabilnoscia in vivo, mianowicie SPANTIDE I oraz
SPANTIDE I (5-11), oraz wysoce specyficznych i wysoce selektywnych antagonistach
niepeptydowych, mianowicie L732,138 i aprepitancie. W przypadku aprepitantu,
zaproponowalem dwie metody modyfikacji czasteczki otrzymujac dwie serie
pochodnych aprepitantu [3]. Seria pochodnych L732,138 zsyntezowana zostata
w ramach wspolnego projektu w Zakladzie Neuropeptydéw Instytutu Medycyny
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Doswiadczalnej i Klinicznej PAN [4]. Dwa peptydomimetyki SPANTIDE I
zakupilem w formie nieacetylowanej na N-koncu. Wszystkie zwiazki poddalem
funkcjonalizacji umozliwiajacej znakowanie promieniotworcze powszechnie
dostepnymi radionuklidami pary teranostycznej, ®Ga i 7Lu, w sposob pozwalajacy

na zachowanie celowalnosci do NK1R [2-5].

W kolejnym kroku otrzymatem pary ¢Ga-/""Lu-radiokoniugatow dwodch
peptydomimetykéw SPANTIDE I, jednej serii pochodnych L732,138 oraz obydwu
serii pochodnych aprepitantu, dla ktorych wykonalem badania wlasciwosci
fizykochemicznych pod katem uzytecznosci otrzymanych radiokoniugatéw
do celéow TRT.

Nastepnie wykonalem badania charakterystyki wigzania (powinowactwa
receptorowego i pojemnosci wigzania radiokoniugatu do celu molekularnego)
wszystkich otrzymanych 7Lu-radiokoniugatéw pochodnych L732,138 i aprepitantu
na komoérkowym modelu NKIR-pozytywnym [4,5]. Dla "Lu-radiokoniugatéw
opartych na peptydomimetykach SPANTIDE I nie udalo mi si¢ zaobserwowac
bezposredniego wiazania radiokoniugatéw do zadnej z analizowanych linii
komorkowych. Dodatkowo przeprowadzitem te same badania in wvitro
dla 'Lu-radiokoniugatu opartego na pochodnej SP obecnie stosowanej
w medycynie nuklearnej, w celu oceny konkurencyjnosci otrzymanych przeze mnie

radiokoniugatow.

Podsumowujac, w tej rozprawie zademonstrowatem sposoby otrzymywania
oraz mozliwosci nowych radiokoniugatéw o wysokiej specyficznosci wobec linii
komorkowych z nadekspresja NK1R oraz ich przewage we wlasciwosciach wigzania
receptorowego nad radiofarmaceutykiem pochodnej SP. Wyniki przeprowadzonych
przeze mnie badan sa pierwszym porownaniem dwoéch grup antagonistow NKIR
ze wskazaniem kierunku dla dalszych badann w radiofarmacji oraz precyzuja nowa
uzyteczno$¢ aprepitantu do poszukiwania nowych terapii onkologicznych

niepeptydowymi antagonistami receptora NK1.
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I. HIPOTEZY I CELE BADAWCZE PRACY

Nadrzednym celem opublikowanych ponizej badan zebranych w niniejszej
pracy bylo otrzymanie stabilnych (w symulowanych warunkach in vivo)
radiofarmaceutykow o wysokim powinowactwie do receptora NK1, dedykowanych
do diagnostyki i terapii patologii onkologicznych cechujacych si¢ nadekspresja
receptora NK1, radiofarmaceutykoéw opartych na dobrze znanych antagonistach tego

receptora.

Sygnalizacja komorkowa poszczegdlnych receptoréw metabotropowych
(w tym receptora NK1) bywa wykorzystywana do propagacji rozwoju zmian
nowotworowych. Rownolegle, w patologiach onkologicznych znaczacej eskalacji
ulega ilos¢ danego receptora okreslanego mianem markera molekularnego.
Zastosowanie wybiorczych antagonistow tych receptorow umozliwia skuteczne
celowanie w miejsce nadmiernej ekspresji markera oraz selektywna funkcjonalnos¢,
taka jak zahamowanie progresji nowotworowej. Niemniej zahamowanie
wzrostu zmiany nowotworowej z reguly przynosi jedynie czasowy rezultat
oraz niezadowalajacy efekt kliniczny. Proponowanym rozwigzaniem jest
zastosowanie wysoce cytotoksycznych radiofarmaceutykdéw  receptorowych
bazujacych  na  selektywnych  antagonistach  receptoréw  nadmiernie

eksprymowanych na powierzchni komoérek nowotworowych.

Powyzszy paradygmat postuzyl do postawienia hipotezy, ze mozliwe jest
zastosowanie selektywnych antagonistéw receptora NKI1 jako wektora
radiofarmaceutyku receptorowego do celowania wybrana funkcjonalnoscia
(diagnostyczng lub terapeutyczng) w NKIR-pozytywne zmiany nowotworowe.

Cel nadrzedny pracy zostal okreslony w celu weryfikacji postawionej hipotezy.

Po otrzymaniu potencjalnych radiofarmaceutykéw receptorowych, kolejnym
etapem bylo wykazanie na komorkowych modelach in wvitro konkurencyjnosci
otrzymanych przeze mnie radiokoniugatéw wobec radiofarmaceutyku opartego
na pochodnej Substancji P (SP), obecnie stosowanej w eksperymentalnej terapii
glejaka wielopostaciowego. Wyniki prowadzonych przeze mnie badan okazaty sie
istotnym wskazaniem dla dalszych poszukiwan nowych rozwigzan w radiofarmacji
i onkologii klinicznej. Przede wszystkim zademonstrowatem mozliwosci
konstruowania i zastosowania nowych radiokoniugatow o wysokiej specyficznosci
wobec linii komorkowych z nadekspresja NK1R oraz jednoczesnie wskazalem nowa

uzytecznos¢ aprepitantu i kierunek rozwoju terapii antagonistami NK1R.



II. CZESC TEORETYCZNA

1. Medycyna nuklearna i radiofarmacja

Medycyna nuklearna to specjalnos¢ medyczna wykorzystujaca substancje
promieniotwdrcze do oceny funkcjonowania organizmu, diagnostyki obrazowej oraz
leczenia patologii o wystarczajgco poznanej etiologii molekularnej. W procedurach
medycyny  nuklearnej stosowane sa radioaktywne znaczniki = zwane
radiofarmaceutykami, to jest zwiazki chemiczne posiadajace w swojej strukturze
izotopy promieniotworcze (radionuklidy). Idea stosowania radiofarmaceutykow
zaklada, Ze stosowany u pacjenta znacznik radioaktywny umozliwi selektywna
wizualizacje danych funkcji komoérkowych albo procesu (pato)fizjologicznego
na poziomie molekularnym lub wywola miejscowy efekt cytotoksyczny [6].
Okreslenie lokalizacji i gromadzenia si¢ podanego radiofarmaceutyku w organizmie
pacjenta mozliwe jest dzigki rozpadom promieniotwdrczym okreslonych
radionuklidéw, skutkujacym emisja wysoce przenikliwego (poza cialo pacjenta)
promieniowania jonizujgcego. To promieniowanie rejestrowane przez czule
detektory tomograféw obrazowych (zlokalizowanych wokot ciata pacjenta)
umozliwia wizualizacje w czasie rzeczywistym rozkladu przestrzennego sygnaléw
emisji promieniowania jednoznacznie wynikajacych z obecnosci radiofarmaceutyku.
Tym samym, medycyna nuklearna nazywana jest radiologia wewnetrzna,
gdyz Zrédlo promieniowania jonizujacego wykorzystywane do diagnostyki
lub terapii znajduje si¢ wewnatrz ciala pacjenta, nie zas na zewnatrz jego ciata,

jak ma to miejsce w klasycznej radiologii zewnetrznej [7].

Przewazajaca wigkszos¢ zastosowan radiofarmaceutykow skierowana jest
ku diagnostyce i ocenie parametrow metabolicznych, zas w niewielkim stopniu
celom terapeutycznym. Radiofarmaceutyki jako narzedzia diagnostyczne a posteriori
nie wywoluja dziatania farmakologicznego [8], gdyz stosowane sa w ilosciach
submikromolarnych, oddzialujac na procesy biochemiczne w organizmie
na poziomie czasteczkowym. Dzigeki identyfikacji dysfunkcji komdrkowych
(lokalnych lub obecnych w catym organizmie) mozliwe staje si¢ bardzo dokladne
(miejscowe) i wczesne wykrycie tworzacych si¢ jednostek chorobowych i patologii
tkankowych de facto przed pojawieniem si¢ zewnetrznych objawow fizycznych
danego schorzenia [9]. Jednoczesnie medycyna nuklearna dostarcza celowanych
rozwigzan dla znacznej czesci patologii molekularnych (gtéwnie w onkologii)
w postaci radiofarmaceutykow terapeutycznych [10]. Kluczowym aspektem terapii
(jak rowniez diagnostyki) przy uzyciu preparatéw radiofarmaceutycznych jest

niewatpliwie ~ zapewnienie = bezpieczenstwa  podczas ich  stosowania.



Produkty lecznicze stosowane u ludzi podlegaja scistym $rodkom kontroli jakosci
[11], a w przypadku radiofarmaceutykow warunki kontrolne dotycza aspektow

farmaceutycznych oraz aspektéw jadrowych.

Radiofarmacja (farmacja jadrowa) to dzial farmacji, ktory zajmuje sie
przygotowaniem, charakterystyka i ewaluacja  jakosci materiatow
promieniotwdrczych do stosowania w procedurach medycyny nuklearne;.
Poza bezposrednim zainteresowaniem radiofarmaceutykami, obszar zagadnien
radiofarmacji obejmuje takze kontrole i licencjonowanie obiektéw, procedur
produkgji, uzytkowania i przechowywania radiofarmaceutykdow, oraz takze kwestie
transportu i ochrony radiologicznej, czyli szeroko pojetego bezpieczenistwa podczas
kontaktu z materiatem promieniotwoérczym [12]. Jednoczesnie pociaga to za soba
potrzebe szerokiej znajomosci prawa, zarowno w obszarze przepisow dotyczacych
preparatow farmaceutycznych (Ustawa ,Prawo Farmaceutyczne” i inne),
czy przepisow dotyczacymi materiatow radioaktywnych (Ustawa ,Prawo

Atomowe” i inne) na poziomie krajowym oraz miedzynarodowym.

Radiofarmaceutyki to unikalne preparaty medyczne zawierajace
radionuklidy, ktore wykorzystywane sa w gléwnych obszarach klinicznych
do diagnostyki i/lub terapii. Europejska Farmakopea poswieca radiofarmaceutykom
osobna monografie (Radiopharmaceutical preparations, General Monograph 0125 [13]),
gdzie definiuje: , Preparat radiofarmaceutyczny lub radiofarmaceutyk jest produktem
leczniczym, ktory gotowy do uzycia zawiera jeden lub wiecej radionuklidow (izotopdw
promieniotworczych) do celéw medycznych.” Dalej monografia podkresla, Ze powyzsza
definicja produktow leczniczych obejmuje takze:

e Generatory radionuklidowe: kazdy uklad zawierajacy utrwalony
(unieruchomiony) radionuklid macierzysty (o dlugim okresie potowicznego
rozpadu), z ktorego wytwarzany jest radionuklid potomny (o krétkim okresie
polowicznego rozpadu), otrzymywany poprzez elucje lub jakakolwiek inng metoda
i stosowany do produkgji preparatu radiofarmaceutycznego;

e Gotowe zestawy do sporzadzenia preparatu radiofarmaceutycznego
(tzw. kity): kazdy preparat (najczesciej w postaci liofilizatu), ktdry ma zostac
odtworzony lub potaczony =z radionuklidem w koncowym preparacie
radiofarmaceutycznym przed jego podaniem;

e Prekursory radionuklidowe: kazdy radionuklid wyprodukowany

do znakowania promieniotwdrczego innej substangji przed jej podaniem.

W kazdym z powyzszych przypadkéw, celem jest otrzymanie preparatu

radiofarmaceutycznego gotowego do uzytku klinicznego.

14—



Radiofarmaceutyk jako substancja chemiczna (czasteczka, zwigzek
kompleksowy czy nanoczastka) posiada w swojej strukturze dwie sktadowe, czegs¢
radioaktywna i czes$¢ biologiczno-chemiczng. Wyjatkiem sa najprostsze postacie
jonow lub czasteczek chemicznych takich jak, przyktadowo, anion jodkowy [®U]I,
anion kwasu technetowego (VII) [*™Tc]TcO, , atom ksenonu **Xe, czy czasteczka

wody [P"OJH20, w ktorych trudno o podzial na czesci sktadowe.

Integralng czescia radiofarmaceutyku jest izotop promieniotworczy, ktory
definiuje uzyteczno$¢ oraz mozliwosci zastosowania preparatu [14,15].
Wybor radionuklidu de facto jest wyborem pozadanej charakterystyki rozpadu
promieniotwdrczego, a dokladniej czasu polowicznego rozpadu oraz typu
promieniowania emitowanego podczas rozpadu. Do zastosowan diagnostycznych
dedykowane sg stosunkowo krotkozyciowe izotopy (o stosunkowo krétkim okresie
polowicznego rozpadu rzedu od kilku minut do kilku godzin) emitujace wysoce
przenikliwe promieniowanie gamma czy beta o niskim wspoétczynniku liniowego
transport energii (linear energy transfer, LET, rozdziat 1.3.2.). Do celow
terapeutycznych najskuteczniejsze sg radionuklidy o stosunkowo dtuzszym okresie
polowicznego rozpadu (od kilku godzin do kilku dni) oraz emitujace
wysokoenergetyczne (wysoce jonizujace) czastki alfa lub elektrony Auger o krotkim
zasiegu transferu energii [16]. Dodatkowo radionuklidy tego samego pierwiastka,
ktdre ulegaja rozpadowi promieniotworczemu poprzez rézne Sciezki rozpadu, moga
by¢ rozpatrywane jako izotopy teranostyczne, to jest radionuklidy tego samego
pierwiastka uzyteczne jednoczesnie do terapii i obrazowania jej przebiegu oraz
skutecznosci (przyktadowo radionuklidy skandu #*Sc/¥Sc, miedzi #Cu/¥Cu , jodu
1241/1311/ CZy terbu 149Tb/152Tb/161Tb)[17].

Druga czescia radiofarmaceutyku jest czes¢ biologiczno-chemiczna zwana
rowniez cze$cia wektorowa [14,15]. Odpowiada ona przede wszystkim
za specyficzno$¢ (celowalnos¢) radiofarmaceutyku, to jest jego zdolnosc¢
do oddzialywania ze swoistym celem molekularnym. Poza tym, czes¢ wektorowa
definiuje takze szeroko pojety charakter farmakologiczny radiofarmaceutyku,
w tym stabilno$¢ in vivo oraz kazdy z farmakokinetycznych aspektow systemu
ADME (administration, distribution, metabolism, excretion — podanie, dystrybucja,
metabolizm, wydalanie). Projektowanie czesci biologiczno-chemicznej jest etapem
dopasowywania  dziatania  radiofarmaceutyku do  wybranego  procesu
biochemicznego lub celu molekularnego. Jest to zlozony proces empiryczny

wymagajacy podejscia multidyscyplinarnego.



W zaleznosci od wyboru sposobu przylaczenia izotopu do pozostatej czesci
radiofarmaceutyku (metody znakowania promieniotwdrczego) dostosowac nalezy
budowe jego wektorowej czesci. Najprostszy podzial metod znakowania rozroznia
sposoby znakowania bezposredniego, to jest przylaczenia radionuklidu
bezposrednio do czasteczki prekursora radiofarmaceutyku (za sprawa reakcji
kompleksowania, reakcji wymiany izotopowej, lub ,wbudowania” radionuklidu
do pierwotnej struktury wektora radiofarmaceutyku), lub znakowania posredniego,
obejmujace wszystkie sposoby posredniego przylaczenia radionuklidu do pierwotnej
struktury wektora radiofarmaceutyku (Obraz 1.)[18]. Wybdr metody znakowania
w gléwnej mierze zalezy od stosowanego radionuklidu, aczkolwiek znane sa
przypadki, gdy wybrany radionuklid moze byc¢ przylaczony do prekursoréw
radiofarmaceutycznych zaréwno przy pomocy metod znakowania posredniego
jak i bezposredniego. Tym samym do skladowych czesci wektorowej
radiofarmaceutyku naleza:

e wektor wlasciwy, to jest czasteczka lub jej fragment o wysokim i selektywnym
powinowactwie wobec pozadanego procesu biochemicznego lub celu
molekularnego. Funkcje wektora moze peli¢ dowolna substancja
o aktywno$ci biologicznej (rozdzial 1.3.1.). Niekiedy w jednym
radiofarmaceutyku stosowana jest wigeksza ilos¢ czasteczek wektora lub kilka
roznych wektoréw jednoczesnie [19,20];

o 1Iacznik (linker), czyli fragment czasteczki umozliwiajacy kowalencyjne
przytaczenie radionuklidu lub chelatora z radionuklidem do pierwotnej
struktury wektora, oraz wektorow miedzy soba lub wektora z nosnikiem
radiofarmaceutyku (przykladowo glikole polietylenowe, @-aminokwasy,
terminalne diaminy);

e chelator radionuklidu bedacy makroczasteczkowym ugrupowaniem
kompleksujacym radionuklid (przykladowo cykliczny chelator DOTA
lub acykliczny chelator DTPA);

e nosnik radiofarmaceutyku (jesli wystepuje), to jest indywiduum chemiczne
spetniajace funkcje nosna substanci (przyktadowo nanoczastki, micele,

polisacharydy).

Osobng grupa radiofarmaceutykow sa te bazujace na zastosowaniu nosnikow
w ich budowie. Najpowszechniejszymi przykladami tego typu radiofarmaceutykow
sa znakowane promieniotworczo nanoczastki (metaliczne, lipidowe lub weglowe
[21]), ktore radionuklid posiadaja osadzony na swojej powierzchni lub wewnatrz

rdzenia, oraz endogenne komorki krwi (pochodzace od pacjenta) we wnetrzu



ktérych kompleksowany jest radionuklid (przykiadowo leukocyty znakowane F,

9mTc, M]n, [22] lub erytrocyty znakowane réznymi radionuklidami [23]).
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Obraz 1. Schematyczne przedstawienie przyktadowych metod posredniego i bezposredniego znakowania
wektorow o aktywnosci biologicznej, komorek oraz nanoczastek. Znakowania posrednie przy uzyciu chelatorow
makrocyklicznych radionuklidami *°F (A) oraz ®®Ga (C); znakowania bezposrednie przy uzyciu grupy
prostetycznej zawierajacej radionuklid **!1 (B) lub bezposredniej substytucja radionuklidu **!1 do specyficznych
aminokwasoéw (D), wychwytu ®Ga-kompleksoéw przez erytrocyt (E) oraz adsorpcja jondw radionuklidu **|
na powierzchni nanoczastek ztota (F).

Zasadniczo, preparat radiofarmaceutyczny musi mie¢ takze okreslong postac
leku. Gros preparatdw radiofarmaceutycznych  przygotowywanych jest
W najprostszej postaci jako roztwor wodny do iniekcji w podaniu dozylnym
lub miejscowym. Sporadyczne przypadki innych postaci obejmuja kapsulki
(przyktadowo kapsutki z ["I]Nal [24]), miksture radiofarmaceutyku z jedzeniem
(przyktadowo ugotowane kurze jajko z koloidalng siarka znakowanag *mTc [25]),
zawiesiny do iniekgcji (przyktadowo szklane mikrosfery Therasphere z wbudowanym
2Y lub ludzkie makroalbuminy znakowane *™Tc [26]), gazy i aerosole (przykltadowo
aerosole kompleksow *mTc [27] oraz gazowy !¥Xe [28]). Wymienione formy
aplikacyjne leku cechuje (niemal) maksymalna biodostepnos¢ substancji czynnych
lub miejscowe dziatanie danej formy leku, wymagane ze wzgledéw bezpieczenstwa

terapii przy stosowaniu substangji promieniotworczych.
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1.1. Celowana terapia radionuklidowa

Nieustanny rozwdj badann naukowych prowadzacy do poznania
molekularnych podstaw rozwoju i przebiegu réznych procesow patologicznych,
skutkujacych pojawianiem si¢ okreslonych chordéb, stymuluje postep naukowy
w kierunku konstruowania bardziej celowanych metod terapeutycznych. [29].
Jednoczesnie, za tym postepem podaza rozwoj technologiczny i zrozumienie
znaczenia zastosowan radioizotopéw w naukach medycznych. Nieustannie rosnaca
dostepnos¢ wybranych radionuklidow o pozadanych charakterystykach rozpadu
(mianowicie rodzaju emitowanego promieniowania, LET, czasu potowicznego
rozpadu) pozwolita jeszcze przychylniej spoglada¢ na oferowane mozliwosci
nowoczesnych, celowanych terapii radionuklidowych (targeted radionuclide therapy,
TRT)[14,30-32]. Skutkiem tego na przestrzeni ostatnich dekad mozna zaobserwowac
rosnace zastosowanie kliniczne radiofarmaceutykow zaréwno diagnostycznych
(Obraz 2.)[33] jak i terapeutycznych, ktérych najwigksza grupa beneficjentow
stanowia pacjenci onkologiczni. Dane kliniczne pokazuja, ze TRT stanowi jedynie
niewielki procent calkowitej liczby przeprowadzanych terapii onkologicznych [30],
mimo ze az okolo potowa wszystkich pacjentow onkologicznych kierowana jest
do leczenia przy uzyciu promieniowania jonizujacego (metodami radiologii
zewnetrznej lub brachyterapii), i najczesciej ma to miejsce w skojarzeniu z leczeniem

operacyjnym i/lub chemioterapia [34].

TRT to wunikalny koncept medyczny bazujacy na zastosowaniu
radiofarmaceutykow terapeutycznych, ktore zostaly zaprojektowane w sposob
umozliwiajacy im samoistnie celowanie do (i akumulacje wewnatrz) wybranej
zmiany nowotworowej, dzieki wysokiemu powinowactwu wobec specyficznych
szlakéw biochemicznych lub markerow molekularnych (takich jak receptory,
enzymy lub antygeny) towarzyszacych danej patologii. Umozliwia to dostarczanie
zrédet promieniowania jonizujacego w kontrolowany i ukierunkowany sposéb
wywotujac silng cytotoksycznos¢ selektywnie wobec komdrek nowotworowych
bez nadmiernego uszkadzania zdrowych tkanek. To wysoce ukierunkowane
dziatanie sprawia, ze TRT cechuje si¢ wysokim indeksem terapeutycznym,
umozliwiajac wysoka skuteczno$¢ przy minimalnej liczbie skutkow ubocznych [32].
Tym samym, szczegolnie widoczny staje si¢ kontrast mozliwosci terapii celowanych
wobec zabiegéw stosowanych w metodach konwencjonalnej terapii onkologicznej.
Interwencja terapeutyczna TRT skierowana jest wybidérczo na okreslone grupy
komorek (Obraz 2.), dzieki czemu, co istotne, umozliwia leczenie zaréwno litych

guzoéw juz zlokalizowanych jak i licznych, drobnych zamian przerzutowych



niewidocznych w badaniach morfologicznych [33,35]. Niemala zaleta TRT jest
rowniez stosunkowo duzy komfort pacjenta podczas podawania radiofarmaceutyku

poprzez prosta iniekcje (dozylnie lub domiejscowo) lub podanie doustne.

FAPI-PET in different kinds of cancer
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Obraz 2. Obraz roku 2019 wedtug Towarzystwa Medycyny Nuklearnej i Obrazowania Molekularnego
(Society of Nuclear Medicine and Molecular Imaging, SNMMI) przedstawiajacy wyniki obrazowania
PET/CT (tomografii pozytonowej sprzezonej z tomografia komputerowa) dwunastu pacjentéw
onkologicznych wykazujacych odmienne jednostki nowotworowe przy uzyciu tego samego
radiofarmaceutyku [#Ga]Ga-FAPI-04 w Uniwersyteckim Szpitalu w Heidelbergu w Niemczech [33].
Radiofarmaceutyk ten celuje w nadeksprymowane biatko aktywacji fibroblastow, umozliwiajac
obrazowanie zmian nowotworowych w niespelna trzydziestu typach réznych nowotwordw
ztosliwych. Kolejne przypisy pod obrazami tomografii: nowotwor piersi, niedrobnokomoérkowy rak
ptuc, rak jelita grubego, rak trzustki, rak nieznanego pochodzenia, rak prostaty, rak jajnika, rak
przetyku, rak jelita cienkiego, rak drog zoélciowych, miesak i guz neuroendokrynny przewodu

pokarmowego.

W  przeciwienstwie do powyzszych klasyczna chirurgia i radioterapia
obejmuja swoim dziataniem fragment lub catos¢ narzadu, czesto wraz z duzym
marginesem prawidlowej tkanki wokot patologicznej zmiany. Co wiecej, jeden
zabieg chirurgiczny lub sesja naswietlania nie wykazuje dziatania globalnego,
lecz obejmuje jedynie ograniczony rejon ciala pacjenta. Wigze si¢ to ze znacznym

obnizeniem bezpieczenstwa i komfortu terapii dla pacjenta, czesto rdéwniez



z diugotrwala rekonwalescencja i rehabilitacja po zabiegach resekgji.
Podobnie niespecyficzna terapia jest klasyczna chemioterapia, ktora powszechnie
kojarzona jest z wysoka toksycznoscia z uwagi na waski indeks terapeutyczny
[36,37]. Leki cytostatyczne w niej stosowane nie eliminuja komorek nowotworowych,
a jedynie zatrzymuja ich cykl podzialu, przy jednoczesnym oddziatywaniu
na material genetyczny wszystkich komorek w organizmie (w szczegdlnosci
wrazliwych komorek szpiku kostnego, gamety czy dojrzewajace komorki
hematopoetyczne) znacznie redukujac zdolnos¢ organizmu do autonomicznej remisji

choroby po terapii.

Pomimo zauwazalnych korzysci TRT ponad klasycznymi metodami terapii
onkologicznej, zastosowanie tej pierwszej w praktyce klinicznej wcigz dotyczy
jedynie wybranych schorzen, tych najbardziej wrazliwych na cytotoksyczny efekt
promieniowania jonizujacego. Przeglad zarejestrowanych przez US FDA
(Amerykariska Agencje Zywnodci i Lekéw) strategii TRT dostepnych do uzytku
klinicznego zebrany jest w Tabeli 1. [38-40].

Tabela 1. Radiofarmaceutyki dedykowane do celowanej strategii radionuklidowej wybrane sposrod

aktualnie zarejestrowanych radiofarmaceutykow zatwierdzonych przez US FDA.

o Radiofarmaceutyki terapeutyczne
Wskazanie kliniczne
(nazwa handlowa)

SSTR-pozytywne nowotwory neuroendokrynne ['7Lu]Lu-DOTATATE (Lutathera)
PSMA-pozytywny przerzutowy rak prostaty ['7Lu]Lu-vipivotide tetraxetan, ['””Lu]Lu-PSMA-
oporny na kastracje 617 (Pluvicto)
Nowotwory i nadczynno$¢ tarczycy [I]Nal (Hicon)
CD20-pozytywna posta¢ grudkowego [*°Y]Y-ibritumomab tiuksetanu (Zevalin)
B-komoérkowego chtoniaka nieziarniczego [131]]I-tositumomab (Bexxar)?

Przyzwojak (paraganglioma)
meta-[1¥I]jodo-benzyloguanidyna (Azedra)
Guz chromochtonny (pheochromocytoma)

Nieoperacyjne guzy raka . .
: Mikrosfery zawierajace *°Y (TheraSphere)®
watrobowokomodrkowego

[22Ra]RaCl, (Xofigo)
Przerzutowy bdl kostny [193Sm]Samaru leksydronam (Quadramet)

[#Sr]SrCl, (Metastron)

a Preparat wycofany z uzytku przez sponsora; ® Preparat zarejestrowany jako wyrdb medyczny.



Spektakularnym przyktadem mozliwosci TRT jest wyjatkowo efektywna
terapia PSMA-pozytywnego raka gruczolu krokowego opornego na kastracje
i cechujacego si¢ przerzutowoscia (do weztdw chlonnych i kosci) przy zastosowaniu
["Lu]Lu-PSMA-617 (Obraz 3.)[40,41]. Wektorem radiofarmaceutyku jest motyw
peptydowy Glu-urea-Lys (kwas glutaminowy-mocznik-lizyna) o wyjatkowo
wysokim powinowactwie do swoistego antygenu btonowego prostaty (prostate
specific membrane antygen, PSMA) — enzymu wystepujacego w istotnej nadekspresji
na powierzchni komorek raka prostaty w porownaniu do pozostatych komorek
w organizmie ludzkim. Za sprawa tej dysproporcji terapia przy uzyciu
["Lu]Lu-PSMA-617 (oraz [**Ac]Ac-PSMA-617) przynosi ponadprzecigtne rezultaty
przedstawione na Obrazie 3. [40-44].
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Obraz 3. Obraz roku 2018 wedlug SNMMI przedstawiajacy wyniki obrazowania PET przy uzyciu
[68Ga]Ga-PSMA-11 u wybranych o$miu pacjentéw przed (kazdorazowo z lewej) i po (z prawej) terapii
przerzutowego raka prostaty przy uzyciu [77Lu]Lu-PSMA-617 [44]. U przedstawionych pacjentow
zarejestrowano spadek na poziomie ponad 98% markera zmiany nowotworowej PSA (prostate specific
antygen) (wartosci podane pod kazdym obrazem) i spektakularng remisje zmian przerzutowych
(zaznaczone jako czerwone punkty), mimo ze pacjenci nie odpowiadali wczesniej na standardowe
leczenie [41]. Przedstawione wyniki ilustrujg rowniez koncept celowanej terapii radionuklidowej

realizowany w podejsciu pary radiofarmaceutykow teranostycznych.



1.2. Radionuklidy medyczne stosowane w medycynie

nuklearnej

Radionuklidy stosowane w radiofarmacji s3 dostarczane z jednego z trzech
wymienionych  zZrodel: reaktora jadrowego, cyklotronu lub generatora
radionuklidowego. Skutkiem tego bywaja one nazywane potocznie od zrodla
ich wytwarzania (radionuklidy reaktorowe, cyklotronowe lub generatorowe),
podobnie jak ma to miejsce dla nazewnictwa odnoszacego sie do ich zastosowania

(radionuklidy diagnostyczne, terapeutyczne lub teranostyczne).

Radionuklidy reaktorowe wytwarzane sa dwojaki sposdb, mianowicie
w wyniku aktywacji neutronowej stabilnych izotopdw (napromieniowania materiatu
tarczcowego wiazka neuronow emitowang z paliwa reaktora jadrowego),
lub jako produkty rozszczepienia ciezkich radionuklidow paliwowych (gléwnie
25U)[45,46]. Pozyskiwane ta droga radionuklidy to przewaznie $rednio-
lub dtugozyciowe emitery beta lub alfa dedykowane do zastosowan terapeutycznych
oraz dtugozyciowe izotopy promieniotwdrcze wykorzystywane kolejno do produkgji

generatorow radionuklidowych (Tabela 2.1 3.).

Radionuklidy =~ cyklotronowe  wytwarzane sa =~ w  cyklotronach
lub akceleratorach czastek w procesie napromieniania stabilnych nuklidéw
materialu tarczowego wysoko energetycznym zrédlem czastek natadowanych
(‘H°, H'H* 2H", *He?" lub ciezszymi jadrami) [46,47]. Powstale w ten sposob
radionuklidy to najczesciej kroétkozyciowe emitery promieniowania beta plus
i gamma do zastosowan diagnostycznych, ale takze emitery promieniowania alfa

i radionuklidy do wytwarzania generatoréw radionuklidowych (Tabela 2.1 3.).

Generator radionuklidowy to wuklad radiochemiczny, zawierajacy
zaadsorbowany (unieruchomiony), dlugozyciowy radionuklid macierzysty ulegajacy
rozpadowi promieniotwdrczemu do krétkozyciowego radionuklidu potomnego,
podatnego na prosta elucje lub ekstrakcje ze ztoza kolumny wewnatrz generatora.
Generator jest regularnie odnawialnym zréddlem izotopu potomnego i stanowi
najbardziej preferowany uktad pozyskiwania prekursora radionuklidowego

do zastosowan w laboratoriach szpitalnych [48].

Rozrdznia si¢ pie¢ procesdw rozpadu promieniotworczego, ktdrym ulegaja
medyczne izotopy promieniotwdrcze, mianowicie rozpad alfa, rozpad beta, rozpad
beta plus, wychwyt elektronéw oraz przejscie izomeryczne [46], przy czym dany

izotop moze podlegac¢ rozpadowi tylko jednego typu lub jednoczesnie kombinacji



kilku typéw z powyzej wymienionych. Pierwszym trzem rozpadom towarzyszy
emisja czastek natadowanych (sq to odpowiednio czastki alfa (jadra *He?*), czastki
beta (elektrony) i czastki beta plus (pozytony)), zas dwa ostatnie rozpady to procesy
emisji kwantéw gamma (fotondéw). Jednoczesnie deekscytacja jadra na drodze
przejscia izomerycznego jest czestym nastepstwem wyzej wymienionych rozpaddéw
z emisja naladowanej czastki [46]. Izotopy rozpadajace si¢ poprzez wychwyt
elektronéw maja niekiedy zdolnos¢ (w zaleznosci od energii emitowanych kwantow
gamma) do wtornej emisji elektronow okreslanych mianem elektronow Augera,
to jest elektronéw wybitych z zewnetrznych powlok elektronowych na skutek
absorpcji kwantu gamma emitowanego z jadra po jego pierwotnym rozpadzie.
Wykaz powszechnie stosowanych radionuklidéw w medycynie nuklearnej

przedstawiono w Tabeli 2. i Tabeli 3.



Tabela 2. Wybrane radionuklidy diagnostyczne, ich wlasciwosci rozpadu oraz zrédta wytwarzania

dla potrzeb medycyny nuklearnej (dane dotyczace rozpadow promieniotworczych zaczerpniete

z bazy danych IAEA [49])

Nuklid Czas potowicznego Typ rozpadu? Glowne zrédlo
i
" rozpadu (Srednia energia czastki)® wytwarzania
nc 20,4 min B+ (385,7 keV) cyklotron
150 122,2 s B* (735,3 keV) cyklotron
18F 109,8 min B* (249,8 keV) cyklotron
B* (508,11 344,5 keV)
43Sc 3,9h cyklotron
EC (372,9 keV)
B+ (632,0 keV)
#Sc 40h cyklotron
EC (1157,0 keV)
B 61,5% (278,0 keV)
¢Cu 12,7 h ) cyklotron
B~ 38,5% (579,6 keV)e
’Ga 33d EC (93,3, 184,6 1 300,2 keV) cyklotron
8Ga 67,7 min B* (836,0 keV) generator
EC (909,2 keV)
87Zr 78,4 h cyklotron
B* (395,5 keV)
»mT¢ 6,0 h IT (140,5 keV) generator
MIn 2,8d EC (245,41171,3 keV) cyklotron
123] 13,2 h EC (159,0 keV) cyklotron
EC (602,73, 1691,01 722,8 keV)
124] 42d . cyklotron
B* (687,01974,7 keV)
20T 3,0d EC (70,8, 68,91167,4 keV) cyklotron

aEC- wychwyt elektronu; 3*- rozpad beta plus; 3™- rozpad beta minus; IT- przejscie izomeryczne.

bWartosci srednich energii podane w kolejnosci malejacej intensywnosci, do wartosci powyzej 10%

intensywnosci i powyzej 50 keV.

Dla elektronéw podano wartos¢ maksymalnej energii czastek.
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Tabela 3. Wybrane radionuklidy terapeutyczne, ich wlasciwosci rozpadu oraz zrédta wytwarzania
dla potrzeb medycyny nuklearnej (dane dotyczace rozpadow promieniotworczych zaczerpniete
z bazy danych IAEA [49]).

Nuklid Czas potowicznego Typ rozpadu® Glowne zrédlo
i
" rozpadu (energia czastki)® wytwarzania
¥Sc 33d B~ (439,01600,3 keV) generator
IT (159,4 keV)
7Cu 618h B~ (3771, 468',4 1561,7 keV) cyklotron
IT (184,61 93,3 keV)
0Y 64,1 h (9324 keV) reaktor, generator
B~ (606,3 keV)
131I
8,0d IT (364,5 keV) reaktor
" (704,31 807,5 keV)
153 463 h B (704, ! 1
Sm 6,3 IT (103,2 keV) cyklotron
B (496,81175,5 keV)
177L
u 6,6 d IT (208,4 keV) reaktor
B~ (2120,411965,4 keV)
188
Re 17,0 h IT (155,0 keV) reaktor, generator
EC 58,2% (785,0 keV)
WAL 72h IT (79,3176,9 keV) cyklotron

« 41,8% (5,87 MeV)

B~ 97,9% (1422, 982 keV)
213Bi 45,6 min IT (440,5 keV) generator
« 2,1% (5,88 MeV)

- o (5,711 5,61MeV)
Ra 114d . cyklotron
IT (83,8181,1 keV)

5AC 99d a (5,8315,79 MeV) generator

33™- rozpad beta minus; IT - przejscie izomeryczne; EC- wychwyt elektronu; a - rozpad alfa.
bDla fotondw podano srednie wartosci energii czastek, zas dla elektrondw i czastek alfa maksymalne
wartosci energii czastek. Wartosci energii podane s3 w kolejnosci malejacej intensywnosci, do wartosci

powyzej 10% intensywnosci i powyzej 50 keV.

Uzyteczno$¢ danego radionuklidu do zastosowan diagnostycznych
lub terapeutycznych ilosciowo charakteryzuje parametr LET dla danej czastki
emitowanej podczas rozpadu promieniotworczego [50]. LET wyraza gestosc jonizacji
otoczenia wzdluz toru emitowanej czastki i okresla $rednia strate energii czastki
(lub $redniq ilos¢ energii zdeponowanej w otoczeniu) w jednostce dlugosci drogi
pokonanej przez te czastke. Przestrzenny rozklad jonizacji ma istotny wplyw

na powstawanie cytotoksycznych uszkodzen DNA (na drodze pierwotnych



lub wtornych uszkodzen) w pojedynczych komérkach oraz tkankach organizmdéw
zywych [50,51], z tego wzgledu w medycynie nuklearnej parametr LET pozwala
oszacowac efekt cytotoksyczny danego promieniowania. Wartosci LET moga
oscylowa¢ od okolo 0,1 keV/um dla wysokoenergetycznych promieni gamma
do 50 keV/um (a nawet powyzej 200 keV/um) dla czastek alfa i protonow
o umiarkowanych energiach ponizej 5 MeV [52]. Skutkiem tego promieniowanie
radionuklidéw diagnostycznych powinno wykazywac¢ jak najmniejsze wartosci
LET, zas promieniowanie radionuklidow terapeutycznych optymalnie duze
(powyzej 10 keV/um). Skutecznos¢ biologiczna cytotoksycznego dziatania
promieniowania jest odmienna dla poszczegdlnych typow czastek (o réznych

wartosciach LET), co ilustruje ponizszy schemat (Obraz 4.)[30,50-52].
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Obraz 4. Schemat ilustrujacy LET dla czastek a, [ i elektronéw Augera emitowanych w miejsce

zmiany nowotworowej. Specyficznie dostarczone emitery czastek o i elektronéw Augera w poblizu
komorek rakowych skutecznie wywotuja efekt cytotoksyczny za sprawa bardzo wysokiej zdolnos¢
jonizacji najblizszego otoczenia. Emitery czastek [3 poprzez znacznie dalszy zasieg jonizacji otoczenia
dedykowane sa do endoradioterapii najwiekszych guzéw nowotworowych. Obraz zapozyczony

z pracy przegladowej [52].
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1.3. Projektowanie idealnego radiofarmaceutyku

Na obecnym etapie rozwoju technologicznego oraz w obecnym statusie
prawnym dotyczacym stosowania preparatdéw medycznych u ludzi, projektowanie
radiofarmaceutykow powinno opierac¢ si¢ o realistyczne zalozenia produkcyjne,
ekonomiczne, infrastrukturalne oraz kliniczne. Caty koncept musi by¢ ze soba spdjny
i logiczny, aby umozliwi¢ regularng produkcje w sposob spetniajacy rygorystyczne
normy jakosci preparatu dotyczace bezpieczenstwa (personelu medycznego
i pacjentéw) oraz skutecznosci dziatania dla wskazanego zastosowania klinicznego.
Nie jest mozliwe przedstawienie jednej, idealnej charakterystyki dla wszystkich
radiofarmaceutykow, gdyz odmienne preparaty dedykowane sa do wykonywania
roznych funkgji (diagnostyka i/lub terapia), przez co nalezy je rozpatrywac osobno.
Mimo to sa pewne istotne aspekty procesu projektowania preparatow
radionuklidowych do regularnego uzytku medycznego dotyczace wszystkich

radiofarmaceutykow bez wyjatku.
1.3.1. Wybor wektora

Gléwnym aspektem przy wyborze wektora radiofarmaceutyku jest
zdefiniowanie konkretnego procesu lub celu molekularnego wymagajacego
interwencji medycznej. Funkcje wektora moze pelni¢ dowolna substancja o wysoce
swoistej aktywnosci biologicznej, miedzy innymi syntetyczna czasteczka organiczna,
aminokwas, peptyd, oligonukleotyd, przeciwcialo monoklonalne, czy cukier
(Tabela 4.)[15,36,53-55]. Zaprojektowany wektor bedzie pemit funkcje kierujaca
do obranego systemu biologicznego i pozadane jest, aby wykonywat
to dziatanie jak najszybciej i z maksymalna wydajnoscia. Projektowany wektor
bezkompromisowo musi cechowad si¢ wysokim powinowactwem, wysoka
selektywnoscia oraz wysoka stabilnoscia oddzialywania molekularnego wobec
obranego celu. Zbior tych cech radiofarmaceutyku okresla parametr biodystrybucji
definiowany jako stosunek radioaktywnosci obecnej w rejonie docelowym
do radioaktywnosci poza nim (target-to-nontarget radioactivity ratio) i w najwiekszym
stopniu przektada si¢ na jakos¢ obrazowania przy uzyciu radioznacznika
diagnostycznego [56] oraz bezpieczenstwo terapii z  wykorzystaniem

radiofarmaceutyku terapeutycznego [57].
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Tabela 4. Zestawienie podzialu wektoréw radiofarmaceutykow celowanych, roznic w ich

biologicznym czasie potowicznego zaniku oraz zastosowaniu klinicznym.

Rzad wielkosci )
. . Przyklad Zastosowanie
Typ wektora biologicznego czasu ) ..
. . radiofarmaceutyku kliniczne
polowicznego zaniku?
. [**FIFDG, Obrazowanie
Cukry minuty
[®F]fluorodeoksyglukoza metabolizmu
Aminokwasy minuty-godziny L-[metylo-"'"C]metionina komorkowego
Celowana
. diagnostyka
Drobne czasteczki ) ) ) ;
. minuty-godziny-dni [[]Ioflupan neurologiczna
organiczne . .
i onkologiczna
(rzadko terapia)
Peptydy . :
. } . minuty-godziny [77Lu]Lu-DOTATATE
i peptydomimetyki
Oligonukleotydy .
. . godziny [58] Celowana
(aptamery, optimery itd.)
. - diagnostyka
Mimetyki i fragmenty i terapia
przeciwciat dni-tygodnie [56,59] nowotworowa
monoklonalnych
Przeciwciata ) o [3°Zr]Zr-DFO-
tygodnie-miesiace )
monoklonalne Bevacizumab

aPodane wartoéci rzedu wielkosci biologicznego czasu potowicznego zaniku odnosza sie

do nieznakowanych promieniotwdrczo substancji.

Niestety, w praktyce wigkszos¢ radiofarmaceutykéw chwilowo lokalizuje sie
rowniez w niepreferencyjnych organach ciata, miedzy innymi w watrobie, nerkach
lub pecherzu moczowym, 2z wuwagi na proces eliminagi ksenobiotyku.
Skutkuje to zjawiskami pogorszenia jakosci (oslabianiem Ilub przystanianiem)
wizualizacji pozadanych regiondéw ciala pacjenta oraz narazenia niedocelowych
narzadéw na pochloniecie zbednej dawki promieniowania. Ilos¢ otrzymanej
dawki promieniowania bezposrednio skorelowana jest z czasem eskpozycji
organu na radiofarmaceutyk, ten zas uwarunkowany jest od charakterystyki
farmakokinetycznej zaprojektowanego radiofarmaceutyku. Celem projektowania
catej czesci wektorowej radiofarmaceutyku jest dobdr i optymalizacja parametréw
tizykochemicznych czasteczki warunkujacych rozprowadzanie radiofarmaceutyku
w obrebie organizmu. Mowa tu o parametrach takich jak lipofilowos¢ (lipofilnosc),
masa czasteczkowa oraz tadunek wypadkowy czasteczki, sita wigzania z biatkami

osocza lub tkanek, zdolnos¢ i szybkos¢ transportu (biernego lub aktywnego)



przez blony biologiczne oraz podatnos¢ na biotransformacje in vivo [55,60,61].
Optymalizacja powyzszych parametréw umozliwia dopasowanie biodystrybucji
radiofarmaceutyku (tempo dystrybucji i metabolizmu oraz sposdb eliminagji
z organizmu) do potrzeb interwencji medycznej, co bezposrednio przektada sie

na uzytecznos¢ zastosowania radiofarmaceutyku.
1.3.2. Wybor radionuklidu

Poza fundamentalnymi wymaganiami celowalnosci, kluczowym kryterium
regularnej produkcji radiofarmaceutyku jest prostota wytwarzania i/lub fatwa
dostepnosc¢ produktu medycznego. Radiofarmaceutyk powinien by¢ otrzymywany
w nietrudny, powtarzalny i niedrogi sposob, ergo powinien charakteryzowac sie
szeroka dostepnoscia dla maksymalnej ilosci zakladow klinicznych [48,62].
Najdogodniej, aby finalny etap produkgji radiofarmaceutyku, to jest znakowania
promieniotwdrczego, odbywat si¢ w laboratorium szpitalnym przy uzyciu
generatora radionuklidowego, zas wytworzony w ten sposob preparat

radiofarmaceutyczny byt zdatny do bezposredniej aplikacji.

Zasadniczym  kryterium wyboru radionuklidu jest kompatybilnosé
charakterystyki jego rozpadu promieniotwdrczego i wlasciwosci
farmakokinetycznych wybranego wektora oraz przeznaczenia radiofarmaceutyku.
Dotyczy to przede wszystkim doboru poréwnywalnych wartos$ci okresu
potowicznego rozpadu izotopu promieniotwdrczego oraz czasu polowicznego
zaniku ksenobiotyku z organizmu [55]. Ten pierwszy parametr to statystyczny czas
potrzebny do rozpadu potowy danej ilosci atomow promieniotworczych w jednostce
czasu, za$ w radiofarmacji parametr ten bywa nazywany takze fizycznym czasem
polowicznym. Biologiczny czas polowiczny to statystyczny czas potrzebny
do eliminacji lub wydalenia polowy danej ilosci substancji z organizmu.
Obydwa te czasy bezposrednio okreslaja efektywny (rzeczywisty) czas potowiczego
zaniku radiofarmaceutyku (na skutek rozpadu promieniotworczego i eliminacji

z organizmu) wedtug przedstawionego ponizej wzoru [61]:

fiZ.Tl/2 X biOl.Tl/Z

efekt. —
T2 = fizT, 5 + biolT,

, gdzie

efektT,, — efektywny czas potowiczny radiofarmaceutyku, /Ty, — fizyczny czas polowicznego
rozpadu, ?°'T, ,, - biologiczny czas potowicznego zaniku.

Wnioski plynace w powyzszej zaleznosci to w szczegdlnosci fakt,

ze efektywny czas potowiczny jest zawsze warto$cia mniejsza niz obydwie jego



sktadowe. W przypadku znaczacej réznicy pomiedzy wartoSciami skltadowymi
efektywnego czasu potowicznego, ten ostatni przyjmie wartosc zblizona do mniejszej
z jego skltadowych, za$ najwigksza wartos¢ efektywnego czasu potowicznego
uzyskuje sie, gdy fizyczny i biologiczny czas potowiczny niewiele si¢ od siebie
roznia, a efektywny czas polowiczny przyjmie wowczas wartos¢ zblizong do polowy
$redniej z jego skladowych. Finalnie, dazy si¢ do tego, aby skladowe czasy
polowiczne byly poréwnywalne, a efektywny czas potowiczny radiofarmaceutyku
byl wspdtmiernie diugi do potrzeb przeprowadzenia skutecznej i wiarygodnej
procedury medycznej (protokotu obrazowania lub jednostki cyklu terapeutycznego),
jednoczesnie majac na wzgledzie pryncypialne dazenie do zminimalizowania dawki
(i czasu) promieniowania pochlonigetego przez pacjenta. Ponadto warto zauwazyy¢,
ze chociaz fizyczny okres potowiczny jest dokladnie okreslong stala, wartos¢
biologicznego okresu potowicznego wektora radiofarmaceutyku moze ulec
znacznemu odchyleniu pod wplywem modyfikacji wektora do postaci
radiofarmaceutyku oraz nade wszystko w warunkach patologicznej fizjologii in vivo,
wobec czego zaleca si¢ dobdr stosunkowo krotkiego czasu rozpadu fizycznego

kierujac sie bezpieczenistwem pacjenta.

Diagnostic
radionuclides

High energy
positron a 3He

High energy .
electron . Auger
electron
Penetrating range

, 50 — 100 ym 1-500 mm )

Obraz 5. Schemat typdéw rozpaddéw promieniotworczych wykorzystywanych w medycynie
nuklearnej (z wyrdznieniem typow rozpadéw odpowiadajacym radionuklidom diagnostycznym).
W ramce pokazano zakresy zasiegu wymienionych czastek w tkankach migkkich. Obraz zapozyczony
z pracy przegladowej [63].



Zgodnos¢ wyboru radionuklidu z przeznaczeniem radiofarmaceutyku
wymaga takze doboru typu i energii emitowanych czastek podczas rozpadu
promieniotwdrczego [14,46]. Do celow diagnostycznych dedykowane sa
radionuklidy emitujace wysoce przenikliwe promieniowanie gamma o okreslonym
zakresie energetycznym (Obraz 5.). Jednoczesnie, przeznaczone do tego celu izotopy
powinny ulega¢ w maksymalnym stopniu rozpadom promieniotworczym na skutek
wychwytu elektronu, przejscia izomerycznego lub rozpadu beta plus.
Pozytony emitowane podczas rozpadow beta plus to jedyne natadowane czastki,
ktére sa preferowane (i bardzo efektywne) do celéw obrazowych [64,65].
Niepozadane jest, aby radionuklidy diagnostyczne wykazywaly emisje innych
natadowanych czastek, czastek alfa i elektronow. W przesziosci wiele badan
diagnostycznych bazowato na wykorzystaniu emiteréw elektronow, jednakze
wynikalo to z braku dostepnosci bardziej odpowiednich radionuklidow
diagnostycznych. Do tych celéow preferowana jest emisja kwantéw gamma o energii
rzedu 30-250 keV, gdyz mniej energetyczne promieniowanie zostanie
zaabsorbowane przez tkanki pacjenta, i tym samym naraza pacjenta na zbedna
dawke promieniowania, zas to o wyzZszej energii nie zostanie efektywnie
zarejestrowane przez powszechnie stosowane detektory urzadzen obrazujacych [66].
Niemniej do detekcji koincydencji kwantéw gamma o energii 511 keV powstatych
w wyniku anihilacji pozytondw po rozpadzie beta plus stosowane sa wysoko

rozdzielcze detektory tomografow PET (rozdziat 1.4.)[64].

Inaczej wygladaja wymagania wobec radionuklidéow terapeutycznych.
W tym przypadku izotopy powinny ulega¢ rozpadom promieniotworczym, ktérym
towarzyszy emisja naladowanych czastek o wysokim LET, to jest czastek alfa,
elektronéw Augera, rzadziej czastek beta minus (jedynie w przypadku najwiekszych
guzow) (Obrazy 4 i 6.)[16,46,50,52]. Innymi stowy, do zastosowan terapeutycznych
preferowane sa izotopy, ktére emituja czastki deponujace wysoka porcje energii
jedynie w $cidle ograniczonym poblizu Zrédla promieniotwodrczego wywotujac efekt
cytotoksyczny. Dodatkowa obecnos¢ promieniowania gamma w nielicznych
przypadkach umozliwia jednoczesne obrazowanie akumulacji radiofarmaceutyku
podczas terapii [41,57], dzieki czemu proces terapeutyczny moze by¢ monitorowany

i znacznie lepiej kontrolowany.



Obraz 6. Schemat gestosci jonizacji wzdtuz toru czastek a, {3 i elektrondw Augera oraz uszkodzenia
DNA wynikajace ze zjawisk emisji tych czastek. Warto zauwazy¢, ze emitery elektronow Augera
zdolne sg czesto do emisji wiecej niz jednej czastki natadowanej podczas pojedynczego rozpadu.

Obraz zapozyczony z pracy przegladowej [67].

Z praktycznego punktu widzenia, nie mniej istotnym aspektem wyboru
radionuklidu jest mozliwos¢ jego zastosowania w medycynie za sprawa
efektywnego  przylaczenia do struktury czesci wektorowej przyszlego
radiofarmaceutyku. Pomimo stosunkowo dobrze zdefiniowanej gamy niespeina
trzech tysiecy izotopow promieniotworczych, jedynie niewielki procent z nich
dostepny jest do stosowania w radiofarmacji i medycynie nuklearnej [68];
ponadto raptem kilka z nich jest pierwiastkami o znaczeniu biologicznym (°H, "'C,
BN, 150, BF, 2P, 355, 12/131])[69], ktorymi mozna zastapic stabilne nuklidy tych samych
pierwiastkow. Pozostala wigkszo$¢ radionuklidow medycznych to pierwiastki
sztucznie wprowadzane do substancji biologicznie aktywnych, w celu nadania im
wlasciwosci radioznacznikowych. Sa to gléwnie metale o rdéznorodnych
wlasciwosciach, aktywnosci chemicznej i zdolnosci do tworzenia wigzan
chemicznych [14,65,70]. Skutkuje to potrzeba opracowania metod znakowania
dla konkretnej grupy lub wrecz pojedynczego pierwiastka, w dodatku
dopasowanych do pozadanego wektora projektowanego radiofarmaceutyku.

Jedynym z najwigkszych sukceséw w tej tematyce bylo wprowadzenie
do radiofarmacji radionuklidu o wybitnie uzytecznej charakterystyce rozpadu
promieniotwoérczego technetu-99m, izotopu pierwiastka, ktéry nie posiada
stabilnych form izotopowych, przez co nie znalazt innych praktycznych zastosowan
poza diagnostyka obrazowa. Obecnie, #™Tc jest najpowszechniej eksploatowanym
radionuklidem medycznym na swiecie, za sprawa odkrycia i zagospodarowania
do uzytku radiofarmaceutycznego jego bardzo bogatej chemii koordynacyjnej

[71,72], dzieki czemu znakowanie tym radionuklidem wrecz dowolnych substancji



jest w dzisiejszych czasach niezwykle przystepne. Podobnie, dzieki dokonanym
odkryciom w dziedzinie chemii koordynacyjnej opracowano takze wiele czasteczek
makrocyklicznych o zdefiniowanych wiasciwosciach chelatujacych, dedykowanych
do tworzenia trwatych kompleksow z poszczegolnymi grupami metali [15,73-75].
Otworzylo to szereg nowych mozliwosci projektowania radiofarmaceutykow
zawierajacych metaliczne radionuklidy przylaczone do wrecz dowolnych wektoréw

biologicznych (przyktady tego typu radiofarmaceutykow znajduja si¢ w Tabeli 1.).
1.3.3. Optymalizacja finalnej formy radiofarmaceutyku

Efektywnos¢ radiofarmaceutyku, a zarazem jego uzytecznos¢, wynika
z obserwowanej biodystrybucji leku in wvive. Praktycznie najwiekszy wplyw
na charakterystyke biodystrybucji tuz po wyborze wektora radiofarmaceutyku
ma finalna posta¢ preparatu radiofarmaceutycznego [8,76], od ktorej zalezy
czy zaprojektowana substancja biologicznie czynna (cze$¢ wektorowa z dotaczonym
radionuklidem) bedzie w stanie spelni¢ swoja funkcje w organizmie.
Wymagania bezpieczenstwa terapii i diagnostyki radionuklidowej niemalze
narzucaja  stosowanie  preparatdéw  radiofarmaceutycznych w  postaciach
umozliwiajacych maksymalng (natychmiastowa) biodostepnos¢ substancji czynnych
(w podaniu dozylnym), lub ograniczajacych obecnos$¢ radiofarmaceutyku jedynie
do  wybranych tkanek lub organow (w  podaniu = miejscowym).
Najwlasciwiej umozliwiaja to iniekcje wodnych roztworéow lub zawiesin
oraz, w wybranych przypadkach, preparaty w postaci kapsutek doustnych
lub aerozoli do inhalacji. Nalezy pamieta¢, ze warunkiem a priori dla iniekcyjnych
postaci preparatéw radiofarmaceutycznych jest oczywiscie zachowanie sterylnosci
(czystosci mikrobiologicznej) i apirogennosci (braku endotoksyn bakteryjnych)
oraz inne wymagania stawiane cieklym postaciom leku podawanym dozylnie [13,77-
79].

Ponadto, wyrdzniajaca cechg radiofarmaceutykow w kontek$cie skutecznej
formulacji i wymaganej jakosci leku sa wymogi wysokiej wydajnosci
radiochemicznej reakcji znakowania, wysokiej stabilnosci produktu znakowania,
oraz wysokiej radioaktywnosci wlasciwej preparatu [13]. Wydajnos¢ radiochemiczna
reakcji znakowania (radiochemical yield, RCY) [80] okresla procent aktywnosci
promieniotwdrczej prekursora radionuklidowego uzytego do znakowania zawartej
w pozadanej formie radiofarmaceutyku. Tym samym RCY okre$la stopien zwigzania
uzytego do reakcji radionuklidu w okreSlona forme radiochemiczna.

Reakcje znakowania radionuklidowego wymagaja przestrzegania Scistych



warunkow prowadzenia reakcji, w tym wysokiej czystosci chemicznej srodowiska
reakcji (brak zwiazkéw kompleksujacych, oraz stabilnych pierwiastkéw
konkurujacych z radionuklidem o udziat w reakcji znakowania)[81-83], gdyz celem
reakdji jest jak najszybsze i w jak najwiekszym stopniu wprowadzenie radionuklidu
do prekursora radiofarmaceutyku przy jednoczesnym zachowaniu aktywnosci

biologicznej wektora.

Stabilno$¢ produktu znakowania wyrazana jest jako procent aktywnosci
promieniotwdrczej niezmienionej (poczatkowej) formy otrzymanego w reakcji
znakowania radiofarmaceutyku oznaczany po okreslonym czasie. Ogolnie pojeta
stabilnos¢, w tym trwalos¢ metaboliczna, dotyczy wszystkich ksenobiotykow,
jednakze radiofarmaceutyki podatne sa takze na dodatkowe zjawiska braku
stabilnosci wynikajace z ich natury, a mianowicie odlaczenie izotopu od reszty
czasteczki (wymiane izotopowa pierwiastka lub transchelatacje radiometalu
z kompleksu)[84,85] oraz autoradiolize¢ preparatu (degradacje radiofarmaceutyku
w wyniku adsorpcji promieniowania lub w wyniki reakcji z produktami radiolizy
wody)[86-88]. Aby zapobiec tym zjawiskom, preparaty radiofarmaceutyczne
uzupelniane sa o stabilizatory kompleksow radionuklidowych (przyktadowo
trycyna i EDDA), przeciwutleniacze (przykladowo L-cysteina lub kwas
askorbinowy), zwiazki redukujace (najczesciej chlorek cyny (II)), dodatki
utrzymujace pozadane pH (przykltadowo bufor weglanowy lub wodorotlenek sodu)
oraz cisnienie osmotyczne roztworu (najczesciej chlorek sodu lub dekstroza),
ale takze substancje powierzchniowo czynne (przykladowo glicerol), stabilizatory
zawiesin (przykladowo powidon lub Zelatyna) i konserwanty (przyktadowo alkohol

benzylowy)[89].

Radioaktywnos$¢ wlasciwa (specific activity, As)[80] to okreslenie iloSci
aktywnosci promieniotworczej radiofarmaceutyku wyrazona na jednostke masy
substancji, mierzona w GBg/mg lub MBg/ug. Pokrewnym parametrem jest
radioaktywnos¢ molowa (molar activity, Am)[80], definiowana jako ilo$¢
radioaktywnosci na jednostke liczby moli substancji, wyrazana w GBg/mmol
lub MBg/umol. Obydwa te parametry kontroli jakosci radiofarmaceutyku okreslaja
czystos¢  chemiczng  preparatu i  efektywno$¢  procesu  znakowania
promieniotwdrczego. Tym samym jedynie te radiofarmaceutyki, ktére zostaty
otrzymane o (mozliwie maksymalnie) wysokiej As, moga cechowac si¢ pozadana
skutecznoscia farmakologiczng [81]. W tym celu do syntezy radiochemicznej
zaleca si¢ stosowad prekursory radionuklidowe o odpowiednio wysokiej

czysto$ci radiochemicznej (zawartosci pozadanej formy chemicznej danego
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radioizotopu) i czystosci radionuklidowej (zawartosci pozadanego radionuklidu).
Preparaty o stosunkowo niskiej radioaktywnosci wlasciwej zawieraja znaczacy
udziat niewyznakowanych prekursoréw radiofarmaceutyku lub pochodnych
radiofarmaceutyku, ktore konkuruja i blokuja pozadanym czasteczkom
wyznakowanym dostep do celu molekularnego in vivo [90], przez co moga obnizac
skuteczno$¢ radiofarmaceutyku (falszowa¢ wynik obrazowania lub ostabiaé

dziatanie terapeutyczne).

Znane sa takze przypadki, gdy niekorzystna  biodystrybucja
radiofarmaceutyku powoduje obnizenie indeksu terapeutycznego leku, a redukcje
dziataii niepozadanych z niej wynikajacych mozna osiagna¢ poprzez skojarzenie
radiofarmaceutyku z tak zwanym blokerem organu niepreferencyjnego [91].
W tym przypadku substanca kompetycyjna (wspotzawodniczaca, bloker)
dla radiofarmaceutyku powinna by¢ selektywna jedynie wobec zajmowanego
(blokowanego) regionu organizmu, w ktédrym wystepowataby niepozadana
nadmierna kumulacja radiofarmaceutyku. Podanie blokera moze mie¢ miejsce
rownocze$nie z preparatem radiofarmaceutycznym, lecz najczesciej preparat
blokujacy podaje si¢ przed aplikacja radiofarmaceutyku (metoda wstepnego
blokowania)[91]. Przykladami tego typu skojarzonych preparatéw blokujacych sa
roztwory aminokwasow [92] lub metforminy [93] do blokowania wychwytu
ktebuszkowego w nerkach radiofarmaceutykéw peptydowych, lub stosowanie
radiofarmaceutyku oraz fragmentéw lub analogéw wektora o powinowactwie
do tego samego celu molekularnego, lecz o odmiennych charakterystykach
dystrybucji narzadowej (przykltadowo 2-PMPA lub glutaminian sodu wobec
radiofarmaceutykow [#Ga]Ga-PSMA-11 lub ["7Lu]Lu-PSMA-617 [91,94,95]).

1.4. Techniki obrazowania molekularnego z uzyciem

radiofarmaceutykow

Obrazowanie molekularne to dyscyplina faczaca zagadnienia biologii
molekularnej i obrazowania in vivo. W medycynie nuklearnej podstawowymi
metodami do  nieinwazyjnego  obrazowania  molekularnego  procesow
(pato)fizjologicznych in vivo sa SPECT (single photon emission computed tomography,
tomografia pojedynczego fotonu) i PET (positron emission tomography, tomografia
pozytonowa)[9,64,66,96-98]. W pordéwnaniu z innymi metodami obrazowania,
takimi jak tomografia komputerowa (CT) czy rezonans magnetyczny (MRI),
ktore dostarczaja w wysokiej rozdzielczosci przestrzennej informacji o cechach

morfologicznych tkanek i narzadow, przewaga PET i SPECT polega na ich zdolnosci



do wizualizacji procesow biochemicznych na poziomie komorkowym
i molekularnym przy pomocy radiofarmaceutykow [96-98]. Kluczowym aspektem
uzytecznosci tych technik jest ich bezkonkurencyjnie wysoka czutos¢, ktéra pozwala
na podawanie radioaktywnych zwiazkdw obrazujacych w wyjatkowo niskich
stezeniach. =~ Wspodlczesne  tomografy = wykorzystywane do  obrazowania
to instrumenty multimodalne laczace obrazowanie morfologiczne CT lub MRI
z funkcjonalnym obrazowaniem radiofarmaceutykéw w polaczonym obrazie.
To podejscie hybrydowe umozliwia osiaganie lepszej dokladnosci lokalizacji
(rozdzielczosci) radioznacznikéw [97,98] oraz zmniejszenie obciazenia pacjenta

promieniowaniem.

Technika obrazowa SPECT wymaga stosowania radiofarmaceutykow
zawierajacych radionuklidy emitujace promieniowanie gamma o energii
w przedziale 30-250 keV, takie jak “Ga, *™Tc i "In (Tabela 2. i Obraz 7.)[98].
Emitowane fotony sa pojedynczo rejestrowane przez detektory scyntylacyjne
w glowicy lub gtowicach gamma kamery obracajacej sie¢ wokot osi pionowej pacjenta
[66].
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Obraz 7. Schemat zasady obrazowania metoda SPECT (powyzej) oraz obrazowania metoda PET

(ponizej). Obraz zapozyczony z pracy przegladowej [14].

Do techniki PET wykorzystuje si¢ radiofarmaceutyki zawierajace
radionuklidy bedace emiterami promieniowania [* o odpowiedniej energii,
takie jak 1C, 1O, ®F, %Ga i %Zr (Tabela 2. i Obraz 7.)[64,98]. Nastepstwem emisji
pozytonu jest wytracanie energii przez czastke (minimalnie zasiegowe

dla radionuklidéw stosowanych w PET) oraz anihilacja pozytonu z napotkanym



w otaczajacej materii elektronem, w wyniku czego dochodzi do jednoczesnej emisji
dwoch przeciwbieznych fotondw o energii 511 keV. Pomiar koincydencji dwdéch
fotondbw umozliwia przestrzenne pozycjonowanie rozpadu radionuklidu,
co jednoznacznie utozsamiane jest z okresleniem lokalizacji radiofarmaceutyku
w ciele pacjenta. Do generowania obrazéw PET wykorzystuje sie kamere tomografu
zbudowanga z koliscie utozonych gamma detektorow potaczonych naprzeciwlegle
dwojkami [64]. Technika PET za sprawa pomiaru koincydencji umozliwia detekgje
o wyzej czulosci i lepszej rozdzielczosci przestrzennej (mniej rozproszone

tlo promieniowania) niz technika SPECT [97].

2. Znaczenie receptora NK1 w patologiach onkologicznych

2.1. Receptor neurokininy 1

Receptor neurokininy 1 zwany takze receptorem tachykininy 1, nalezy
do podrodziny receptoréw tachykininowych, metabotropowych receptoréw
sprzezonych z biatkiem G (G-protein coupled receptors, GPCRs)[99,100].
Receptor ten jest produktem translacji genu TACRI, przy czym wystepuje gldwnie
w postaci dwoch izoform, NKIR-FI, biatka pelnej dlugosci zawierajacej
407  aminokwasow, oraz NKIR-Tr, skroconej izoformy pozbawionej
96 aminokwaséw od wewnatrzkomdrkowej strony C-konica [101-103] (struktura
ludzkiego receptora NK1 dostepna jest w Protein Data Bank pod kodem 6E59 [104]).
NKIR jest szeroko obecny zaréwno w osrodkowym jak i obwodowym uktadzie
nerwowym, na powierzchni neurondéw (szczegdlnie strukturach prazkowia)[105-
109], w niewielkich ilosciach na powierzchni neuronéw wewnetrznego uktadu
nerwowego oraz komorek ukladu odpornosciowego [103,110]. Aktywacja receptora
skutkuje przekazywaniem sygnatow stresu, bolu i regulowania stanu zapalnego oraz
prowadzi do rozkurczu migéni gtadkich narzadéw obwodowych [103,108-112].
Jednoczesnie nadekspresja receptora zostata powigzana z przebiegiem konkretnych
patologii [109,113], co zainspirowalo do opracowania wysoce selektywnych

ligandow tego receptora o znaczeniu klinicznym.
2.1.1. Substancja P

Endogennym agonista receptora NKI1 u ludzi jest jedenastoczionowy
neuropeptyd z rodziny tachykinin zwany Substancja P (SP, Arg-Pro-Lys-Pro-GIn-
GIn-Phe-Phe-Gly-Leu-Met-NH;). Pelni on regulatorowa funkcje dla proceséw
fizjologicznych w os$rodkowym i obwodowym ukladzie nerwowym poprzez

preferencyjna interakcje ze swoim specyficznym biatkiem blonowym NKIR.
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Podobnie jak pozostate tachykininy, SP posiada konserwatywna sekwencje pigciu
aminokwasow na C-koncu, Phe-X-Gly-Leu-Met-NH, (gdzie X to dowolny
aminokwas), ktéra musi ulec amidowaniu terminalnej grupy aminowej

w celu aktywagji biologicznej [114,115].

SP odgrywa istotng role peptydoergicznego neuromodulatora wybranych
sygnatow nocyceptywnych [116-118] oraz w przebiegu (nasileniu) neurogennych
stanow zapalnych [111,119,120]. Szczegolnie widoczne jest to na poziomie
obwodowym, gdzie w ukladzie naczyniowym SP powoduje rozszerzenie naczyn
tetniczych, wynaczynienie bialek osocza i adhezje leukocytow do komorek
$rédbtonka kapilarnych naczyn zylnych [111,121]. Osrodkowo aktywnos$¢ SP
zwigzana jest z kontrola osrodka wymiotéw [122,123], regulacjii nastroju,
w tym zachowan i zaburzen afektywnych (leku i depresji) [112,124], dodatkowo SP
wykazuje dziatanie neuroprotekcyjne (jako nieswoisty czynnik wzrostu tkanki
nerwowej)[125-127] obserwowane miedzy innymi w chorobach Alzheimera,
Parkinsona. Nie mniej istotnym wydaje si¢ by¢ udziat systemu SP-NKIR w rozwoju

i progresji zmian nowotworowych [128,129].

Na poziomie komdrkowym interakcja SP z blonowym receptorem NKI1
indukuje wewnatrzkomorkowe $ciezki sygnalizacyjne zalezne od sprzezonego
z receptorem biatka G (Obraz 8.)[100,130]. Obejmuja one aktywacje:

e fosfolipazy C (PLC) z wytworzeniem trifosforanu inozytolu (IP3)
i diacyloglicerolu (DAG), ktdére aktywuja wyrzut wewnatrzkomorkowych
zapasow jonow Ca?* oraz kinaze biatkowa C (PKC)[131,132];

e cyklazy adenylowej (AC) oraz nastepcza synteze cAMP i aktywacje kinazy
biatkowej A (PKA)[132];

e fosfolipazy A, (PLA,), ktora katalizuje wytwarzanie kwasu arachidonowego,
prekursora eikozanoidow (prostaglandyn, leukotrienow i tromboksanu A,
(TXA))[133];

e Rho-zaleznej kinazy biatkowej (ROCK), ktéra fosforyluje lekkie fanicuchy
miozynowe (MLC)[134].

Prowadzi to do rdéznorodnych efektow, czesto specyficznych dla danego typu
komorki, ktore obejmuja proliferacje i migracje komdrkowsa, pobudzenie neuronalne,

aktywacje stanu zapalnego, oraz efekty przeciwapoptotyczne.
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Obraz 8. Schemat agonistycznego dziatania SP poprzez aktywacje receptora NK1, to jest indukgji
wewnatrzkomorkowych $ciezek sygnalizacyjnych, prowadzacych do wymienionych odpowiedzi

komorkowych. Obraz zapozyczony z pracy przegladowej [130].

Jednoczesnie, skutecznos¢ lub efekt stymulacji SP zalezy od izoformy
receptora, z ktdra taczy sie ten agonista, majac na uwadze zjawisko okoto 10-krotnie
wyzszego powinowactwa neuropeptydu wobec izoformy petnej dltugosci receptora
[101]. Izoforma receptora NK1 pelnej dlugosci jest podatna na fosforylacje
w obrebie wewnatrzkomdrkowego fragmentu C-konica, czego nie obserwuje sie
dla skroconej izoformy receptora posiadajacej znacznie zredukowany fragment
wewnatrzkomorkowy [135,136]. Fosforylacja umozliwia receptorowi oddziatywanie
z [-arrestyng, ktora promuje komorkowa sygnalizacje endosomalng, endocytoze
receptora oraz desensytyzacje komodrki na dziatanie agonistyczne SP (sprzezenie
zwrotne ujemne)[137]. Skutkiem tego, skrocona izoforma NKIR =z uwagi
na zaburzone procesy internalizacji i desensytyzacji, wydaje si¢ by¢ zdolna
do przedluzonej sygnalizacji wewnatrzkomdérkowej po zwiazaniu agonisty,
aczkolwiek zdolnos¢ sygnalizacji komorkowej rdwniez ulega modyfikacji [135,136].
NKI1R-Tr nie jest zdolna do silnej aktywacji wewnatrzkomorkowego wyrzutu Ca?*
i jadrowego czynnika NF-xB oraz hamuje fosforylacje szlaku PKC i wydzielanie
interleukiny 8. Ta odmienna komdrkowa sygnalizacja endosomalna jest niezwykle

istotna w sytuacjach patologicznych, w ktérych wystepuje alternatywne
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wytwarzanie receptora i niefizjologiczna nadekspresja skroconej izoformy receptora
[138,139].

2.1.2. NK1R jako cel molekularny celowanej diagnostyki i terapii

nowotworowej

Receptory GPCR stanowia najwigksza i najbardziej zréznicowana rodzine
biatek sygnalizacyjnych, zas niespeina trzecia czes¢ obecnie stosowanych lekéow
ukierunkowana jest wobec tych struktur molekularnych [140]. Wsrod ligandow
receptorowych wyrdznia sie zwiazki, ktdre po zwiagzaniu si¢ z receptorem indukuja
sygnalizacje endosomalng (agonisty) lub te, ktore blokuja miejsca wiazace receptora
bez wywotywania odpowiedzi komoérkowej (antagonisty), uniemozliwiajac dostep

agonistom do receptora.

Bogata literatura naukowa wskazuje uklad SP-NKIR jako znaczacy cel
molekularny o istotnej roli w pobudzaniu proliferacji i migracji komorek
nowotworowych, zarowno guzdéw litych, jak i guzéw tkanek miekkich [129,141-144].
Wigzanie si¢ endogennego agonisty do receptora NK1 promuje mitoze komodrek
nowotworowych, ich migracje (proces inwazji i przerzutowania), dzialanie
przeciwapoptotyczne  oraz  zwigkszenie tempa  glikolizy = komdrkowej
(efekt Warburga)[128,145]. Co wiecej, komdrki nowotworowe zdolne sa do wiasnej
produkcji SP w guzie i stopniowo za pomoca mechanizmu wydzielania
autokrynnego dziatanie stymulujace SP zostaje zapetlone [146], sprzyjajac
mechanizmom progresji zlosliwosci nowotworu. Roéwnolegle, w sasiadujacych
komorkach srodblonka posiadajacych ekspresje NKIR, dziatanie SP réwniez
promuje proliferacje tych komorek, indukujac angiogeneze oraz rozwoj guza [147].
Jednoczesnie SP w komorkach nowotworowych wykazuje dzialanie regulatorowe
czynnikow transkrypcyjnych i protoonkogenow [148]. Sprzyja to réznicowaniu sie
komorek guza, heterogenicznosci metabolicznej, progresji cyklu komérkowego oraz
syntezie cytokin prozapalnych, tworzac specyficzne mikrosrodowisko wokoto guza,

utrudniajace skuteczne dziatania ukltadu odpornosciowego.

Patologiczna ekspresja NKIR jest obserwowana w wigekszym stopniu
w mniej zréznicowanych i bardziej zaawansowanych nowotworach [149-151].
Dodatkowo, na powierzchni komorek nowotworowych ekspresja skroconej izoformy
NKI1R-Tr jest wyzsza niz izoformy pelnej dlugosci NK1R-FI [152-154]. Nadekspresja
tej pierwszej koreluje ze ztosliwym réznicowaniem si¢ komorek nienowotworowych,
za$ wzrost ekspresji NK1R-FI koreluje z hamowaniem lub ograniczeniem nadmiernej

proliferacji i migracji nowotworowej [155,156]. Tak wiec propagacja proliferacji
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komodrek nowotworowych oraz wytgczenie mechanizmoéw apoptotycznych w tych
komorkach sygnalizowane jest przez NKI1R-Tr, zas skuteczna blokada szczegdlnie

skroconej izoformy NKIR prowadzi do smierci komoérek nowotworowych na drodze
apoptozy.

Opisane powyzej dane wskazuja, ze nadekspresja NKIR na powierzchni
komorek nowotworowych (a szczegélnie skroconej izoformy receptora) moze by¢
wykorzystana jako potencjalny marker molekularny do diagnostyki oraz leczenia
guzow NKIR-pozytywnych, zas zahamowanie dziatania agonistycznego SP moze
by¢ istotnym dzialaniem terapeutycznym [153]. Do tej pory nie potwierdzono tych
doniesien w badaniach kohortowych, niemniej na wybranych grupach pacjentéw
onkologicznych zaobserwowano korelacje nadmiernej eksprymacji NKIR-Tr
lub zwigkszong obecnos¢ SP w surowicy wraz z rozwojem cech zlosliwosci guza
i progresji choroby [157]. Przede wszystkim dotyczy to zlosliwych nowotworow
komorek glejowych, raka piersi, raka rdzeniastego tarczycy, raka jelita grubego
i innych czesSci przewodu pokarmowego, nowotworow zlosliwych uktadu
hematopoetycznego, raka szyi i glowy, endometrium, nerwiaka zarodkowego,
czy raka nablonkowego jamy ustnej [143,149-152,154-161]. Z drugiej strony, czesto
obserwuje sig, Zze nienowotworowe tkanki sasiadujace ze zmianami nowotworowymi
nie nasilaja ekspresji tego markera [157], dzigki czemu uwidacznia si¢ zrédznicowanie
guza w organie lub danym rejonie ciala, dzialajac na korzys¢ celowanych metod

terapeutycznych.

2.1.3. Celowana terapia radionuklidowa przy zastosowaniu
pochodnych SP

Obecnie, jedyna TRT skierowana wobec receptora NKI1 stosowana
jest w eksperymentalnej terapii pierwotnych guzéw ztosliwych tkanki glejowej
oraz glejakow wielopostaciowych (wykazujacych nadekspresje receptorow NK1)

przy zastosowaniu radiofarmaceutykéw pochodnych Substancji P [102,162-164].

Wigkszos¢ nowotworéw osrodkowego ukladu nerwowego to zmiany
jednoogniskowe, o przenikliwym charakterze (bez dobrze zdefiniowanych granic
guza), naciekajace na sasiadujace struktury nerwowe i zdolne do nawracania
w miejscu ogniska [165]. W takich przypadkach podejscie chirurgiczne jest
wyjatkowo trudne i mato skuteczne, szczegolnie we wrazliwym przezyciowo
obszarze mdzgu, co sprawia, ze najbardziej pozadanymi metodami sa te wysoce
ukierunkowane. Glejaki o niskim stopniu  zlodliwosci sa stosunkowo

promieniowrazliwe oraz czesto wykazuja zwigkszong ekspresje SSTR2 (receptor
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somatostatyny drugi) [166,167]. Zastosowanie w podaniu miejscowym celowanego
radiofarmaceutyku terapeutycznego [*Y]Y-DOTATOC wumozliwia zatrzymanie
progresji guza oraz redukcge symptomoéw choroby i dawek przyjmowanych
przeciwzapalnych lekéw sterydowych [168-170]. JednakzZe ekspresja receptora SST2
zanika z postepem zlosliwosci glejakdw, co wymusza wytypowanie innego, bardziej
specyficznego markera molekularnego. Dodatkowo, rozwiazanie terapeutyczne
powinno by¢ wysoce cytotoksyczne, gdyz najbardziej ztosliwe guzy tkanki glejowej
charakteryzuje umiarkowana promienioczutos¢, heterogenicznos¢ metaboliczna
sprzyjajaca skutecznej lekoopornosci oraz ,zamkniete” mikrosrodowisko guza

ograniczajace dostep lekow z uktadu krwionosnego.

Do miana efektywnego celu molekularnego we wspomnianym zastosowaniu
urasta receptor NK1, rejestrowany w nadekspresji na pierwotnych guzach ztosliwych
tkanki glejowej oraz glejakow wielopostaciowych [102,157,171], nowotworach
o wysokim stopniu ztosliwosci, z bardzo niewielkim wskaznikiem przezywalnosci.
Za sprawa zjawiska nadekspresji NKIR, wspomniane guzy wykazuja zdolnos¢
do wybidrczej akumulacji znakowanych promieniotwdrczo pochodnych SP
po podaniu miejscowym do wewnatrzczaszkowej zmiany nowotworowej lub lozy
po resekqi guza [172]. Aplikacja radiofarmaceutyku przebiega przy uzyciu
uprzednio = wszczepionego  operacyjnie  systemu  portu = cewnikowego
umozliwiajacego iniekcje roztworu preparatu radiofarmaceutycznego
wewnatrzczaszkowo [173]. Takie rozwiazanie umozliwia nadzwyczaj korzystna
celowalnos¢  radiofarmaceutyku ~ w  kierunku  zmiany = nowotworowej
(przy ograniczonym unaczynieniu guza), skutkujac znaczng redukcja ilosci efektéw

ubocznych terapii w porownaniu do podania ogdlnoustrojowego.

Pierwsze proby kliniczne przy uzyciu prostego analogu SP, ['In]In-DTPA-
[Arg']-SP, miaty miejsce na grupie 12 pacjentéw do obrazowania patologicznych
zmian grasicy [174]. Radiokoniugat wykazywal malo specyficzny wychwyt
narzadowy oraz krotki efektywny okres polowicznego zaniku, aczkolwiek
umozliwial obserwacje istniejacej patologii. Mimo zZe niska specyficznosc
w tym przypadku byla akceptowalna dla potrzeb obrazowania molekularnego,
taki radiokoniugat nie spelniatby tym samym kluczowych aspektéw bezpieczenistwa

stawianych radiofarmaceutykom terapeutycznym.

Pierwszymi radiofarmaceutykami terapeutycznymi badanymi in vivo wobec
glejakdéw rdéznych stadidéw byly najprostsze radiokoniugaty SP z makrocyklicznymi
chelatorami DOTA lub DOTAGA, znakowane itrem-90, lutetem-177

lub bizmutem-213, stosowane w podaniu wewnatrzczaszkowym [172,173].
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We wstepnych badaniach klinicznych wykazaly one wysokie powinowactwo
do komorek zmian nowotworowych i umozliwity skuteczniejsza nastepcza resekcje
chirurgiczng martwej masy guza w porownaniu do resekcji guza bez uprzedniej
radioterapii wewnetrznej, lub po terapii przy wuzyciu [*Y]Y-DOTATOC
ukierunkowanej wobec receptoréw somatostatyny. Niestety, zastosowane w badaniu
radiokoniugaty pochodnych SP cechowaly sie nieakceptowalng stabilnoscia
w obecnosci surowicy krwi ludzkiej, co uniemozliwialo stosowania tychze
pochodnych jako wektorow radiofarmaceutykow w podaniu dozylnym, a takze
W niezagojonej, pooperacyjnej lozy wewnatrzczaszkowej. Opracowanie pochodnej
[Thi® Met(O2)"']SP (zamiana fenyloalaniny na 3-tienyloalaning w pozycji Osmej
oraz utlenienie metioniny na C-konicu peptydu) [175-177], umozliwilo otrzymanie
radiokoniugatow ([*In]In-/[""Lu]Lu-DOTA/DOTAGA-[Thi®, Met(O2)'']SP)
o poprawionej stabilnosci metabolicznej oraz lepszym powinowactwie

receptorowym w poréwnaniu do poprzednich radiokoniugatéw pochodnych SP.

Obecnie badaniom klinicznym poddawany jest teranostyczny koncept alfa
terapii glejaka wielopostaciowego przy uzyciu [*®Bi]Bi- lub [**Ac]Ac-DOTA-
[Thi®, Met(O2)"']SP facznie z [®Ga]Ga-DOTA-[Thi®,Met(O2)"']SP w miejscowym
podaniu mieszanki radiofarmaceutykow (Obraz 9.)[162-164,178-181]. Mimo ze glejak
wielopostaciowy charakteryzuje si¢ niezwykla agresywnoscia z minimalnym
wskaznikiem przezycia, badacze uznaja proponowane podejscie terapeutyczne
za obiecujace, dobrze tolerowane z jedynie fagodnymi i przemijajacymi dziataniami
niepozadanymi [163]. Efekt terapeutyczny widoczny jest w wydtuzeniu czasu
bez progresji choroby (srednio 2,7 miesigca dla terapii z 2©Bi oraz srednio
2,4 miesigca dla terapii z ?*Ac), wydluzeniu $redniej ogdlnego czasu przezycia
(23,6 miesigca od diagnozy i 10,9 miesigca od nawrotu zmiany dla terapii z *°Bi oraz
35 miesiecy od diagnozy i 13,2 miesiaca od nawrotu dla terapii z 2*°Ac),
oraz w poprawie jakosci zycia pacjentow. Procedura przygotowania preparatéw
radiofarmaceutycznych pary teranostycznej jest szybka, wydajna i mozliwa

do opracowania w postaci gotowych kitow (liofilizatow) do znakowania.
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Obraz 9. Wyniki obrazowania PET/CT pacjenta we wszystkich trzech osiach po miejscowym podaniu
doczaszkowym 10 MBq [®Ga]Ga-DOTA-[Thi®,Met(O2)"']SP wraz 2z dawka terapeutyczna
[2°Ac]Ac-DOTA-[Thi® Met(O2)"']SP do lozy po resekcji glejaka (obrazy powyzej), a takze wyniki
obrazowania MRI w plaszczyznie poprzecznej pacjenta przed podaniem dawki 30 MBq
[2°Ac]Ac-DOTA-[Thi® Met(O2)"']SP (pierwsze trzy na dole) oraz po terapii (z prawej na dole).
Obrazy zapozyczone z pracy przegladowej [181].

Dane literaturowe wskazuja tez, ze nadekspresja NKIR w glejakach zapewnia
odpowiedni marker i cel molekularny, ktéry pozwala na skuteczna terapie celowana
[102,157,172,178]. Stosowany radioterapeutyk powinien swobodnie dyfundowac
w obrebie guza i przenika¢ do strefy naciekowej, tak aby mogt dotrze¢ nawet
do pojedynczych komdrek nowotworowych oraz efektywnie wywolywac apoptoze
ich maksymalnej ilosci. W tym miejscu pojawiaja sie watpliwosci co do terapii
przy uzyciu opisanych powyzej radiofarmaceutykow pochodnych SP,
gdyz obserwowane efekty terapeutyczne wydaja sie by¢ niewspotmiernie
mate w poréwnaniu do osiagnie¢ innych TRT (patrz terapia glejakéw SSTR-
pozytywnych przy uzyciu analogéw somatostatyny [168-170] lub Obraz 3. [41,44]).
Pierwszym zarzutem przeciwko powyzszej terapii jest przede wszystkim
ograniczona  stabilnos¢  wektora radiofarmaceutykéw  ([Thi®Met(O2)']SP)
w obecnosci peptydaz surowicy krwi ludzkiej [172,177,182,183], ktéra moze byc

obecna w lozy wewnatrzczaszkowej po zabiegu chirurgicznym lub pojawic sie
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w wyniku dekompresji cisSnienia wewnatrzczaszkowego. Warto tez zwrdci¢ uwage
na fakt, Ze pacjenci z guzem mozgu cierpia na zwigkszone cisnienie
wewnatrzczaszkowe (rowniez po zabiegu resekcji), tym samym miejscowa
iniekcja preparatu radiofarmaceutycznego jeszcze bardziej nasila ten efekt.
Jednoczesnie, wysokie cisnienie mikrosrodowiska guza uniemozliwia efektywna
dyfuzje radiofarmaceutyku do komorek nowotworowych oraz dotarcie do celu
molekularnego. W przypadku tej terapii, na dyfuzje radiofarmaceutyku wptyw moze
mie¢ tez lipofilowos¢ substancjii czynnej, ktéra dla peptydowego wektora
z chelatorem DOTA jest bardzo niska (przyktadowo lipofilowos¢ radiofarmaceutyku
['7Lu]Lu-DOTA-[Thi®, Met(O2)"]SP wynosi -5,28 [177]). Ostatnia kwestig jest
powinowactwo stosowanych radiofarmaceutykéw bazujacych na pochodnych SP
wobec konkretnych izoform receptora NKIR. Rozwojowi ztosliwosci nowotworu
towarzyszy wzrost udziatu skroconej izoformy w puli receptorow NK1, wobec ktorej
powinowactwo SP (wiec takze radiofarmaceutyku analogu SP), jest okoto 10-krotnie

nizsze niz wobec izoformy NK1R-FI [102].

Powyzsze watpliwosci wskazuja, ze preferowany radiofarmaceutyk
do celowanej terapii NK1R-pozytywnych glejakéw wielopostaciowych powinien
cechowac sie pelng stabilnoscia w warunkach in vivo oraz wysokim powinowactwem
receptorowym szczegOlnie wobec skrdoconej izoformy receptora NK1 [153].
Dodatkowo, powinien tez cechowad si¢ wyzsza lipofilowoscig niz radiokoniugaty
bazujace na pochodnych SP, dzigki czemu dyfuzja substancji czynnej moglaby
by¢ bardziej efektywna. Preferowana bytaby réwniez dozylna aplikacja preparatu,
w zwiazku z czym pozadany radiofarmaceutyk powinien by¢ zdolny
do przekraczania bariery krew modzg [184], aby dotrze¢ do komorek
nowotworowych guza. Potencjalnymi wektorami radiofarmaceutykow o opisanych
wlasnosciach wydaja sie by¢ drobnoczasteczkowe antagonisty receptora NKI,

przedstawione w nastepnym rozdziale.

2.2. Niepeptydowe antagonisty receptora NK1

Pobudzajacy wptyw SP na proliferacje nowotworéw NKIR-pozytywnych
mozna zahamowac blokujac dostep agonisty do receptora przy uzyciu antagonistow
receptora  NK1 [113,129,141]. Jednoczes$nie niepeptydowe antagonisty NKIR
wykazuja szerokie dziatanie przeciwnowotworowe wobec NK1R-pozytywnych linii
komoérkowych oraz indukuja apoptoze tychze komodrek nowotworowych [141].
Blokada receptora NK1 u szerokiej gamy komdrek nowotworowych skutkuje

dzialaniem antyproliferacyjnym, antyangiogennym oraz hamowaniem efektu

45



Warburga i migracji komorkowej [141,145]. Jednakze, przeniesienie tych efektow
na pole kliniczne do zastosowan u pacjentow stawia wymagania wysoce
ukierunkowanego dziatania oraz braku toksycznosci ogdlnoustrojowej wobec

stosowanej substancji czynnej.

Wyrdznia si¢ dwa rodzaje antagonistéw receptora NKI1, peptydowe,
bedace peptydomimetykami zmodyfikowanej czasteczki SP, lub niepeptydowe,
o syntetycznej budowie niepeptydowej. Peptydowe antagonisty NKI1R (przykladowo
peptydy SPANTIDE [185-187]), to jest analogi lub pochodne SP, zostaty odkryte
jako pierwsze, na drodze prostych modyfikacji struktury SP. Z uwagi na swoja
budowe cechuje je ograniczona stabilnos¢ in vivo oraz hydrofilowy charakter,
ponadto czes¢ z nich wykazuje niska selektywnos¢ receptorowa oraz obserwowalna
toksycznos¢ ogolnoustrojowa [186,188]. Jak opisano powyzej (rozdzial 2.1.3.),
wybrane pochodne znalazly zastosowanie w medycynie nuklearnej, aczkolwiek

jedynie w ograniczonych warunkach uzycia (doswiadczalna terapia lokoregionalna).

Niepeptydowe antagonisty NK1R to bardzo liczna i zréznicowana grupa
syntetycznych zwiazkéw o wysokim powinowactwie do swoistego receptora [189].
Z reguly sa to zwigzki o znacznym charakterze lipofilowym, dobrze rozpuszczalne
w lipidach, zdolne do przekraczania barier biologicznych (typu bariera krew-mozg),
oraz niewrazliwe na dziatanie peptydaz in vivo [189]. Dzigki tym wlasciwosciom
(odmiennym od peptydowych antagonistow), niepeptydowe antagonisty receptora
NK1 wydaja si¢ by¢ wyjatkowo interesujace pod katem potencjalu zastosowania
klinicznego w onkologii. Opracowanie pierwszych zwiazkdw z tej grupy
umozliwito istotne postepy w lepszym zrozumieniu fizjologicznego dziatania SP
i patomechanizmoéw receptora NKI1. Co wigcej, czes¢ antagonistow wykazuje
dzialanie plejotropowe w osrodkowym ukladzie nerwowym (dziatanie
przeciwbdlowe, przeciwwymiotne, anksjolityczne, wspomagajace przeciwko
alkoholizmowi [190-193]) oraz obwodowo (dzialanie immunoprotekcyjne,
przeciwwirusowe i przeciwswiadowe [194-196]), aczkolwiek wigkszos¢ z tych
efektéw trudno przenies¢ do zastosowan klinicznych [197]. Wyjatkowo ciekawy jest
fakt szerokiego dziatania przeciwnowotworowego in vitro tej grupy zwiazkow,
gdyz wykazuja one silng aktywnos$¢ cytotoksyczng wobec wielu linii rakowych
w stosunkowo bezpiecznym zakresie dawek dla nienowotworowych linii
komorkowych [141].

Dotychczas opracowane niepeptydowe antagonisty receptora NK1 znalazly
zastosowanie w farmakoterapii klinicznej w leczeniu nudnosci i wymiotéw

indukowanych chemioterapia lub powiklaniami zabiegéw operacyjnych.
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US FDA oraz Europejska Agencja Lekdéw zarejestrowaly pig¢ substancji czynnych
(aprepitant i jego prolek fosaprepitant, netupitant i jego prolek fosnetupitnant, oraz
rolapitant) z grupy antagonistow NKIR w powyzszym wskazaniu [198],
jednoczesnie dostarczajac rzetelne dane na temat bezpieczenstwa tych lekow.
I rzeczywiscie, terapia przy uzyciu antagonistow NKIR jest wysoce bezpieczna
i bardzo dobrze tolerowana przez pacjentow onkologicznych [199,200].
Skojarzenie (i potwierdzenie) powyzszych danych na temat bezpieczenstwa oraz
plejotropowego dziatania dostepnych klinicznie antagonistow NKIR zrodzito
hipoteze badawcza na temat mozliwosci przeprofilowania tej grupy zwiazkdéw
do nowych zastosowan terapeutycznych ukierunkowanych na specyficzne
dla nowotworu zaburzenia molekularne wybranego receptora. Pierwsze badania
in vivo potwierdzilty wspomniane wczesniej liczne dzialania przeciwnowotworowe
niepeptydowych antagonistow NKIR przeciwko poszczegdlnym rodzajom raka
[113,129,141]. De facto odkrycia te sugeruja, ze uktad SP i NK1R moze odgrywac
wazna role w przebiegu choroby nowotworowej, a antagonisci receptora NK1 moga

dziatac¢ jako celowane $rodki przeciwnowotworowe o szerokim spektrum dziatania.

W zbiorowej pracy przegladowej zebratem i przedstawitem dane literaturowe
na temat istniejacych juz znakowanych promieniotwdrczo antagonistow
NKIR, ich wlasciwosci farmakokinetycznych oraz ich zdolnosci do wizualizagji
gestosci receptora NKI1 towarzyszacym schorzeniom neurologicznym [1].
Natomiast w niniejszej pracy badawczej potozytem nacisk na mozliwosci
zastosowania antagonistow receptora NK1 w funkcji wektora radiofarmaceutykdéw
umozliwiajacych  celowanie ~w  patologicznag nadekspresje nowotworowa
wspomnianego receptora. Ponizej zostana przyblizone dane dotyczace tych sposrod
niepeptydowych antagonistow NKIR, ktore byly wykorzystane do projektowania

potencjalnych radiofarmaceutykow celowanych do zastosowan onkologicznych.

2.2.1. L733,060

L733,060 jest wyjatkowo silnym antagonista NKIR z grupy pochodnych
piperydyny (Obraz 10.). Charakteryzuje si¢ jedna z najnizszych wartosci stafej
inhibicji ludzkiego receptora NK1 (Ki = 0,2 nM)[201] i warto$ci wypierania SP
z kompleksu z NKIR (ICs= 0,87 nM)[189]. Jest jednym =z pierwszych
antagonistow NKIR zawierajacych kluczowy dla silnego oddziatywania pierscien
bis(trifluorometylo)fenylowy, opracowanych przez firme Merck, Sharpe and Dohme
Ltd. (obecnie koncern Merck)[202]. Zwiazek wykazuje wysoka lipofilowos¢,

jest biodostepny po podaniu doustnym i przenika biologiczna bariere krew-mozg.
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W badaniach laboratoryjnych na gryzoniach wykazano plejotropowe dziatanie
L733,060 wynikajace z blokowania dziatania agonistycznego SP, mianowicie
dzialanie przeciwdepresyjne i anksjolityczne [201,203], dziatanie przeciwwymiotne,
dziatanie przeciwzapalne, analgetyczne, immuno- i neuroprotekcyjne [195,204-207]
oraz szerokie dzialanie przeciwnowotworowe obserwowane in vitro [141,153,208].
L733,060 stanowi modelowy zwiazek sposrod niepeptydowych antagonistow NKIR,
ktory wraz z opisanymi ponizej L732,138 i aprepitantem, jest regularnie
wykorzystywany do ewaluacji zdolnosci przeciwnowotworowych tej grupy

zwigzkow.
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Obraz 10. Struktury wybranych antagonistéw receptora NK1.

Dotychczas, L733,060 byt wykorzystany jako wektor do otrzymania dwoch
typéw radiofarmaceutykéw diagnostycznych dedykowanych do obrazowania
nowotworow NKIR-pozytywnych [209,210]. W pierwszym doniesieniu, L733,060
zostal skoniugowany z cyklicznym chelatorem NOTA na eterowym laczniku
i wyznakowany radionuklidami *Cu i ®Ga z wysoka wydajnoscia i aktywnoscia
wlasciwg. Otrzymany *Cu-radiokoniugat wykazat pelng stabilnos¢ po 30 minutach
w mysiej krwi, niewielka lipofilowos¢ (logP = 0,6) oraz wysoka zdolnos¢ wiazania
in vitro do receptora NK1 wrazliwa na obecno$¢ blokera. W badaniu PET
radiokoniugat L733,060 umozliwil wizualizacje NKIR-pozytywnej zmiany
nowotworowej, aczkolwiek jednoznaczna diagnostyka byla mozliwa dopiero
po czasie 20 godzin od iniekgji, gdy gros podanej radioaktywnosci niespecyficznie
zgromadzonej w przewodzie pokarmowym i ukladzie moczowym zostato
wydalone. Niemniej, wskazalo to na obiecujace mozliwosci zastosowania

radiokoniugatu antagonisty NK1R do celowania w zmiane nowotworowa.
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W drugim doniesieniu tej samej grupy badawczej [210], L733,060 zostat
skoniugowany z chelatujacym ugrupowaniem peptydowym na eterowym taczniku
i wyznakowany radionuklidem *™Tc. W badaniu in vitro radiokoniugat zachowat
selektywne wigzanie do receptora NK1, zas w badaniu in vivo juz po 2 godzinach
od podania zaobserwowano wyrazny wychwyt radioznacznika. Co istotne, podczas
obrazowania SPECT/CT juz po 4 godzinach od iniekcji mozliwa byla dogodna
obserwacja zaszczepionego NKIR-pozytywnego guza, wskazujac tym samym

poprawiona dystrybucje przy uzyciu hydrofilowego radiokoniugatu L733,060.
2.2.2. L732,138

L732,138 (Obraz 10.) to pochodna tryptofanu wykazujaca silny
i selektywny antagonizm wobec ludzkiego receptora NK1 (ICso= 1,6 nM)[211].
Wykazuje ona rdwniez dzialanie analgetyczne neuroprotekcyjne i stabe
dziatanie przeciwalergiczne [205,212-214] oraz szeroko obserwowane dzialanie

przeciwnowotworowe (lecz zauwazalnie stabsze niz L733,060 i aprepitantu)[141,153].

Do tej pory nie bylo w literaturze Zadnego doniesienia na temat
wykorzystania L732,138 jako wektora dla radiofarmaceutykéw radiometalicznych,
tym samym w swojej pracy otrzymatem pierwsze radiokoniugaty tego zwigzku
dedykowane do obrazowania nadekspresji NKIR oraz pordwnalem zdolnosci
wigzania do receptora otrzymanych ”’Lu-radiokoniugatéw tego antagonisty wobec

peptydowego "Lu-radiokoniugatu wektora [Thi® Met(O2)'']SP [4].
2.2.3. Aprepitant

Niepeptydowym antagonista ludzkiego receptora NK1 o najwigkszej renomie
jest aprepitant (MK-869, L754,030, Obraz 10.). Jest to silny, bardzo selektywny
i dtugo dziatajacy antagonista NK1R (ICso = 0,09 nM dla wypierania SP z kompleksu
z NKIR [189] oraz Ki = 0,28 nM)[201,215]), bedacy jednoczesnie substancja czynna
leku Emend o wskazaniu w leczeniu nudnosci i wymiotéw indukowanych
chemioterapia lub powiktaniami pooperacyjnymi [216]. Aprepitant jest biodostepny
po podaniu doustnym (zas w formie ufosforylowanego proleku, fosaprepitnatu,
biodostepny po podaniu dozylnym [217,218]) i zdolny do penetracji osrodkowego
ukladu nerwowego, gdzie w obszarze neurondw pola najdalszego (area postrema)
blokuje odruch wymiotny [219]. Biologiczny okres polowicznego zaniku aprepitantu
mieSci si¢ w przedziale 9-13 godzin, zas metabolizm leku przebiega w watrobie
przy udziale enzymdéw cytochromowych P450, gléwnie izoenzymu CYP3A4

[200,220]. Struktura aprepitantu bazuje na pierscieniu morfoliny, co znacznie
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wzmocnito powinowactwo receptorowe antagonisty NKIR w pordwnaniu
do pochodnych piperydynowych, zas modyfikacje chemiczne jak fluorowanie
pierscienia fenylowego i metylacja pierscienia fenylowego (Obraz 10.)

zminimalizowaty podatnos$¢ metaboliczng czasteczki [221,222].

Poza dzialaniem przeciwwymiotnym aprepitant wykazuje
dziatanie przeciwzapalne [223,224], przeciwwirusowe [195,225], przeciwkaszlowe
[226], przeciwswiadowe [196,227,228] i przeciwnowotworowe  [141,153].
Podejrzewano takze, ze aprepitant moze by¢ skutecznym lekiem przeciwbolowym
[229], przeciwdepresyjnym [112,192,230], aczkolwiek prowadzone badania kliniczne
nie dostarczyly wystarczajacych ku temu dowodow. Co istotne, indeks
terapeutyczny aprepitantu jest bardzo wysoki, a incydenty wykazujace dziatanie
toksyczne na skutek przedawkowania leku sa rzadko obserwowane.
W badaniach klinicznych aprepitant w dawce 300 mg na dobe byt dobrze tolerowany
przez pacjentow bez istotnych statystycznie rdznic w czestosci wystepowania
zdarzen niepozadanych w pordéwnaniu ze stosowaniem placebo [112,200,226].
Podobnie, dawki aprepitantu 1140 mg/dobe przez 45 dni [231], czy podanie dozylne
fosaprepitantu w dawce 150 mg byly dobrze tolerowane przez pacjentéw [218].
Terapii aprepitantem towarzyszy¢ moga najczesciej tagodne neurologiczne dziatania
niepozadane, jak bdle i zawroty glowy, czkawka, czy sennos¢ po podaniu
[200,223,225], aczkolwiek rejestrowano takze wystepowanie mniej powszechnych,

fagodnych dziatani niepozadanych ze strony uktadu pokarmowego.

Wskutek powyzszych, aprepitant wydaje sie¢ by¢ doskonatym kandydatem
do repozycjonowania leku w procesie poszukiwania nowych strategii
leczenia onkologicznego [232], gdyz jest to lek o potencjalnym dziataniu
przeciwnowotworowym, a jednoczesnie stosowany klinicznie, zarejestrowany
w innych  wskazaniach, o dobrze znanym profilu bezpieczenstwa
oraz  charakterystyce = farmakokinetycznej i  metabolicznej [200,220].
Rzeczywiscie, w wielu badaniach in vivo i in vitro aprepitant (i fosaprepitant)
wykazal wspomniane wczesniej liczne dziatania przeciwnowotworowe zalezne
od dawki przeciwko réznym rodzajom raka poprzez mechanizmy
indukowania apoptozy w komorkach nowotworowych [141-144,153,156,171,233].
Aprepitant  indukuje apoptoze na drodze bezposredniego  dzialania
antyproliferacyjnego (zmiany szybkosci replikacji DNA oraz zatrzymanie cyklu
komdrkowego [155,234]; wyrzutu jondw wapnia z retikulum endoplazmatycznego
do mitochondriow z nastepcza produkcja mitochondrialnych reaktywnych form

tlenu [235]; aktywacji komdérkowych mechanizmdédw apoptotycznych poprzez szlak



zalezny od kaspaz [155,234]), hamowania angiogenezy w masie guza
[147,153,157], oraz hamowania migracji komdrek nowotworowych (w tym takze
przerzutowania)[134]. Posrednio, jako antagonista NK1R, aprepitant eliminuje takze
silny sygnal mitotyczny indukowany przez SP, zaburzajac rownowage przezyciowa

komorek nowotworowych [153].

Jednoczesnie, efekt cytotoksyczny aprepitantu jest wielokrotnie stabszy
wobec komorek prawidlowych (bez patologicznej nadekspresji receptora NK1)
niz ma to miejsce w przypadku szeregu analizowanych komorek nowotworowych.
W badaniach in vitro stezenia ICio dla wszystkich dotychczas badanych komorek
nowotworowych wynosity ponizej 80 uM [141,153,154,233], zas wartosci ICso
dla prawidtowych komoérek kontrolnych zawsze byly wyzsze, czesto wielokrotnie
wyzsze, od wyznaczanych warto$ci ICiwo dla komdrek nowotworowych [141].
Niemniej dawki aprepitantu stosowane w leczeniu nudnosci i wymiotow
indukowanych chemioterapiag lub powiklaniami pooperacyjnymi sa zbyt male,
a sama terapia zbyt krdtka, aby wywolac¢ skuteczne dzialanie przeciwnowotworowe
[200,231]. Sugeruje si¢ (na podstawie stezenia aprepitantu, ktore wykazuje dziatanie
przeciwnowotworowe w doswiadczeniach in vitro), ze dawki leku, ktore mogltyby
by¢ skuteczne i jednoczes$nie bezpieczne w praktyce klinicznej, powinny wynosic
40-50 mg/kg/dzien [141]. Dodatkowo, aprepitant stosowany w skojarzeniu z licznymi
chemoterapeutykami (cyklofosfamidem [236], temozolomidem [237], trdjtlenkiem
arsenu [238], etopozydem, doksorubicyna [239,240], arabinozydem cytozyny [241],
cisplatyng [242]) i radioterapia [231,236] wykazuje synergistyczne dzialanie
przeciwnowotworowe lub uwrazliwia na dziatanie cytotoksyczne umozliwiajac

optymalizacje dawek pod katem redukgji dziatani niepozadanych.

W nastepstwie powyzszych danych, stopniowo pojawiaja si¢ doniesienia
na temat pierwszych przypadkéw zastosowan klinicznych off-label aprepitantu
u pacjentow onkologicznych. U pacjentki z inwazyjnym rakiem piersi stopnia
drugiego, z przerzutami do moézgu, cierpigcej na nudnosci i wymioty ustepujace
jedynie po zastosowaniu aprepitantu (80 mg/dobe), przedtuzono terapie antagonista
NKIR (do 7 miesigcy) i zwigkszono dawke leku (do 120 mg co trzeci dzien)[243].
Dzigki tej terapii zaobserwowano poprawe stanu klinicznego pacjentki, dobra
kontrole nudnosci i wymiotow oraz niespodziewana poprawe poziomu markera

nowotworowego CA153, przy braku zgtaszanych skutkdéw ubocznych.

U pacjenta z pojedynczym guzem plaskonabtonkowego raka ptuc (8 x 7 cm
$rednicy) zastosowano przez 45 dni skojarzona radioterapie (25 sesji naswietlania

dawka 50,4 Gy, nastepnie 8 dodatkowych sesji dawka 65 Gy) przy jednoczesnej



aplikacji 1140 mg/dzien aprepitantu [231]. Po szesciu miesigcach od rozpoczecia
terapii stan pacjenta wyraznie si¢ poprawil, zaobserwowano zanik obecnosci guza
w badaniu CT oraz zdecydowany zanik wychwytu [¥F]JFDG w miejscu guza

w badaniu PET, przy braku dziatan niepozadanych ze strony antagonisty NK1R.

Opisy tych dwoéch przypadkéw sugeruja, ze aprepitant moze nie tylko
odgrywac role srodka przeciwwymiotnego w opiece paliatywnej, ale rowniez moze
by¢ obiecujacym chemioterapeutykiem celowanym o szerokim spektrum dziatania.
Antagonisty NKIR charakteryzuja si¢ wysoka cytotoksycznoscia wobec komodrek
nowotworowych wykazujacych patologicznie wysoki poziom skroconej izoformy
receptora NK1, izoformy ktora nie jest nadmiernie eksprymowana w warunkach
fizjologicznych na powierzchni komodrek prawidtowych [152-154,189,201].
Jednoczesnie aprepitant jest wysoce specyficznym i selektywnym antagonista NK1R,
a mimo tego dotychczas nie ukazal si¢ w literaturze zaden artykul odnosnie
zastosowania aprepitantu w formie wektora radiofarmaceutycznego celujacego
w NKIR-pozytywne zmiany nowotworowe. Z tego wzgledu, w swojej pracy
zastosowalem aprepitant jako wektor radiofarmaceutyku do zastosowan celowanych
[3,5].



I1I. CZESC PRAKTYCZNA
1. ZAKRES WYKONANYCH BADAN
1.1. Otrzymywanie i ewaluacja radiokoniugatow opartych
na peptydomimetykach SPANTIDE I

Sposrod peptydowych antagonistéw NKIR wytypowatem peptydomimetyk
SPANTIDE 1, [D-Arg!,D-Trp”?Leu'']SP, jako najbardziej obiecujacy zwigzek
do zastosowann w formie wektora radiofarmaceutyku. Zwigzek ten wykazuje
kluczowe aspekty uzytecznosci dla wektora radiofarmaceutycznego, mianowicie,
zgodnie z danymi literaturowymi korzystne i selektywne powinowactwo
wobec receptora NK1 [185] oraz pelng stabilno$¢ in vivo u ssakoéw [187].
Jednoczesnie  zaproponowalem  skrocony  analog = SPANTIDE  I(5-11),
[D-Trp7?,Leut']SP(5-11), o potencjalnie lepszej zdolnosci do dyfuzji pomiedzy
tkankami, wzorujac si¢ na doniesieniach na temat radiokoniugatéw skroconego
peptydu SP(5-11) [177].

Dla obydwodch peptydomimetykow zsyntezowalem 2z powodzeniem
koniugaty z chelatorem DOTA przylaczonym poprzez N-terminalne grupy aminowe
a. W przypadku peptydomimetyku pelnej dlugosci otrzymany koniugat zawierat
dwie czasteczki chelatora DOTA przylaczone poprzez N-terminalng grupe aminowa
a oraz grupe aminowa &€ w taricuchu bocznym lizyny. Nastepnie obydwa koniugaty
wyznakowatem z wysoka wydajnoscia radionuklidami %Ga i 7Lu, uzyskujac cztery
radiokoniugaty, dla ktérych kolejno wyznaczytem parametry lipofilowosci
(wyrazona jako logD, to znaczy logarytm dziesietny wspdtczynnika dystrybucji
wobec fazy n-oktanolu i PBS) i stabilno$ci w ludzkiej surowicy (Tabela 5.)[2,244].
Wykazalem pelng stabilnos¢ wszystkich czterech radiokoniugatow w  trakcie
prowadzenia badan, za$ dla obydwoch radiokoniugatow SPANTIDE I(5-11)
okreslitem takze stopien wiazania zwigzkow do biatkowych sktadnikéw obecnych w

ludzkiej surowicy.

Wyznaczone lipofilowosci radiokoniugatow SPANTIDE 1(5-11) przyjety
nieznacznie ujemne wartosci [2], natomiast w przypadku radiokoniugatéw
SPANTIDE I, wieksza liczba aminokwasow w czasteczce wektora oraz obecnos¢
dwodch chelatoréow DOTA znaczaco obnizyly wartosci parametru lipofilowosci
w pordwnaniu z tymi wartosciami dla radiokoniugatow SPANTIDE I(5-11)[244].

Jednakze te wartosci sa nadal znaczaco wyzsze w pordéwnaniu z wartosciami



parametrow lipofilowosci radiokoniugatéw pochodnych SP [177]; uzyskane

rezultaty stanowia obiecujaca informacje z farmakokinetycznego punktu widzenia.

Tabela 5. Zestawienie wynikow parametrow fizykochemicznych dla otrzymanych radiokoniugatow
peptydomimetykéw SPANTIDE 1.

Radiokoniugat Lipofilowos¢ Stabilnos¢ w surowicy
[$Ga]Ga-DOTA- SPANTIDE(5-11) -0,36 + 0,02 99,4% po4h
([#*Ga]Ga-DOTA).- SPANTIDE -1,67 £0,02 98,9% po4h
['7Lu]Lu-DOTA-SPANTIDE(5-11) -0,19+0,01 99,6% po 14 d
([*’Lu]Lu-DOTA)-SPANTIDE -1,83+0,03 99,2% po 14 d

Nastepnie, podjalem proby wyznaczenia bezposredniego wigzania
receptorowego obydwoch otrzymanych ”7Lu-radiokoniugatéw do komorek dwdch
linii glejaka (U87 MG i U373 MG) oraz linii CHO z transfekowanym genem TACRI
wykazujacych nadekspresje ludzkiego NKIR. Uzyskane wyniki dla obydwdch
radiokoniugatow [244] byly niepowtarzalne, niejednoznaczne i swiadczyly
o watpliwej wiarygodnosci. Obserwacja ta jest poniekad zgodna z doswiadczeniami
prezentowanymi w literaturze, gdzie ilekro¢ badane bylo powinowactwo
peptydomimetykéw SPANTIDE I, wykonywano to na drodze eksperymentéw
posrednich (poprzez badanie kompetycyjne z '*Ijodowang pochodna SP [186]
lub pomiar inhibicji wyrzutu jondw wapnia z retikulum endoplazmatycznego [187]),

a nie wiazania bezposredniego.

1.2. Otrzymywanie i ewaluacja radiokoniugatow opartych
na L732,138

Réwnolegle z opracowywaniem radiokoniugatéw bazujacych na strukturze
SPANTIDE 1, podjalem badania oceny zastosowania drobnoczasteczkowych
niepeptydowych antagonistéw NKIR, w tym L732,138 (Obraz 10.), jako wektora
radiofarmaceutycznego [4]. Wybdr tego antagonisty zostat podyktowany wysoka
selektywnoscig i dogodnym powinowactwem L732,138 do ludzkiej formy NKIR
oraz optymalna struktura czasteczki umozliwiajaca funkcjonalizacje radiochemiczne
(dotaczenie tacznika i cze$ci chelatujacej radionuklid bez ingerencji we fragment

farmakoforowy odpowiedzialny za interakcje z receptorem).
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W  Zakladzie Neuropeptydow Instytutu Medycyny Doswiadczalnej
i Klinicznej PAN w ramach wspodlnego projektu wykonano analize modelowania
molekularnego przy uzyciu homologicznego modelu ludzkiego NKIR (badania
wykonane jeszcze przed pojawieniem sie dostepnych struktur krystalicznych
receptora), co dostarczylo danych, iz ligand L732,138 wigzal si¢ poprzez
umiejscowienie si¢ pierscienia 3,5-bis(trifluorometylo)fenylowego na samym dole
kieszeni wiazacej receptora [4]. U wylotu miejsca wigzania znajdowat si¢ fragment
N-acetylowy, ktory zostal wytypowany jako najbardziej dogodne miejsce
do funkcjonalizacji i rozbudowy sterycznej liganda bez uszczerbku
na powinowactwie receptorowym. Postawiono tez hipoteze, Ze bezposrednie
przytaczenie duzego ugrupowania chelatujacego (jak makrocykliczny chelator
DOTA) w miejsce fragmentu N-acetylowego nie bedzie tolerowane ze wzgledu
na zawade steryczna chelatora we wnece wiazacej receptora. W celu sprawdzenia
stusznosci postawionej hipotezy wykonana zostata funkcjonalizacja czasteczki

L732,138 bez uzycia tacznika, a takze z tacznikami o r6znej dlugosci i lipofilowosci.

W  ramach prac zwigzanych 2z realizacja mojej pracy doktorskiej
zsyntezowatem pie¢ koniugatow chelatora DOTA z otrzymanymi analogami
L732,138 o lacznikach réznej dlugosci [4]. Koniugaty pochodnych
L732,138 poddalem znakowaniu radionuklidami %Ga i 'Lu (dla ktorych
otrzymatem rowniez zwiazki referencyjne zawierajace stabilny Ga) i dokonatem
wyznaczenia  wlasciwosci  fizykochemicznych i  aktywnosci  biologiczne;.
Otrzymane radiokoniugaty charakteryzowaly si¢ nieznaczna lipofilowoscia
(wartosci logD zawarte w przedziale od -0,5 do 0,9) oraz ograniczona stabilnoscia
w ludzkim osoczu (akceptowalng stabilnoscia do 2 h). Jak pokazuje przykiad
radiokoniugatéw pochodnych SP (rozdzial 2.1.3.), nie jest to jednoznacznie
dyskwalifikujace, poniewaz potencjalne zastosowanie w terapii miejscowe
NKIR-pozytywnego glejaka obejmuje podanie radiofarmaceutyku do lozy
pooperacyjnej, gdzie, podobnie jak w plynie mdzgowo-rdzeniowym, aktywnosé

enzymoOw surowicy jest bardzo niska [245].

Dalej, ’Lu-radiokoniugaty poddatem ocenie powinowactwa receptorowego
uzyskujac odpowiedz, ze dolaczenie chelatora (nawet w sytuacji braku tacznika)
nie wptywa negatywnie na zdolnos¢ radiokoniugatéw do wiazania si¢ z NKIR
(rezultat ten zostal rdéwnolegle potwierdzony dla zwigzkow referencyjnych
zawierajacych stabilny metal). Co wigcej, wykazatem, Ze '"Lu-radiokoniugaty
w badaniu bezposredniego wigzania komdrkowego cechuja si¢ podobna lub lepsza

charakterystyka wigzania do NKIR anizeli referencyjny radiokoniugat [""Lu]Lu-



DOTA-[Thi®, Met(O2)"']SP, wczesniej stosowany juz eksperymentalnie w praktyce
klinicznej. Szczegdlnie ciekawe okazaly sie wyniki pojemnosci wigzania
(wartosci Bmax) wyzsze dla niepeptydowych radiokoniugatow niz dla referencyjnego
radiofarmaceutyku, co prawdopodobnie wynika z zastosowania lipofilowego

wektora radiokoniugatu.

1.3. Otrzymywanie i ewaluacja radiokoniugatow opartych

na aprepitancie

Jednym z najlepiej poznanych i szeroko przebadanych zwiazkéw z grupy
niepeptydowych antagonistow receptora NKI1 jest aprepitant (Obraz 10.) bedacy
substancja czynng zarejestrowanego leku Emend o dzialaniu antyemetogennym
(przeciwwymiotnym), wysoce skutecznego leku o korzystnym profilu

bezpieczenstwa.

Dla Nas, radiochemikéw i radiofarmaceutow, struktura APT wydata sie
interesujacym wektorem do projektowania radiofarmaceutykéw celowanych
do guzdw wykazujacych nadekspresje NKIR. W tym celu dokonatem ewaluacji
zaleznosci pomiedzy aktywnoscig biologiczng (zdolnoscia do interakcji z NKI1R)
a strukturg czasteczki aprepitantu oraz jego analogéw [3]. Na podstawie doniesien
literaturowych okreslitem kluczowe fragmenty struktury aprepitantu pod wzgledem
wysokiego powinowactwa do swoistego receptora, na podstawie czego wybralem
pierscien triazolinonu jako najbardziej racjonalne miejsce w czasteczce potencjalnie
tolerujace okreslone modyfikacje bez znaczacej utraty powinowactwa receptorowego
(moja ocena miejsca modyfikacji aprepitantu okazala si¢ zgodna z pdzniej
przeprowadzona analiza modelowania molekularnego [3,5] po opublikowaniu
modelu ludzkiego receptora NK1 dostepnego w bazie Protein Data Bank pod kodem
6E59 [104]).

Podczas prac laboratoryjnych skupilem si¢ pierwotnie na otrzymaniu
koniugatdw aprepitantu z wybranymi chelatorami radionuklidowymi, jednakze
bezposrednia koniugacja wydata si¢ malo optymalnym rozwigzaniem z uwagi
na bliskie sgsiedztwo hydrofilowego, masywnego fragmentu chelatora i lipofilowej
czasteczki aprepitantu, co mogloby negatywnie wplyna¢ na zachowanie
powinowactwa do NKIR. W zwiazku z tym, zaproponowalem nowatorskie
rozwigzanie syntetyczne polegajace na dolaczeniu do pierscienia triazolinonu
facznika majacego na celu wzajemne odseparowanie przestrzenne wektora

i chelatora. Funkcjonalizacje czasteczki zaproponowatem w dwojaki sposob,



poprzez zastosowanie Igacznikdéw alifatycznych rdznej diugosci posiadajacych
pierwszorzedowa grupe aminowa na koncu [3,5] oraz zastosowanie tacznikow
acetamidowych  (acethydrazydu  Iub  N-aminoetylo-acetamidu)  réwniez
zakonczonych pierwszorzedowa grupa aminowa [3], otrzymujac w ten sposob
dwie serie pochodnych aprepitantu. Nastepnie najkrétsza  pochodna
(aprepitantu z etyloaming) poddalem koniugacji z czterema wybranymi
dwufunkcyjnymi chelatorami radionuklidowymi (DOTA-NHS, DOTA-Bn-SCN,
DOTAGA-Bn-SCN i bezwodnikiem DTPA) otrzymujac pie¢ koniugatow najkrotszej
pochodnej aprepitantu (w przypadku zastosowanego bezwodnika DTPA
do czasteczki chelatora dotaczylem jedng lub dwie czasteczki pochodnej aprepitantu
otrzymujac dwa rdézne koniugaty). Z uwagi na obserwowana w dalszych
doswiadczeniach stabilno$¢ wylacznie dla radiokoniugatow z chelatorem DOTA,
jedynie ten chelator zastosowatem do syntezy koniugatow w przypadku wszystkich
pozostatych pochodnych aprepitantu. Obydwie serie otrzymanych przez mnie
koniugatéw wyznakowatem izotopami *Ga i "Lu (poza koniugatami DTPA
wyznakowanymi jedynie ®Ga). Na przyktadzie koniugatu DOTA i pochodnej
aprepitantu z oktyloaming zoptymalizowalem warunki znakowania obydwoma
radionuklidami, w celu uzyskania maksymalnej aktywnosci molowej produktow
znakowania. Jednoczednie, stosujac do syntezy metale niepromieniotworcze,
otrzymatem dla wszystkich radiokoniugatéw zwiazki referencyjne o analogicznej

strukturze.

W kolejnym kroku, otrzymane radiokoniugaty wszystkich pochodnych
aprepitantu poddatem badaniom fizykochemicznym, mianowicie wyznaczeniu
parametru lipofilowosci oraz parametru stabilnosci w surowicy krwi ludzkiej.
Dla radiokoniugatéw wykazujacych pelng stabilnos¢ w surowicy krwi ludzkiej

zakres lipofilowosci obejmowat wartosci logD w przedziale od -1 do +2.

W  celu ewaluacji, czy zaprojektowane radiokoniugaty zachowaly
wystarczajaco wysokie powinowactwo do receptora NKI1, wykonatem badanie
bezposredniego wigzania otrzymanych '”Lu-radiokoniugatéw  aprepitantu
na modelu linii komdérkowej CHO transfekowanej genem ludzkiego receptora NK1
oraz porownanie charakterystyki wigzania otrzymanych przeze mnie
radiokoniugatow wobec '77Lu-radiokoniugatu pochodnej SP, ["7Lu]Lu-DOTA-
[Thi®,Met(O2)"']SP, stosowanej obecnie w eksperymentalnej terapii glejaka
wielopostaciowego  [5]. Uzyskane wyniki powinowactwa receptorowego
radiokoniugatow aprepitantu byly rownie dobre lub lepsze niz wartos¢

powinowactwa radiokoniugatu [*7Lu]Lu-DOTA-[Thi®Met(O2)""]SP, za$ pojemnosc¢
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wiazania radiokoniugatow pochodnych aprepitantu byla znacznie wigksza

niz ten sam parametr radiokoniugatu pochodnej SP.

2. WNIOSKI I PODSUMOWANIE WYKONANYCH
BADAN ORAZ DALSZE PERSPEKTYWY

W ramach mojej pracy doktorskiej podjatem préby zaprojektowania
i otrzymania odpowiedniego wektora radiofarmaceutycznego do zastosowania
w TRT guzéw NKIR-dodatnich. Wyniki eksperymentalne przedstawione
w ponizszych doniesieniach [2-5] jednoznacznie nadajg kierunek ku projektowaniu
maloczasteczkowych wektorow niepeptydowych kierujacych do receptora NKI.
Wociaz istnieje przestrzen do projektowania i wprowadzania nowych rozwigzan
klinicznych wobec patologii cechujacych si¢ nadekspresja NKIR, pomimo
pierwszych sukcesow eksperymentalnego konceptu TRT przy uzyciu pochodnych
SP.

Otrzymane przez mnie nowe radiokoniugaty oparte na peptydowych
antagonistach NKIR SPANTIDE 1 wykazuja satysfakcjonujace wlasciwosci
fizykochemiczne do dalszego rozwazenia jako potencjalne radiofarmaceutyki,
lecz ograniczona mozliwos¢ bezposredniej obserwacji ich wigzania si¢ z receptorem,
jednoznacznie podwaza uzytecznos¢ tych zwiazkéw w roli radiofarmaceutykow

diagnostycznych.

Kolejno, maloczasteczkowy antagonista NKIR L732,138 moze by¢ dobrym
wektorem radiokoniugatdéw celowanych, jednakze po rozwigzaniu kluczowej kwestii
niestabilnosci in vivo. Majac na wzgledzie przyszte radiofarmaceutyki do stosowania
systemowego, uwazam, ze nalezatoby zlokalizowac fragment struktury pochodnych
L732,138 podatny na dzialanie skladnikéw (peptydaz) surowicy krwi
(najprawdopodobniej wigzanie estrowe) i dokona¢ odpowiednich modyfikacji
strukturalnych (przykladowo poprzez zamianeg izosteryczna). Dopiero wtedy bedzie
mozna wskaza¢ potencjalng uzytecznos¢ tego antagonisty NKIR w roli wektora

radiofarmaceutycznego do TRT glejaka wielopostaciowego.

Najbardziej perspektywiczne wyniki eksperymentalne otrzymatem dla nowo
zaprojektowanych serii radiokoniugatéw pochodnych aprepitantu. Wykonane przez
mnie badania biologiczne potwierdzaja nasze przypuszczenia o uzytecznosci
aprepitantu jako wektora skutecznie celujacego do receptora NK1. Nowo otrzymane
radiokoniugaty pochodnych aprepitantu spelniaja wiele istotnych aspektow

dla potencjalnych radiofarmaceutykow, scisle wymaganych z punktu widzenia



zastosowan klinicznych, mianowicie, wykazuja szeroki zakres parametru
lipofilowosci (wartosci znacznie wyzsze niz w przypadku radiokoniugatéw
SP [177]), przy zachowaniu pelnej stabilnosci w surowicy krwi ludzkiej.
Dodatkowo wykazuja korzystniejsza charakterystyke wigzania do celu
molekularnego in vitro w poréwnaniu do referencyjnego radiokoniugatupochodnej

SP, obecnie stosowanej w eksperymentalnej terapii glejaka wielopostaciowego.

W swojej pracy przedstawilem koncepcje projektowania radiofarmaceutykow
na drodze wygodnych modyfikacji struktury aprepitantu, w sposob umozliwiajacy
zachowanie powinowactwa receptorowego zwigzku. Opracowalem Kkoniugaty
pochodnych aprepitantu z chelatorem DOTA i zoptymalizowalem znakowanie
koniugatéw radionuklidami pseudo-teranostycznej pary izotopow ®Ga i Lu
z wysoka wydajnoscia radiochemiczng i radioaktywnos$cia molowa.
Co wiecej, zaproponowane modyfikacje struktury aprepitantu pozwalaja
na koniugacje nie tylko z innymi chelatorami radionuklidowymi (oraz jednoczesnie
znakowanie innymi radioizotopami), ale takze grupami prostetycznymi,
chromoforowymi lub fluoroforowymi. Moje wstepne badania nieopublikowanych
prac w tym temacie wskazuja na szeroki potencjal mozliwosci projektowania

kolejnych zwiazkow diagnostycznych bazujacych na strukturze aprepitantu.

W zwiazku z tym, ze udato mi si¢ wykazac satysfakcjonujace mozliwosci
celowania do NKIR in vitro przy uzyciu radiokoniugatéw opartych na strukturze
aprepitantu, nawiazaliSmy wspolprace z Zakladem Medycyny Nuklearnej
Centralnego Szpitala Klinicznego Warszawskiego Uniwersytetu Medycznego
pod kierownictwem prof. dr. hab. Leszka Krdlickiego, gdzie prowadzona jest
eksperymentalna terapia celowana glejaka wielopostaciowego przy uzyciu
radiofarmaceutykow SP. Wspdlnie przygotowujemy niezbedne dane (otrzymalismy
juz pozytywny rezultat badania nietoksycznosci na modelu mysim dawki stukrotnie
wigkszej niz planowana dawka terapeutyczna) do podjecia badan celowania
do NK1R-pozytywnych zmian nowotworowych u gryzoni oraz pierwszego podania

preparatu radiofarmaceutycznego u pacjentow onkologicznych.
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%Ga- AND ""Lu-RADIOPHARMACEUTICALS BASED ON
NEUROKININ-1 RECEPTOR ANTAGONIST SPANTIDE I (5-11) PEPTIDE
FOR GLIOBLASTOMA MULTIFORME TREATMENT

Pawel Krzysztof Halik, Ewa Gniazdowska, Przemyslaw KoZminski, Agnieszka Majkowska-Pilip

Gliomas are extremely serious and aggressive
brain tumours in adults. For patients with the
most malignant glioma — glioblastoma multiforme
(GBM, glioblastoma) the prognosis for survival is
9-12 months. All malignant gliomas are primary
brain tumours associated with a high morbidity
and mortality due to very difficult treatment re-
gimes. It is caused by the fact that tumour cells
are relatively resistant to chemo- and radiotherapy,
which is highly damaging to healthy brain tissue.
Moreover, an accurate surgical treatment is also
ineffective and leads to cancer resumption due to
the infiltrating and diffusive character of glioblas-
toma cells spreading beyond the primary tumour
area [1]. Therefore, novel therapeutic strategies
are needed for the effective management of GBM.

In the past two decades, targeted glioma
therapy has become the subject of extensive scien-
tific reflection and study. The development of bio-
molecular techniques has allowed the recognition
of characteristic tumour cell markers, showing
potential for treatment. Many published reports
have indicated the participation of the Substance
P (SP)-Neurokinin 1 receptor (NK-1R) system in
the evolution and metastasis of various neoplasm,
including malignant gliomas [2-4].

NK-1R is a seven transmembrane helix pro-
tein receptor belonging to the family of G-protein
coupled receptors (GPCRs). Its endogenous li-
gands are tachykinins, from which Substance P
shows the highest affinity to the receptor. SP is
undeca-neuropeptide (sequence Arg-Pro-Lys-Pro-
-GIn-GlIn-Phe-Phe-Gly-Leu-Met-NH,) distributed
mainly in the nervous system, but also in periph-
eral tissues. Both SP and NK-1R are responsible
for cell proliferation, vasodilation, transmission
of pain, endocrine secretion, immune system in-
flammatory response and modulation of neuronal
sensory transmission related to stress, emesis and
anxiety. SP is also a mitosis and haematopoiesis
regulatory agent [5].

In pathological conditions the NK-1 receptor
is upregulated. This fact makes SP with its recep-

Q
\yGIn-GIn-D-Trp-Phe-D-Trp-Leu-Lou-NH 3
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tor system a potential target for recognition and
diagnosis of many diseases related with an ex-
cessive NK-1R stimulation. However, to date, clin-
ical studies have confirmed application effective-
ness of one NK-1R antagonist only against nausea
and vomiting induced by chemotherapy. NK-1R
overexpression is widely presented in a variety
of tumour cell lines, also in glioma cancer lines
[4, 6]. Preclinical trials proved the feasibility of tar-
geted local radiotherapy based on the SP/NK-1R
system. For GBM treatment, studies have been
performed using a labelled SP derivative (**Bi-
-DOTA-[Thi®,Met(O,)!!]-Substance P) proposed
in 2010 by Cordier et al. [7]. Such treatments
were also applied at the Department of Nuclear
Medicine, Central Clinical Hospital, Warszawa, in
cooperation with the Institute for Transuranium
Elements (JRC-ITU, Karlsruhe), where 2°Bi/
255 Ac-DOTA-[Thi®,Met(O,)!!]-Substance P radio-
pharmaceuticals were examined in patients diag-
nosed with recurrent critically located GBM. The
results of this experiment showed good tolera-
tion of the preparation without acute or serious
side effects. Although the disease was stabilized,
applied radiobioconjugates showed poor migra-
tion into the marginal tumour area and instability
in blood presence conditions.
To eliminate these disadvantages, we propose
a change of biological vector in applied radiophar-
maceuticals to the shorter peptide NK-1R antago-
nist, Spantide I (5-11), SPE (5-11), (sequence GlIn-
-GIn-D-Trp-Phe-D-Trp-Leu-Leu-NH,). Spantide I
is a SP analogue, (D-Arg', D-Trp”®, Leu'")SP(1-11)
with similar affinity to NK-1 receptor [8]. The
shorter peptide was chosen according to our ex-
perience with fragments of SP [9], where the radio-
bioconjugate ""Lu-DOTA-SP(5-11) has showed
the highest log P value from analysed compounds.
Moreover, Spantide I is more resistant to blood
peptidases than SP, because of the replacement of
L-amino acids with D-isomers.
In this work we have focused on the labelling
of the peptide NK-1R antagonist Spantide I (5-11)
o}
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Fig. 1. Structures of the "Lu-DOTA-SPE (5-11) and ®®Ga-DOTA-SPE (5-11) radiobioconjugates.
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Table 1. Physicochemical properties of ®Ga-DOTA-SPE (5-11) and '"’Lu-DOTA-SPE (5-11) radiobioconjugates.

Human serum stability [%] Radiobioconjugate bound to the biomatrix
Radiobioconjugate log P ¢ >LablILy 170 components [%]
(after certain time) (after certain time)
65Ga-DOTA-SPE (5-11) |-0.56 + 0.02 > 99 (4 h) 8.7 (1h) - 11.9 (4 h)
""Lu-DOTA-SPE (5-11) |-0.19 + 0.03 > 99 (7 d) 5.3 (1 h) 8.3 (24d) 9.1 (74d)

with two radioisotopes — ®®Ga and ""Lu (Fig. 1),
using a macrocyclic chelator DOTA (1,4,7,10-te-
traazacyclododecane-1,4,7,10-tetraacetic acid) in
the form of active mono-N-hydroxysuccinimide
ester (NHS) - DOTA-NHS (1,4,7,10- tetraazacy-
clododecane-1,4,7,10-tetraacetic acid mono-N-hy-
droxysuccinimide ester). Our aim was to obtain a
novel peptide radiobioconjugate, elaborate on the
conditions for effective labelling and examine the
stability parameters of the obtained radiobiocon-
jugates.

SPE (5-11) was coupled with DOTA-NHS with
addition of Et;N in DMF at 50°C over night (the
molar ratios of reagents were 1:1.3:4, respec-
tively). Crude DOTA-SPE (5-11) product was pu-
rified on a semi-preparative HPLC and lyophilized
giving a yield of 60%. MS of DOTA-SPE (5-11):
calculated - 1405.63 m/z, found - 1405.73 m/z
[M+H"]. The labelling reactions of the obtained

150 - 53Ga.DOTA-SPE (5-11)

150 4
Rr =16,80 min
120 4
90 4

60

30

u-ww

] 5 10 15 20 25 30

Then the stability studies were performed, where
the percentage of the unchanged form of each
radiobioconjugate in certain time periods was
determined. Experiments included analysis of the
stability in human serum verified by the HPLC
method with radiometric detection.

All examined radiobioconjugate parameters
are presented in Table 1. The lipophilicity values
of both molecules of interest are slightly negative
(-0.56 and -0.19 for *®Ga and '""Lu, respectively).
These values, compared to the lipophilicity para-
meters of radiobioconjugates based on SP and its
fragments [9], are significantly higher; this is
promising from a pharmacokinetic point of view.
Moreover, the presented radiobioconjugates show-
ed total stability in human serum for the entire
duration of the experiments (4 h and 7 d for ®*Ga
and ""Lu, respectively), verified by the radiometric
chromatograms (Fig. 2).

100 4
TLu-DOTA-SPE (5-11)

20 4
Ry = 17,10 min
60

40

20 4

u-Mwm

0 5 10 15 20 25 30

Fig. 2. Radiometric chromatograms of liquid phases of ®Ga-DOTA-SPE (5-11) and '""Lu-DOTA-SPE (5-11) radiobio-
conjugates in human serum solution after 4 h and 7 d, respectively. HPLC conditions: Phenomenex Jupiter Proteo
semi-preparative column (4 pm, 90 A, 250 mm x 10 mm), y detection; elution conditions: solvent A — water with 0.1%
TFA (v/v); solvent B — acetonitrile with 0.1% TFA (v/v); gradient: 0-20 min 20 to 80% of B, 20-35 min 80% solvent B;

2 ml/min.

bioconjugate were performed according to the
following procedures: to the vial containing about
50 g of lyophilized DOTA-SPE (5-11) in 300 pL
of acetate buffer (pH = 5.0), about 100 uL of con-
centrated **GaCl; solution (80-100 MBq) from
%8Ge/%®*Ga generator or about 20 uL of ’LuCl;
solution in 0.04 M HCI (10-15 MBq) were added.
In the *®Ga labelling reaction mixture pH was
strictly set below 4.0. Both reactions were per-
formed at 95°C for 30 min and 60 min, respec-
tively, with progress HPLC verification. The radio-
chemical yield of the synthesized radiobioconju-
gates was higher than 97%.

The lipophilicity parameters for both radiobio-
conjugates were determined as the log P values,
which are the logarithms of the partition coeffi-
cients of each molecule in a biphasic mixture of
n-octanol and phosphate buffered saline (pH 7.40).

Considering ligand exchange, reactions with
amino acids or other strongly competing natural
ligands present in human serum did not take
place. In the case of stability studies in human
serum, we have measured the radioactivity of pre-
cipitated matrix proteins (using ethyl alcohol)
and the supernatant fractions. A few percent of
%8Ga/""Lu-DOTA-SPE (5-11) molecules were
shown to be bound by the biomatrix components,
while the rest of the studied radiobioconjugates
remained in the liquid phase in an unchanged
form.

In conclusion, we have obtained novel ®Ga-
and '"Lu-radiobioconjugates based on peptide
antagonist of NK1 receptor. Both examined mol-
ecules showed promising physicochemical prop-
erties for further consideration as potential radio-
pharmaceuticals for glioblastoma multiforme treat-
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ment, competitive to presently applied methods in
oncology.
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Abstract: To date, our understanding of the Substance P (SP) and neurokinin 1 receptor (NK1R)
system shows intricate relations between human physiology and disease occurrence or progression.
Within the oncological field, overexpression of NK1R and this SP/NKIR system have been implicated
in cancer cell progression and poor overall prognosis. This review focuses on providing an update
on the current state of knowledge around the wide spectrum of NK1R ligands and applications
of radioligands as radiopharmaceuticals. In this review, data concerning both the chemical and
biological aspects of peptide and nonpeptide ligands as agonists or antagonists in classical and
nuclear medicine, are presented and discussed. However, the research presented here is primarily
focused on NK1R nonpeptide antagonistic ligands and the potential application of SP/NKIR system
in targeted radionuclide tumour therapy.

Keywords: neurokinin 1 receptor; Substance P; SP analogues; NK1R antagonists; targeted therapy;
radioligands; tumour therapy; PET imaging

1. Introduction

Neurokinin 1 receptor (NKIR), also known as tachykinin receptor 1 (TACR1), belongs
to the tachykinin receptor subfamily of G protein-coupled receptors (GPCRs), also called
seven-transmembrane domain receptors (Figure 1) [1-3]. The human NK1 receptor structure [4]
is available in Protein Data Bank (6E59). Tachykinins, widely distributed within the central (CNS)
and peripheral (PNS) nervous system, are small bioactive neuropeptides which share a conserved
C-terminal pentapeptide sequence, Phe-X-Gly-Leu-Met-NH,. Examples of these neurotransmitters
belonging to the tachykinin group include Substance P (SP), the first neuropeptide discovered in
mammals [5], neurokinin A (NKA) and neurokinin B (NKB). These compounds listed above are the
preferential ligands for NK1, NK2 and NK3 receptors, respectively, although they can bind additional
NK receptors with varying affinity [6].
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Figure 1. Schematic model of NK1 receptor of full length isoform (NK1R-FI) [3].

Within the neurokinin receptor family, there are three pharmacologically distinct receptor subtypes:
NKIR (TACR1, SPR), NK2R (TACR2) and NK3R (TACR3) [7-9]. NK1R is widely expressed in both
the CNS and PNS, whereas NK2R is preferentially expressed in PNS [9]. NK1R contains 407 amino
acids, and NK2R and NK3R (the longest one) consist of 398 and 465 amino acids, respectively [3].
NKI1R exists in two isoforms, as a full-length peptide (NK1R-Fl, Figure 1) and in the truncated isoform
(NKIR-Tr), containing 311 amino acids (96 amino acids less at the C-terminus) [3]. NK1R displays two
nonstoichiometric binding sites, the more abundant NK-1M (“majority”—representing 80-85% of the
total receptor population) and NK-1m (“minority”—so-called “septide sites” or “septide-sensitive”)
defined according to the different binding potencies of SP and its analogues [10-14]. NK1R contains an
extracellular N-terminus, three extracellular loops (E1, E2 and E3), seven transmembrane domains,
three intracellular loops (C1, C2 and C3, as well as a possible C4 loop) and an intracellular C-terminus.

The wide overexpression of NK1R in various human organs has led to successful development
of highly selective agonists and antagonists of this receptor for the treatment of various diseases [8].
Some NKI1R ligands, for example SP, its analogues and derivatives, have been investigated in preclinical
and clinical studies. Moreover, based on high density of transmembrane NK1Rs on human cancer cells,
new therapeutic approaches involve the use of radiolabelled NKIR ligands in targeted radionuclide
tumour therapy [2,15-17].

The aim of this review is to discuss data from recent literature concerning the chemical and
biological aspects of natural and synthetic NK1R ligands in classical and nuclear medicine, with a
specific focus on targeted radionuclide therapy.

2. NK1R Ligands in Classical Medicine

2.1. Significance of NK1R Agonists

The endogenous peptide ligands of NK1R are tachykinins, a large family of neuropeptides
produced by neuronal and glial cells [5,18]. These compounds play an important role in nociception,
synaptic transmission (as excitatory neurotransmitters) and neuroimmunomodulation. They have a
variety of effects on physiological and pathological conditions, as well as intrinsic neuroprotective and
neurodegenerative properties [19]. The tachykinin family is characterized by a common C-terminal
5-amino-acid sequence Phe-X-Gly-Leu-Met-NH;, where X is either an aromatic (Phe or Tyr) or a
branched chain aliphatic (Val or Ile) amino acid residue [19-21].

The most widespread and tested agonistic peptide ligand of NK1R is human endogenous
undecaneuropeptide Substance P (Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met-NH,, SP(1-11), SP,
[Arg!]SP, Figure 2). At physiological pH, SP characteristically holds a positive charge on N-terminal
amino acid residues. The C-terminus contains hydrophobic residues providing the SP peptide with
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an amphiphilic character [22]. The interaction between SP and NK1R results in internalisation of the
membrane-bound complex, via a clathrin-dependent mechanism, to the acidified endosomes, where
the complex disassociates [8,22-24].
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Figure 2. Structure of Substance P(1-11).

The SP fragment responsible for NKIR affinity is a five amino acid sequence,
Phe’-Phe®-Gly’-Leu'’-Met!!, located at the C-terminus of the peptide [21,25,26]. Tachykinins are
degraded by neutral endopeptidases (NEPs) and the angiotensin-converting enzyme (ACE) [27].
The half-life of SP ranges from seconds to 1.5 h in blood and tissues, while in extracted plasma SP
is stable for hours [22]. In the biodegradation process the SP metabolites, SP(1-4), SP(1-5), SP(1-6),
SP(1-7), SP(8-9) and SP(10-11), can form as a results of enzymatic peptide cleavage at different
sites [19,21,27-37]. Typical cleavage points are Lys—Arg, Arg-Arg and Arg-Lys doublets [19]. SP and
NK1R are widely distributed in the CNS and PNS. SP mediates neural-immune/hematopoietic
cross-talk [20] in the brain, and has specifically been isolated from the brain regions which regulate
emotion (hypothalamus, amygdala and the periaqueductal gray) [19,28]. Additionally, SP plays
an important role in the aetiology of many diseases [22]. It is thought that SP has a role in the
regulation of depression and anxiety, emesis, pain, asthma, psoriasis, inflammatory bowel disease and
in diseases of the CNS, including migraines and schizophrenia. The inhibition of NK1R stimulation
via NK1R-specific secondary messenger pathways may be a useful in treatment in a variety of diseases.
Concise information concerning the biological activity and the potential application of SP, its analogues
and derivatives in medicine are presented in Table 1.

Multiple groups have recently published research concerning SP and its analogues or derivatives
as agonistic or antagonistic peptide NKIR ligands [7,8,19,21,38-65]. New unnatural peptides are
designed in order to improve their biological properties (e.g., half-life, receptor affinity and lipophilicity).
Moreover, appropriate modifications can give peptides specific properties (e.g., photoactivation) or
allow labelling with iodine radioisotopes or with other diagnostic/therapeutic radionuclides. NK1R
has also been identified on various cancer cells, including astrocytoma, neuroblastoma, melanoma, and
pancreatic cancer cells. NK1Rs have been implicated in tumour tissue growth and SP contributes to
cancer volume increase, angiogenesis, proliferation and metastasis [5,49,50]. The authors of the patent
“Radiolabeled conjugates based on substance P and the uses thereof” examined about ten different
SP radiolabelled analogues (Table 2) in order to select optimal analogues in terms of stability and
receptor affinity [53]. Endogenous SP is a potent vasodilator [54] and this action limits the application
of SP-derived medical preparations.
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Table 1. Substance P, its analogues and derivatives: biological activity and potential application in
classical medicine.

NKI1R ligands Ligand Biological Properties and Applications References
Mammalian NKI1R ligands

e Phosphatidylinositol signal pathway activation and [20]
intracellular calcium concentration increase;
e Treatment of depression and associated anxiety; [38]
e Prevention of vomiting after anaesthesia or chemotherapy; [39,40]

Substance P (SP, SP(1-11), [Arg!|SP) . Incrfzase; of er.ldothelial i.on transp?ort and permeability of [41-44]
vessels in tissue inflammation states;
e Neuropathic pain modulation; [45]
e Liver cirrhosis biomarker; [46-48]
e Bone tissue metabolism modulator, especially of osteoblast [47,48]

activity at a later stage of bone formation;

e Cancer growth promotor (astrocytoma, melanoma,
neuroblastoma, pancreatic cancer), angiogenesis, migration [5,49,50]
and metastasis;

Arg!-Pro?-Lys3-Pro*-GIn3-Gln®-
Phe’-Phe®-Gly®-Leu'’-Met!'-NH,

e Study of the synergistic effect of SP and insulin-like growth
factor 1 (IGF-1) on corneal epithelial wound healing —

(Figure 2) synergistic effect possible only in the presence of the SP [51]
fragment containing minimum C-terminus 4 amino acids,
SP(8-11);
[Thi®,Met(0,)'11SP Treatment of recurrent and critically located glioblastoma [55]
Pro4-Gln5-Gln6-Phe7-Thi8—Glyg—Leuw—Met(Oz)1 L.NH, multiforme; o
[Sar?, Met(O,)11SP(1-11) and (Sendide) Studies of the role of NKIR in regulation and release of [56,57]
[Tyr®,D-Phe’,D-His’1SP(6-11) vasopressin peptide; e

(X)Arg!-Pro?-Lys3-Pro*-GIn®-GIn®-Phe”-Phe8-
Gly’-Leu'0-Met"'-NH, @ or
Arg!-Pro?-(X)Lys®-Pro*-GIn®-GIn®-Phe”-Phe-
Gly’-Leu'0-Met' -NH, @

Studies of photoactivatable SP derivatives; [59]

Studies of activation of different second messenger pathways

Bapa’[(pBzl)PheX]ISP as a result of ligand binding to various NK1Rs sites; studies of
Bapao[Prog,(szl)Hcy(Og)u]SP @ dual behaviour of the tested SP derivatives: as antagonists at [10]
Bapa’[Hcy(ethylaminodansyl)']SP the NK-1M binding site activating AC pathway or agonists at
the NK-1m binding site activating PLC pathway;
Septide Agonist as potent as SP in eliciting smooth muscle contraction,
[pGlu",Pro9]SP(6—11) however poor competitor of SP due to interaction with another [7,60]
pGlu®-Phe’-Phe8-Pro’-Leu!?-Met! -NH, binding site of NK1R (NK-1m, so-called ‘septide-sensitive’);
GR 73,632 . L .
NH, (CH,)4C(O)-Phe’-PheS-Pro?-(Me)Leu0- Approxnﬁa?ely ZOO—fold more poten.t than ?P in inducing the [61]
Met!1-NH, characteristic behavioural response in murine models.

Non-mammalian NKI1R ligands

Stimulation of extravascular smooth muscles, component of
eye drops for Sjogren syndrome treatment and other forms of [3,19,62,63]
keratoconjunctivitis sicca;

Physalaemin Pyr! -AlaZ-Asp(OH)3 -Pro*-
Asp(NH,)°-Lys®-Phe”-Tyr8-Gly®-Leu'0-Met!!-NH,

Similar biological activities as Physalaemin but slightly less

Eledoisin pGlu!-Pro?-Ser3-Lys*-Asp®-Ala®-Phe’- active and more stable in vivo; clinical trials for limb [19,63]
Te8-Gly?-Leu!0-Met'!-NH, arteriosclerosis treatment; component of eye drops for Sjogren o
syndrome;
Sialokinin I Asn?-Thr3-Gly*-Asp®-Lys®-Phe’-
Tyr®-Gly®-Leu!-Met!'!-NH, Vasodilation, effect on salivation, influence on the acinar cells [3,64,63]

Sialokinin II, Asp?-Thr>-Gly*-Asp®-Lys®-Phe’-  of the submandibular glands.
Tyr®-Gly®-Leu'%-Met!'-NH,

M X = p-benzoylbenzoic moiety; ? Bapa = biotinyl sulfone-5-aminopentanoic acid; Bzl = benzyl; Hey = homocysteine;
HcyO, = homocysteine sulfone.
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Table 2. The IC5; values determined for SP and various radiobioconjugates based on SP analogues [53].

Substance I1Csp = SEM [nM]

Substance P 2.7+022
Mn-DOTAGA-Substance P 1.1

Mn-DOTAGA-[Met(O,)!1]-Substance P 9.8 + 1.00
M n-DOTA-[Met(O,)!!]-Substance P 3.55 + 0.45
M- DOTA-[Sar’]-Substance P 3.20 +0.30
111-DOTA-[Thi®]-Substance P 7.30 +2.00
M n-DOTA-[Thi’]-Substance P 9.40 + 1.60
M- DOTA-[Sar’, Met(O,)!]-Substance P 2.00 + 0.00
U DOTA-[Thi® Met(O,)'!]-Substance P 0.78 + 0.03
M n-DOTA-[Thi®,Sar’]-Substance P 3.40 + 0.40
Mn-DOTA-[Thi’, Thi®]-Substance P 7.70 + 0.70

The autoradiography studies carried out on tumour tissues expressing NK1Rs revealed that
M n-DOTA-[Thi®, Met(O,)! |SP radiobioconjugate exhibited the highest affinity to examined receptors,
therefore the SP analogue [Thi®,Met(O,)'!]SP was used in further development for the synthesis of
radiopharmaceuticals applied in medicinal experiments for recurrent, critically located glioblastoma
multiforme (GBM) [55].

The SP derivatives agonistic ligand [Sar® Met(O,)'1]SP(1-11) and antagonistic ligand [Tyr6, p-Phe’,
p-His?|SP(6-11) (Sendide), along with others, were recently used to examine the role of NK1R in
regulation and release of vasopressin peptide (AVP) from neurohypophysis [56,57]. Notably, it has
been reported that replacement of r-amino acid by p-amino acid in the peptide results in antagonizing
effects [21,58]. Numerous SP analogues (Table 1) with agonistic or antagonistic properties towards SP
have been designed based on results of structure activity relationship (SAR) studies.

There are also non-mammalian NKIR ligands belonging to the tachykinin family. These
compounds have distinctly different structure from SP, however in COOH-terminal region they
have similar pentapeptide sequence Phe-(Tyr/Ile)-Gly-Leu-Met-NH, (often referred as the “message
domain”) [8,19,62-65] (Table 1). The non-mammalian tachykinins display the same spectrum of activity
as the mammalian tachykinins and bind to the same receptors.

Taking into account the above information, it can be concluded that the measurement of the level
of NK1Rs agonists (SP and its analogues), may be used as a diagnostic probe to inform about disease
state. Nevertheless, literature shows the results of using NK1R agonists in application as drug active
substances [19] (Table 1). Despite the existence of several examples of the use of NK1R agonists in
therapy, it is anticipated that antagonists will be much more effective therapeutics.

2.2. Application of NK1R Antagonists

Despite the wide expression of the NK1R and the implication of SP in physiological regulation,
NKI1R antagonists remain infrequent in clinical use. Among NK1R antagonists aprepitant (MK-869,
L-754,030) has been used to prevent of chemotherapy-induced nausea and vomiting (CINV) and
obtained market registration (Emend®, Merck) by United States Food and Drug Administration
(USFDA) and European Medicines Agency (EMA) in 2003 [3,40,66]. Application in patients during
moderate and acute emetogenic chemotherapy (e.g., cisplatin, doxorubicin or cyclophosphamide)
was broadened by postoperative nausea and vomiting (PONV) indication two years after registration.
In 2008, fosaprepitant (Ivemend®, Merck), an intravenous prodrug of aprepitant, obtained FDA and
EMA approvals. Aprepitant regimen [67-69] shows significantly higher response rates in CINV
patients than the standard therapy (5-HT3R antagonist ondansetron combined with corticosteroid
dexamethasone). The antiemetic effect of aprepitant was reported to be due to the inhibition of high
density NK1R brainstem regions (the area postrema and the nucleus solitarius) involved in the vomiting
reflex [3]. Although aprepitant treatment is well tolerated, there may occur some gastrointestinal
track and CNS mild adverse effects. This NK1R antagonist, importantly, is an inhibitor and inductor
of xenobiotic metabolism fundamental cytochromes CYP3A4 and CYP2C9, respectively [67,70]. It is
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worth to keep in mind that aprepitant may affect the plasma concentration of many chemotherapeutics
and dexamethasone (or other narrow therapeutic margin drugs like warfarin).

Additionally, in the CINV prevention, other NK1R antagonists have been evaluated, but only
three obtained market authorization [71-75]. Rolapitant (Varubi® or Varuby®, Tesaro) received FDA
and EMA approvals in human application, maropitant (Cerenia®, Zoetis and Prevomax®, Le Vet)
received approval for the prevention of acute vomiting or vomiting due to motion sickness in veterinary
clinics. Finally, netupitant, used in combination with the 5-HT3R antagonist palonosetron, also
received approval for human use (Akynzeo®, Helsinn Birex). Casopitant (Rezonic® or Zunrisa®,
GlaxoSmithKline) nearly received approval, but GlaxoSmithKline withdrew its EMA authorization
proposal following further safety assessments.

Many NKI1R antagonists were explored as potentially therapeutic agents during early phase clinical
trials [75-79]. A number of these were found ineffective or insignificantly useful in the treatment of
major depressive disorder, depression, social anxiety, phobias, post-traumatic stress disorder, insomnia,
schizophrenia, cannabis and opioid dependency, irritable bowel syndrome and overactive bladder, hot
flashes, tinnitus and hearing loss, migraines, and painful diabetic polyneuropathy, and synergistically
in antiviral HIV-1 therapy. Nevertheless, in a few studies of the NK1R antagonists, these compounds
were revealed to be active in comparison to the placebo control. These successful reports refer to
treatment of alcohol dependency (LY-686,017 case [80]) or chronic pruritus (aprepitant and serlopitant
cases [81,82]).

On the other hand, great expectations are arising from the application of NK1R antagonists for the
targeted treatment of malignant tumours. The antitumour action of NK1R antagonists (Table 3) was
demonstrated in vitro on multiple human cell lines overexpressing NK1R as well as through in vivo
research in xenograft murine models [2,16,17,83-98].

Table 3. Anticancer effects of three most studied NK1R antagonists.

NKIR Antagonists Anticancer Effect References

2,16,17,83-98
2,16,17,83-98
2,16,17,85-98

Aprepitant Tumour cell growth inhibition

Tumour cell migration and proliferation inhibition

Apoptotic action on cells

[ ]
[ ]
[ ]
[ ]

L-733,060
Tumour size/volume decrease 2,86,91,93-96
732,138 Inflammation state inhibition [2,93,95,96]
Angiogenesis decrease [2,16,86,91,93,95,96]
(Figure 3) Antiproliferative effect [2,16,86,91,93-96]
Metastases prevention [2,86,91,93,95,96]

Recent studies refer to high specific antagonist nonpeptide agents, which efficiently compete
with the SP/NK1R pathway. Despite structural differences of the presented antagonists (Figure 3), all
cause direct receptor blockage correlated with a broad spectrum of anticancer effects. This pleiotropic
activity may be highly valuable in terms of tumour treatment. Several NKI1R ligands are also effective
antiemetic agents. This is the case with aprepitant, the most studied NKIR antagonist with well-known
pharmacokinetic and safety characteristics [2,15,39,66-69,78,99]. Alternatively, NK1R peptide ligand
cyclosporine A, a commonly used immunosuppressive drug, also shows antitumour activity by binding
to NK1R, as was demonstrated on various cancer cell lines [100,101].

Taken together, these reports suggest that NK1R antagonists may exert a wide range of potential
therapeutic actions which may expand their clinical application. Despite the fact that there have been
no oncological clinical trials executed to date to verify reported data, NK1R antagonists may prove to
be a significant advance in the development of specific targeted antitumour therapy.
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Figure 3. Colour visualisation of structure differences and similarities in the group of most antitumour
evaluated NK1R antagonists (aprepitant, L-733,060 and L-732,138) and in group of CINV indicated
NK1R antagonists (aprepitant, rolapinant, casopitant, netupitant and maropitant); the last presented,
maropitant, despite the biggest structural distinction, showed high affinity to NKIR and sufficient
clinical efficacy.

3. NK1R Radioligands in Nuclear Medicine

In nuclear medicine, ligands play the role of vectors leading medicine applied radionuclides to the
target disease sites, which overexpress receptors for the implicated ligand. Radionuclide complexes are
stable coordination compounds in which radionuclide cations are bonded by multidentate chelators
(e.g., DOTA, NOTA, DOTAGA and DTPA). Syntheses of radioligands (radiopharmaceuticals) are
performed according to the commonly known and described procedures, coupling reaction of ligand
and bifunctional agent and labelling the obtained bioconjugate with the desired radionuclide.

3.1. Radiolabelled NKI1R Agonists for Targeted Radionuclide Tumour Diagnosis

Diagnostic radiotracers (diagnostic radiopharmaceuticals) contain y or 3*-emitting radionuclides
for SPECT and PET imaging, respectively. Radiopharmaceuticals are administered in such small
amounts (at the nanomolar level) that they do not induce any pharmacological responses. After patient
administration, the measurement of emitted gamma ray intensity allows for determination of the
localization of the radiopharmaceutical and definition of tissue and organ abnormalities in the patient.
These diagnostic methods enable detection of the biochemical and molecular pathologies at early
disease stages, much earlier than the symptoms may be detected by the standard methods.

There are numerous studies describing the application of SP and its analogues or derivatives,
labelled with diagnostic radionuclides (e.g., 68Ga, PmTc, 1111p, 1257) designed for targeted radionuclide
tumour diagnosis [102,103]. Table 4 presents concise information about published studies.

Nuclear characteristics of applied diagnostic radionuclides: *H: emitter B, t;p = 12.32 y,
Emax = 18.59 keV; ®Ga: emitter B, t1 = 67.71 min, Emean = 0.836 MeV; ™ Tc: emitter v, tip = 6.01 h,
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Emax = 0.141 MeV; MIn: EC decay, emitter v, t;2 = 2.80 d, Emax = 0.245 and 0.171 MeV; 12°I: EC decay,
emitter v, t1p = 59.41 d, Emax = 27.47, 27.20 and 35.49 keV.

Table 4. Structure and potential application of NK1R diagnostic radioligands based on SP and its
analogues or derivatives.

NK1R Radioligand Molecules Biological Properties and Potential Applications References
e Animal tests: high affinity to pancreatic acinar cells isolated from guinea [104]
pigs;

e Animal or human tests: used as a radiotracer for determination of specific
binding and/or internalisation in various organs, tissues and cells, namely in:
W anterior pituitary cells [104-106]
12511 RET [T 8 m  inrat thymus, spleen [105-107]
[*IrBHATy ISP ®m brain [108]
m  spinal cord [109,110]
m  chicken small intestine [111-115]
m  epithelial cells [116]
m  mesencephalic primary cultures prepared from embryonic mouse brain [117,118]
m  rat parotid membranes [119]
®  human eyes; [120]
[*H]H-SP Animal tests: specificity for imaging of cat inflamed bladder tissue; [121]

e Animal tests: imaging of SP receptor-positive (SPR+) immunologic

disorders; high affinity to NKIR presented in parotid gland and brain cortex

membranes; rapid enzymatic degradation; high uptake in pancreatic tumour [122]
(CA20948), salivary glands, kidneys and arthritic hind leg joints; unable to

cross the intact blood-brain barrier;

e Clinical trials: used in scintigraphy of immune-mediated diseases; [123]

["In]In-DTPA-[Arg!]SP

[#™Te]Te-IMB-SP O Animal tests: significant uptake in the salivary glands; [124]
™ Te] Te-Hynic-SP @)

In vitro study: high stability in biological fluids; relationship between

99m T . [
[[99mr1F£;C]](((II\\IISS3)) :l;cc CCE)SPS?)I}(;) molecular structure and physicochemical properties; [125]
3)-1c-CIN)o-
o In vitro study: application of theranostic pair *™Tc and '8Re; affinity
[99’“Tc][Tc(N)(Cys—Cys—SP)(PCN)] @ studies using U87MG cell line expressing NKIR and negative control cell line [126]
[#8Re][Re(N)(Cys-Cys-SP)(PCN)]  L-929;
e Animal tests: accumulation in salivary glands, kidneys and thymus;
inical trials: used for visualisation o expression and control o
Clinical trial d for visualisati f NK1R expressi d 1 of
[MMn]in-DOTA-[Thi® Met(O,)!']SP  radiocompound distribution at the target site and whole body; administrated [55,127]
[#8Ga]Ga-DOTA-[Thi® Met(O,)1]SP simultaneously with therapeutic radiopharmaceutical !
[213Bi]Bi-DOTA-[Thi®,Met(O,)1]SP;
Animal tests: specific uptake in the tumour; stable in HS; internalisation
99m - ic-[TyrS 1 (5) P! P ; ; ;
[P Te]Te-Hynic-[Tyr®, Met(O) ISP studies on U373 MG astrocytoma cell line; significant accumulation in kidneys; [128]
[PH]H-[Pro”]SP and In vitro study: applied for the studies of different NK1R binding sites: NK-1M [11]
[*H]H-propionyl-[Met(O,)]SP(7-11)  (majority) and NK-1m (minority);
e Animal tests: comparison of uptake in submandibular gland and in several
. . - 12511.BH-SP:
[1251]1-BH-[Sar’, Met(O,)!1]SP regions of rat brain of the tested radiocompound and [*~I]I-BH-SP; [129-131]

e Invitro study: comparison of physicochemical properties of the tested
radiocompound and ['?T]I-BH-SP.

M IMB = bifunctional chelator 1-imino-4-mercaptobutyl; @ labelling in the presence of EDDA and tricine as
coligands; ® CN = isocyanide group, NSz = 2,2,2"-nitrilotriethanethiol; ® PCN = tris(2-cyanoethyl)phosphine;
® Jabelling in the presence of EDDA and tricine as coligands.

In order to label SP with the iodine-125 radionuclide, Phe in position 8 was replaced
by Tyr. The [Tyr®]SP was radioiodinated with %I by the Bolton-Hunter agent (3-(3-iodo-4-
hydroxyphenyl)propionic acid N-hydroxysuccinimide ester, [!*I]I-BH). The experiments with
radioligand ['?°I]I-BH-[Tyr®]SP showed specific, rapid and temperature-dependent binding of
radiobiomolecules, as well as internalisation into pancreatic acinar cells derived from guinea pigs [104].
The same Bolton—-Hunter iodinated SP derivative was used as a radiotracer for characterization of its
binding via autoradiography and/or internalisation into various organs, tissues and cells [104-120]
(Table 4).

The radioligand [PH]H-SP was examined in order to determine accumulation in feline urinary
bladder interstitial cystitis (IC) [121]. The results showed low uptake of [*H]H-SP in normal and
inflamed tissues, while high accumulation was discovered in inflamed bladder tissue and small blood
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vessels. In this case [PH]H-SP appeared to be specific only for inflamed bladder of cats diagnosed with
IC, possibly due to upregulation of NKIR as a part of the IC pathophysiology.

Further, the endogenous peptide SP has been used for syntheses of numerous radioligands.
Radiobioconjugate [ In]In-DTPA-[Arg' |SP was used for the in vivo detection of SP receptor-positive
(SPR+) immunologic disorders and certain tumours [122]. The in vitro binding and autoradiographic
experiments performed on parotid gland, brain cortex membranes and the submandibular gland of rat,
demonstrated high affinity of ['!'In]In-DTPA-[Arg!]SP to NK1Rs. Tissue distribution of radioligand in
male Wistar rats 24 h after treatment with 3 MBq of 11 In]In—DTPA-[Argl ISP, revealed high concentration
of radioactivity in the kidneys indicating renal excretion as the central route of radiobioconjugate
elimination. The experimental results showed also rapid enzymatic degradation of the tested
radiocompound resulting in an approximately 3 min half-life in blood. Interestingly, no significant
uptake of [Hlln]In-DTPA—[Argl]—SP in the brain cortex and striatum was observed. These data
suggested that the radiobioconjugate was unable to cross the intact blood-brain barrier (BBB) and further
visualize SP receptors (SPRs) in the central nervous system. Additionally, [''In]In-DTPA-[Arg!]-SP
injected into rats bearing the autograft pancreatic tumour, CA20948, or rats with adjuvant mycobacteria
tuberculosis-induced arthritic joints, exhibited significant uptake in the tumour, salivary glands, kidneys
and arthritic hind leg joints. The authors further demonstrated the potential of this radiolabelled SP
analogues for visualisation of pathological SPR+ processes in vivo by gamma camera scintigraphy.

The same ['!'In]In-DTPA-[Arg!|SP radiobioconjugate was involved in the first clinical trials on
twelve patients with immune-mediated diseases in 1996 [123]. After intravenous administration of
150-250 MBq of [''In]In-DTPA-[Arg!]SP, rapid radiopharmaceutical degradation, within four minutes
of treatment, was observed. Twenty-four hours postinjection, more than 95% of radioactivity was
excreted in the urine. The uptake in areolae mammae (in women), liver, spleen, kidneys and urinary
bladder was observed in all patients and in the thymus in eight patients. This radiobioconjugate can be
used for scintigraphy of inflammatory sites in various diseases as well as for visualisation the thymus.

Studies of the diagnostic properties of *™Tc radiolabelled IMB-SP bioconjugate [124] have revealed
uptake in the salivary glands, while the accumulation was decreased by factor of 2 in mice pretreated
with excess of non-radiolabelled SP. The authors did not observe any cardiovascular side effects due to
the slow rate of SP infusion.

SP ligand conjugated with Hynic chelator or monodentate bifunctional chelator isocyanobutyric
succinimidyl ester and labelled with technetium-99m, [99mTC]TC-Hy1‘1iC-SP, [#P™Tc](NS3)-Te-CN-SP
and [?™Tc]((NS3)-Tc-CN),-SP have been synthesised and studied to determine potential application
in targeted radionuclide tumour diagnosis [125]. The radiobioconjugates were characterized by
high stability in the presence of competitive cysteine/histidine solutions and various lipophilicity
(logP) values, of —3.7, —0.24 and —0.89, respectively. SP ligands conjugated with two cysteine
amino acids (Cys-Cys-SP) were used in the studies to apply *™Tc and ®Re as theragnostic
matching pairs based on the combined reaction of tridentate 7-donor and monodentate m-acceptor
chelators with the [Tc/Re=N]?* metallic functional group [126]. [99mTc][Tc(N)(Cys-Cys—SP)(PCN)] and
['88Re][Re(N)(Cys-Cys-SP)(PCN)] radiobioconjugates incubated with U87MG cells expressing NK1R
displayed predominant cell surface binding, whereas incubation with negative control cell line, L-929,
resulted in no detectable interaction. Whole-body biodistribution studies using hybrid SPECT/CT
YAP(S)PET small-animal tomography showed significant kidney and thymus uptake, in accordance
with previous studies [123]. High radioactivity accumulation in salivary glands was also detected.
The presented results ruled out myocardial uptake but did not confirm if the uptake of synthesised
bioconjugates was specific.

The SP analogue [TyrS,Met(Oz)H]SP conjugated with DOTA chelator and labelled with
diagnostic radionuclides ''In or ®Ga was used in glioma patient studies. The ["'!In]In-DOTA-
[Thi® Met(O,)]SP [55] and [*8Ga]Ga-DOTA-[Thi®,Met(O,)1]SP [127] receptor radiopharmaceuticals
were injected simultaneously with therapeutic preparation [*'*Bi]Bi-DOTA-[Thi® Met(O,)'!]SP to
visualise distribution of radiopharmaceuticals in the whole body.
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Similar to previous studies, SP analogue [Tyr®,Met(O)!']SP was applied for the synthesis of
bioconjugate Hynic-[Tyr8,Met(O)!!]SP. The obtained bioconjugate, labelled with *™Tc, was used for
detection of NK1R positive tumours [128]. The obtained radiobioconjugate was characterized with
high specific activity (84-112 GBg/umol) and stability in human serum. Internalisation studies on
U373 MG cells, an astrocytoma cell line, showed rapid (after 0.5 h) binding of the tested compound to
the cell membrane and specific internalisation. Saturation binding assays indicated a mean Ky value
in the nanomolar range, confirming the radioligand specificity to NK1R. Biodistribution studies in
healthy mice and in tumour bearing nude mice demonstrated specific uptake in the tumour and the
noticeable uptake in the stomachs, intestines and lungs, as well high accumulation in the kidneys,
indicating excretion via the renal pathway. There was not significant accumulation in the salivary
glands although this accumulation was moderately higher than in the other organs, including muscles
and bones.

SP analogues [Pro’]SP and [Met(O,)!']SP(7-11) labelled with *H radionuclide were applied
in studies of different NKIR binding sites [11]. The researchers examined internalisation of
two radioligands, [*HJH-[Pro’]SP and [3H]H—propionyl[Met(Oz)H]SP(7—11), using CHO cells
transfected with human NK1Rs. The results showed existence of two nonstoichiometric binding
sites NK-IM (majority) and NK-Im (minority). Both radiobioconjugates were internalized
rapidly to achieve a maximum of 75% for specifically bound [*H]H-[Pro’]SP and of 35% for
[?’H]H—propionyl[Met(Oz)11]SP(7—11). [PH]H-[Pro’]SP interacted with the most abundant NK-1M
binding site inducing adenylyl cyclase activation (temperature dependent internalisation), whereas
[3H]H-propionyl[Met(Oz)“]SP(7—1 1) bound to the less abundant NK-1m binding site connected with
the phospholipase C (PLC) pathway (temperature independent internalisation).

The binding properties of the [1%°1]1-BH-[Sar’ , Met(O,)!'|SP radiocompound based on the
ligand [Sar’ Met(O,)!']SP were tested using autoradiography and compared with properties of
[12°1]I-BH-SP [129]. The results showed high uptake of both radiobiomolecules in the submandibular
gland and in several regions of rat brain. Parallel in vitro binding experiments on rat brain
membranes exhibited two to four fold higher affinity of [12°1]1-BH-[Sar?, Met(O,)1|SP than that
of [\21]I-BH-SP. Despite higher affinity, [1221]I-BH-[Sar® Met(O,)']SP did not demonstrate significantly
higher specificity than ['?°I]I-BH-SP in NK1R binding sites, in agreement with previous studies of these
two radiobiomolecules [130]. However, autoradiographic data of [®H]H-[Sar’ Met(O,)1]SP reported
in [131] showed slightly different localization of NK1Rs in the rat brain compared to previously
presented data for [1251]I-BH-SP [130].

3.2. Radiolabelled NK1R Agonists for Targeted Radionuclide Tumour Therapy

Therapeutic radiopharmaceuticals used in cancer treatment or palliative therapy are often ligands
labelled with radionuclides which emit corpuscular radiation of short range in the tissue (e.g., 7, ot or
Auger electrons). Targeted radiopharmaceuticals characterized by high receptor affinity are selectively
absorbed in the pathological tissues and their radiation energy is selectively and quantitatively
deposited in the tumour mass. As a result, applications of these preparations are relatively safe for
healthy tissues.

Nuclear characteristics of applied therapeutic radionuclides [102,103]: 0Y: emitter B, n=64.00h,
Emax = 2.28 MeV, mean tissue range: 2.76 mm; 1771 u: emitter B~, t1p = 6.65 days, Emax = 0.50 MeV,
max. tissue range: 0.28 mm; 213Bi; emitter «, t12 = 45.59 min, Enax = 5.88 and 5.56 MeV, tissue range:
40-100 um; 2 Ac: emitter «, t1p =9.92 d, Emax = 5.83 and 5.80 MeV, tissue range: 40-100 pm.

In addition to the high incidence of NK1Rs in GBM, NK1Rs are overexpressed in approximately
27% of human pancreatic tumours [132]. Bortoleti de Araujo et al. applied endogenous SP for
the synthesis of ['7Lu]Lu-DOTA-SP radiobioconjugate (Table 5) and evaluated in vivo targeting of
AR42] pancreatic tumour cells in Nude mice [133]. This study, along with others, reported that the
radiobioconjugate was stable for more than 24 h at 37 °C in human plasma. Biodistribution studies on
AR42] pancreatic tumour bearing mice showed high uptake in kidneys, suggesting excretion mainly by



Pharmaceutics 2019, 11, 443 11 of 28

renal pathway. Significant uptake of ['””Lu]Lu-DOTA-SP was also observed in intestine and stomach
due to the presence of NK1Rs in the gastrointestinal tract. These results demonstrated the potential of
['77Lu]Lu-DOTA-SP as a treatment for pancreatic tumours.

Considering the high expression of NK1R on malignant glial brain tumours [132], studies of SP
ligands have been initiated. The first in vivo studies concerned application of a SP with macrocyclic
DOTAGA chelator, labelled with therapeutic radionuclides (mostly °Y and to reduce the “cross-fire
effect”, 77Lu and ?!3Bi), were performed by Kneifel et al. [134]. In clinical experiments with twenty
patients, the radiopharmaceutical was administered via an implanted catheter directly into the tumour
mass or via intracavitary implant after surgical resection (the local injection minimizes side effects and
reduces the tubular reabsorption of the radiopharmaceutical in the kidneys). Malignant glioma therapy
of WHO grade 2 to 4 tumours, by applying f~ and « emitters, was well tolerated with low toxicity and
resulted in the radiation induced necrosis of cancer cells. However, due to infiltrative characteristics of
GBM, its complete surgical resection cannot be achieved. Therefore, the novel approach of neoadjuvant
therapy, with the use of °Y radionuclide as the primary therapeutic modality, was proposed by
Cordier et al. [135]. Seventeen patients with newly diagnosed and histopathologically confirmed GBM
were treated with [*°Y]Y-DOTAGA-SP before tumour surgical resection. The catheter systems were
stereotactically implemented within the cancer margins and [*°Y]Y-DOTAGA-SP radiopharmaceutical
(radioactivity ranged from 120 mCi to 345 mCi) was injected intratumorally. During the treatment,
no increase or decompensation of intracranial pressure was observed. The pretreated tumours were
demarcated by a capsule structure, leading to better separation from the cerebral tissue than in
conventional glioma resection. Moreover, pseudo-encapsulation allowed for a marked reduction
of intraoperative bleeding. The highest dose administered in ten patients caused the completed
encapsulation of the tumour. This neoadjuvant local therapy was feasible without significant side
effects, 15 of 16 patients treated so far exhibit stabilisation of neurological status. However, in critically
located gliomas the use of °Y radionuclide with the resulting “cross-fire effect” may cause unacceptable
damage of adjacent brain areas.

To minimize the neurological damage, the alpha radiation-emitting radionuclide 2'*Bi, which
has a shorter range in tissue and higher radiation energy in comparison with *°Y and '7"Lu,
was the first-line treatment [55]. Moreover, for the synthesis of novel radiopharmaceuticals, the
[Thi® Met(O,)1]SP ligand, characterized by a longer half-life in vivo, was applied [53]. This SP
analogue has been selected from various SP analogues tested (Table 2) in terms of the feasibility
of vector application usage in targeted radionuclide tumour diagnosis or therapy. Pilot studies
with [2%Bi]Bi-DOTA-[Thi® Met(O,)!]SP and [''In]In-DOTA-[Thi® Met(O,)!']SP were conducted
in five patients diagnosed with critically located gliomas (WHO, grade 2-4) [55]. Similarly to
previous clinical trials, the radioactive compound [213Bi]Bi-DOTA-[Thi® Met(O,)!'|SP was administered
intratumorally via implanted catheters. Simultaneously, the [M"In]In-DOTA-[Thi® Met(O,)']SP [55]
or [®Ga]Ga-DOTA-[Thi® Met(O,)]SP [127] radiocompounds were used for the visualisation of
2I3Bi-radiopharmaceutical distribution. Sixty to ninety minutes postinjection of [?!*Bi]Bi-DOTA-
[Thi®, Met(O,)! ISP, less than 4% of the activity was present in the blood, confirming high retention
of this radiopharmaceutical in target site. The preliminary studies showed that this method is well
tolerated and safe for patients; however, the short half-life of 213B; reduced the effectiveness of the
treatment of larger tumours. Based on statistical data presented in the literature [127,136-138], the
local treatment of brain tumours (intracavitary administration of radiopharmaceuticals) with the
use of NK1R ligands in patients suffering from secondary GBM compares favourably with standard
treatment options.

[Thi® Met(O,)1]SP ligand was also used for invitro studies of potential 225 Ac-
radiopharmaceuticals for targeted therapy of NKIR expressing gliomas performed by
Majkowska et al. [139]. The efficacy of [2%5 Ac]Ac-DOTA-[Thi® Met(O,)'!|SP was tested on three
human glioblastoma cell lines (T98G, U87MG, U138MG), as well as GSCs. The binding experiments
performed on T98G cells demonstrated high affinity (K4 = 19.2 + 1.9 nM) of the radiobioconjugate
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for NKI1R, which agrees with previous studies [140]. [22° Ac]Ac-DOTA-[Thi® Met(O,)'1]SP caused
significant reduction in glioblastoma cell viability compared to the conventional treatment with
chemotherapeutic temozolomide. This radiobioconjugate has been shown to induce apoptosis and cell
cycle arrest in G2/M phase. Importantly, [22° Ac]Ac-DOTA-[Thi® Met(O,)'!]SP was found to be highly
cytotoxic, not only towards established GBM cell lines, but also to GSCs cells which are particularly
resistant to radio- and chemotherapy. According to the literature [141-143], these stem cells (variable
from 1% or less in the case of low-grade tumours and to 30% in highly aggressive glioblastomas) are
responsible for initiation of tumour formation in vivo, sustaining tumour growth, and contributing to
the creation of metastatic lesions. Therefore, therapy which can target GSCs and GBM cells, such as
[?2° Ac]Ac-DOTA-[Thi® Met(O,)!']SP therapy, may decrease the recurrence of gliomas and improve
survival rate. Clinical trials using this radiobioconjugate have been initiated [144].

Table 5. Structure and potential application of NKIR therapeutic radioligands based on SP and its

analogues or derivatives.

NKI1R Radioligand Molecules Biological Properties and Potential Applications Reference

e Animal tests: biodistribution studies on mice bearing AR42J pancreatic

tumour, high uptake in kidneys, satisfactory uptake in tumour, significant
[Y7Lu]Lu-DOTA-SP uptake in intestine and stomach; [133]

e Invitro study: high specific uptake and internalisation using LN319 cells

isolated directly from the tumours;

177 i j
[ LulLu-DOTAGA-SP Medical experiments: well tolerated therapy of critically located gliomas,

[*°Y]Y-DOTAGA-SP low toxicity: [134]
[213Bi]|Bi-DOTAGA-SP v
[0Y]Y-DOTAGA-SP Medical experiments: recorded completed encapsulation of the tumour in [135]

patients administered with the highest dose;

Medical experiments: treatment of critically located gliomas; well tolerated
and safe for patients; complete necrosis of small tumours and necrosis only in [55]
the nearness of the implanted catheters in the case of large tumours;

[213Bi]Bi-DOTA-[Thi®,Met(O,)! |SP
[Mn]In-DOTA-[Thi® Met(O,)111SP

Medical experiments: treatment of patients with secondary GBM (after
surgery, chemo- and radiotherapy); very low accumulation in kidneys, urine, [127]
bladder and blood; no side effects, necrosis and demarcation of the tumours;

[213Bi]Bi-DOTA-[Thi®, Met(O,) 1 ]SP
[#8Ga]Ga-DOTA-[Thi® Met(O,)1]SP

Medical experiments: higher efficiency of radiolabelled NK1R ligands
[?'3Bi]Bi-DOTA-[Thi®,Met(O,)'1]SP  application and local brain tumours treatment in patients suffering from [136]
secondary GBM compared to standard treatment options;

e Invitro study: high affinity to glioblastoma cancer cells: T98G, US7MG,
U138MG and glioblastoma stem cells (GSC); significant reduction in

[2%5 Ac]Ac-DOTA-[Thi® Met(O,)!1]SP  glioblastoma cell viability in comparison to the conventional treatment with [139]
temozolomide; high cytotoxicity towards GBM stem cells;
e Medical experiments: safe and well-tolerated therapy without side effects; [144]

In vitro study: radiobioconjugates characterized with higher lipophilicity

and lower molecular weight than those based on analogue

[Thi® Met(O,)!1]SP—changes in physicochemical properties of [145]
radiobioconjugates leading to their deeper diffusion into the cavity walls after

surgical resection of the tumour.

['7Lu]Lu-DOTA-SP(4-11)
[Y7Lu]Lu-DOTA-SP(5-11)
['77Lu]Lu-DOTA-
[Thi® Met(O,)!1]SP(5-11)

However, the main disadvantage of using [Thi®,Met(O,)!!]SP ligand as a vector in
213Bj/?25 Ac-radiopharmaceuticals is poor radiopharmaceutical diffusion into the walls of the
postsurgical cavity. Following these results, fragments of SP ligand and its derivatives (SP(5-11),
SP(4-11), [Thi® Met(O,)'']SP(5-11)) were tested as potential vectors to guide the radiobioconjugate
to the NK1Rs expressed on cancer cells [145]. These studies were focused on the synthesis
of new radiobioconjugates with higher lipophilicity and lower molecular weight than those of
[Thi®, Met(O,)!']SP. The new radiobioconjugates were projected to be more effective at diffusing
into solid tumours or postsurgical cavity walls. The results of these studies showed that shorter
fragments of SP were characterized by a lower molecular weight and higher lipophilicity, whereas
the exchange of Phe for Thi in position 8 and Met for MetO, in position 11 caused a decrease
of lipophilicity. The newly prepared radiobioconjugates, such as ['”/Lu]Lu-DOTA-SP(4-11) and
['”7Lu]Lu-DOTA-[Thi®, Met(O,) ! |[SP(5-11) exhibited satisfactory affinity to NK1Rs presented on U373
MG glioblastoma cells with K4 values in the nanomolar range. Unfortunately, radiolabelled shorter
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fragments of SP in HS were less stable than in CSF due to fast enzymatic ligand biodegradation.
Considering the lipophilicity, molecular weight, affinity and stability of SP, its fragments and analogues,
a balance should be feasible. The relatively low ligand stability in HS does not completely disqualify the
local treatment of radiolabelled short SP fragments, because the content of serum peptidases in the cavity
after tumour resection is rather low. Nevertheless, the application of receptor radiopharmaceuticals
requires individual consideration (personalised medicine) for each patient.

The above paragraphs of this review cover rich aspects of the biological properties and
potential applications of NKI1R agonist radioligands in targeted radionuclide diagnosis and
therapy. The cited literature are quite consistent besides stability evidence of radiobioconjugates
99mTc—Hynic—[Ty1r8—Met(O)11]SP [128] and [Y7Lu]Lu-DOTA-SP [133]. In contrast to plenteous literature,
only these two papers provide data about radioligand stability in human serum. In our opinion this is
questionable, due to endopeptidases present in HS leading to inevitable process of SP biodegradation.

Based on the data described in Sections 3.1 and 3.2, it is possible to conclude that NKIR ligands,
labelled with diagnostic/therapeutic radionuclides, can be applied for imaging or therapy of cancers
overexpressing the NK1Rs and for that these receptor radiopharmaceuticals are efficacious. This therapy
seems to be prospective for the future in comparison to standard applied therapeutic options like
temozolomide chemotherapy. Due to the relatively low stability of SP, its fragments and analogues,
new NKIR ligands are constantly being investigated, starting innovative studies with the application
of SP antagonists.

3.3. Antagonist Radioligands of NKIR for Targeted Radionuclide Imaging

A number of radiolabelled antagonists for NK1R are known to date. All radioligands exhibit high
affinity to NK1R, but only some have potential future applications in targeted radionuclide tumour
diagnosis or therapy. The features of those with potential are presented below (Table 6).

In contrast to SP and its peptide analogues, nonpeptide antagonists are stable and do not
follow rapid enzymatic decomposition in vivo. First generation radiotracers were selected from
many lead structures, based upon autoradiographic studies of NK1Rs. These compounds were
initially investigated in vivo for their ability to be taken up by the brain and other organs in animal
models [146-149] (Figure 4). Early evaluation of [''C]CP-96,345 [146] concluded that despite radioligand
high lipophilicity, the cationic form excluded radiotracer passage through the blood-brain barrier and
allowed for peripheral tissue imaging only. PET detection of central and peripheral NK1R occupancy
was performed later on hamsters using [11C]CP-99,994 [147] and pigs using [11C]CP-643,051 [148].
Both studies confirmed the known autoradiographic mappings. The first primate PET imaging was
reported in 2000 at the Uppsala University PET Centre [149], and revealed the uptake kinetics of
[''CIGR205171 (["'C]vofopitant) (Figure 5). Research includes regular imaging (baseline study) and
imaging with receptor blocked active sites (using unlabelled compound) to demonstrate high specific
binding in the striatum, thalamus and neocortex. Tracer analysis showed rapid uptake during 50 min
of examination and fast cerebellar nonspecific washout, which introduced the possibility of in vivo
assessment of receptor distribution. At the same time, the slow dissociation rate of this tracer from
NK1Rs excludes dynamic PET imaging using ['!C]JGR205171 for physiological receptor regulations.
Thereby, the tracer evaluations in human were focused on brain NK1R mapping for further potential
clinical application.
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Figure 4. Structures of the first radioligands of neurokinin 1 receptor.

Alternative research were performed using similar highly specific radiotracer ['®F]SPA-RQ, a
I8F-labelled derivative of vofopitant (Figure 5), US patented by Merck & Co. in 2001 and investigated
mainly in Merck Research Laboratories (West Point, Pennsylvania) and Turku Positron Emission
Tomography Centre. The influence of gender and age on NK1R availability was investigated using
['®F]SPA-RQ 3D PET imaging [150], including 35 male and 10 female volunteers, aged 19 to 55 years.
Results revealed a significant relationship of general 7% decrease rate of cerebral NK1Rs per decade
of life, caused by physiological aging. This phenomenon was observed in frontal, temporal, parietal
cortex and hippocampus structures. Moreover, NK1R availability, especially in the striatum, was found
to be relatively lower in women than in men, what was later confirmed using ['!CJGR205171. Indeed,
further investigations [151] provided data of similar interaction effects of age and sex on cerebral
receptor availability using this radiotracer. These results indicated similar declines in the rate of NK1
receptor density in the frontal, temporal, and occipital cortices, but also in the brainstem, thalamus
and caudate nucleus per each decade of life. Surprisingly, receptor availability loss in the amygdala
and temporal cortex with an age increase was noted only in men. Additionally, in this study women
showed lower general NK1R density in the thalamus compared to male volunteers.

['8F]SPA-RQ and ['!C]JGR205171 are based on the same pharmacophore. Both demonstrate
fast brain uptake and very high affinity for NK1R with low nonspecific binding. Both radioligands
enable efficient parametric PET imaging via a simple method based on reference ratio of region of
interest (ROI) signal to cerebellar signal. This is a capability of the radioligands referenced due to fast
washout of nonspecific bond tracer in the cerebellum bereft of NK1Rs. All of these features favour
application of both radiotracers in localization and quantification of receptor studies in course of
targeted radionuclide therapy.
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Figure 5. Twin structures of radiotracers [M1CIGR205171 and ['8F]SPA-RQ.
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Preclinical evaluation of PET NK1R imaging in human brains, using ['®F]SPA-RQ, was performed in
terms of further investigations of NK1R antagonists, accurate receptor neurodistribution and influence
of receptor regulation on CNS pathologies. PET 3D studies [152] detailed multiple observations
including the highest uptake of the radiotracer at the putamen and caudate, followed by uptake
rates in adjacent substantia nigra and globus pallidus structures. Uniform and moderate uptake of
radiotracer was widespread in limbic cortex and neocortex regions, while inconsiderable specific
uptake was observed in the cerebellum. Autoradiographic post-mortem studies on the human brain
confirmed similar affinity. However, examination via kinetic modelling revealed a few drawbacks
among visualisation procedure. First, the low rate of radiotracer kinetics required a six hour time period
for the binding equilibrium to occur (Figure 6). This time impacted imaging quality and reliability, but
also favoured the radioactive agent metabolic decomposition; 90 min after injection, only 40% of the
radioactivity in plasma still represented the initial ['8F]SPA-RQ concentration. Moreover, free fluoride
was observed, likely resulting in the skull bone radioactivity that was observed during late scans In the
end, a simplified reference tissue kinetic model of the radiotracer uptake was optimized. After 240 min,
data acquisition was optimal, corresponding to set binding potential (BP, a combined measure of the
density of “available” neuroreceptors and the affinity of a drug to this neuroreceptor). BP values were
assigned from 4 to 5 in the basal ganglia structures and between 1.5 and 2.5 in the cortical regions, in
reference to the cerebellum. Researchers also suggested that for clinical imaging utility, a commonly
applied ratio method considering cerebellar reference is reliable and preferable, as it does not require
arterial blood sampling and long acquisition time.
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Figure 6. ['8F]SPA-RQ radiotracer total (A) and specific (B) uptake values in function of time in striatal
structures and occipital cortex. As reference, both charts present cerebellar total binding curves [152].

In support of these measurements, a similar radioligand ['®F]fluoroethyl-SPA-RQ
(['8F]FE-SPA-RQ), with high affinity and selectivity to NK1R was developed and examined [153,154].
['8F]FE-SPA-RQ featured lower in vivo defluorination relative to the previous analogue, ['8F]SPA-RQ,
seen via reduced radioactivity in bone accumulation. A group from the Japanese Molecular
Imaging Centre (National Institute of Radiological Sciences, Chiba, Japan) examined ['®F]FE-SPA-RQ
characteristics on primates and rodents. These studies were followed by PET imaging with kinetic
modelling to validate visualisation and quantification of NK1R distribution in healthy men. Although
similar [®F]SPA-RQ and [*®F]FE-SPA-RQ imaging of distribution on human brain receptors was
observed; BP values obtained for ['®F]FE-SPA-RQ were lower, in fact, ['®F]JFE-SPA-RQ showed little
higher affinity for NK1R than ['8F]SPA-RQ.

All of these explorations enable further investigations of NK1R system contribution in targeted
radionuclide therapy of CNS pathologies. So far, several early phase clinical trials using the discussed
radiotracers have been conducted. Temporal lobe epilepsy [155] and social anxiety disorder [156] PET
studies using ['!C]JGR205171 were performed in small studies comparing NK1R availability in specific
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cerebral structures of patients and healthy control subjects. In both studies, applied radiotracer imaging
provided positive correlations between increased receptor availability and patient neuropathology.
More precisely, significant enhanced in NK1R availability was determined in the ipsilateral and
contralateral hemispheres of the temporal lobe in epileptic patients and in the right amygdala in
patients with social anxiety disorder (Figure 7). Moreover, increased receptor availability correlated
with epileptic seizure frequency in ipsilateral medial temporal structures. Another [''CJGR205171
imaging study was performed on healthy volunteers with snake or spider phobias to investigate the
effect of fear stimuli on NKIR availability [157]. During PET acquisitions, subjects were provoked by
normal and fear stimulating animal pictures to distinguish baseline and fear stimulated scans of NK1R
occupancy imaging. As a result, provocation of specific phobia had influence on signals in the right
amygdala, which suggested that fear stimulated the release of endogenous SP in that region of the
brain. Taken together, these findings demonstrate that [''C]JGR205171 voxel-based statistical analysis
can substantially support NK1R mapping in specific anxiety, stress and epileptic disorders.
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Figure 7. [''C]JGR205171 PET/MRI imaging of NK1R occupancy in social anxiety disorder patients (a)
and healthy controls (b). Mean PET parametric scans (in colour) of radiotracer were overlaid on MRI
images and compared between both groups. Patients with social anxiety disorder showed increased
NKT1 receptor availability in the right amygdala (c) [156].

['8F]SPA-RQ was also employed in the quantification of NK1Rs in the brains of patients with panic
disorder [158,159]. Baseline PET imaging and imaging after pharmacological induction of panic attacks
were performed in patients and healthy volunteer cohorts. The result revealed a significant reduction of
NKIRs at baseline in patients compared with healthy subjects in all brain ROIs (12% to 21% reduction).
Although this is in contrast to the above study focused on patient with social anxiety disorder, a similar
outcome was demonstrated when two groups of female subjects were compared, with and without
Irritable Bowel Syndrome [160]. Based on PET imaging supported with MRI scans, comparison of
cerebral NK1R density revealed lower ['®F]SPA-RQ binding levels in patients in the globus pallidus.
This radiotracer was also used in trials focused on post-traumatic stress disorder [161] and effective
PET quantification of pancreatic cancer lesions for targeted radionuclide tumour therapy [162].

Meanwhile, it should also be noted that radiotracer molecular imaging is increasingly being used
to determine receptor pharmacodynamics and optimize applicable effective doses of novel NK1R
antagonists. One of the first clinical trials focused on this inspected a highly selective antagonist,
aprepitant, while it was undergoing market authorisation. Determination of relationship between
brain NK1R occupancy levels and aprepitant oral dose or plasma concentration was explored using
['®F]SPA-RQ in single-blind, randomised, placebo-controlled studies in healthy participants [163].
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Indeed, reliable cerebral NK1R occupancy prediction, according to aprepitant plasma concentration
was determined. More than 90% of striatal receptor occupancy was reached in subjects with aprepitant
plasma concentration around 100 ng/mL, after >100 mg/day of aprepitant for 2 weeks. Even though
the study was conducted with a limited number of subjects and small variety of doses, it provided
valuable indications for dosage regimens by which to achieve effective receptor blockage in the CNS
(Figure 8).

Figure 8. Predose (upper) and 100 mg aprepitant postdose (bottom) PET scans in the transverse section
at the level of cerebellum (left) and striatum (right) in a human subject. Warmer colours symbolise
higher uptake of radiotracer ['8F]SPA-RQ. Based on ratio method with cerebellum reference, estimated
receptor occupancy by aprepitant for this subject was 94% at 1053 ng/mL of aprepitant in plasma [163].

NKIR occupancy PET mapping by the ['®F]SPA-RQ radiotracer was also applied in later clinical
trials as verification of adequate target drug dose engagement. NK1R antagonists, aprepitant and its
analogue L-759,274, were investigated in trials treating participants with major depressive disorder
and anxiety disorder, respectively [76,78]. Unfortunately, both double-blind, randomised, placebo- and
active-controlled, multicentre phase III clinical trials indicated not effective activity of aprepitant and
L-759,274 for the treatment of depression or anxiety disorders, respectively. However, these researches
demonstrated that radiotracer imaging can be used as a supportive tool in the proper context to validate
negatively terminated trials.

[''CIGR205171 tracer application in clinical trials was explored intensively by GlaxoSmithKlein.
It is perfectly illustrated in determination of casopitant plasma concentration correlation with receptor
occupancy [164]. Baseline and post-casopitant oral dose PET-[''C]JGR205171 brain imaging was
performed in addition to collection of subject plasma for pharmacokinetic characterizations. The main
goal of this study was to develop an estimation of suitable casopitant dose for subsequent patient
clinical trials. Only the 15-30 mg drug dose was shown to achieve NK1R occupancy above 95%, which is
a higher concentration than previously reported casopitant doses applied in depression trials [165,166].
This quantitative result was based on radiotracer pharmacokinetic model of NK1R binding initially
established in the study [165]. Similar PET studies using [''C]JGR205171 were performed under
phase 1 of interventional clinical trials to investigate receptor occupancy, safety, tolerability and
pharmacokinetic features of rolapitant [167] and two other promising antagonists GSK1144814 [168]
and GSK206136 [169]. Rolapitant PET evaluation indicated that a single oral treatment at 200 mg was a
sufficient dose to occupy more than 90% of cerebral NK1Rs. Moreover, this receptor occupancy level
was maintained for 120 h post-drug administration. These results suggest that treatment can provide
properly long antiemetic action in case of highly emetogenic chemotherapy.
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In 2005 at Amsterdam VU University Medical Centre a novel selective radiotracer [1'C]R116301
was developed (Figure 9) [170]. This radiotracer was evaluated in potential PET visualisation of NK1R
in the human brain [171,172]. Similarly, as in above demonstrated cases, the highest uptake was
recorded at striatum and lower in thalamus and other cortex regions. The cerebellar uptake level was
negligible and nonspecific, as is presented in previous NKIR distribution reports. Receptor blocking
with 125 mg oral dose of aprepitant reduced significantly in the striatum and cortex imaging signals
relative to the cerebellar level. Further investigation of ['!C]R116301 specific binding was performed in
11 healthy volunteers using a test-retest method where baseline imaging and imaging after treatment
with known doses of aprepitant were obtained in the same subjects. Researchers recommended to
examine the ROI of the cerebellum as a semiquantitative ratio method for clinical applications, mainly
due to [''CJR116301 fast specific binding kinetics enabling realization of PET scans in 60-90 min
after injection. In comparison, [\®F]SPA-RQ has slower kinetics, reaching cerebral receptor binding
equilibrium only 6 h after treatment. Such slow kinetics present a considerable limitation to routine
application, even if the given radiotracer provides relatively high specific imaging signal. This stands
in accordance with NK1R-ligand affinity order [149], where the highest affinity ligands are GR205171
and SPA-RQ, followed by aprepitant, R116301 and SP. However, the use of ['!C]R116301 in dynamic
brain receptor imaging seems to be promising in various concentrations of endogenous SP, for instance,
in pharmacological test investigations.

["'CIR116301 [“Claprepitant
Figure 9. [11C]R116301 (left) and exemplary [14C]aprepitant (right) structures.

In the course of drug development and final market approval, radiolabelled aprepitant, casopitant
and netupitant need to be studied in terms of bioavailability [173-176]. Determination of absorption,
distribution, metabolism and excretion features were performed on #C-labelled derivatives of listed
antagonists, synthesised for a biotransformation evaluation in rats, dogs and humans. The use of
long-lived radionuclide traces for that purpose enabled investigation a range of metabolites (excreted
or blood circuiting) after intravenous or oral administration.
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Table 6. List of selected radiolabelled NK1R antagonists.

Radiotracer Structure Application Reference
[M'CICP-96,345 1 e [146]
I tigational “lead
[11C]CP-99,994 1 st?;]:tsulrgee’l’ i(())rrlré:pojr? ds Preclinical tests in animal models [147]
[MC]CP-643,051 1 [148]
["'CIGR205171(["' C]vofopitant) 2 Pharmacodynamics and [149,151,155-157,164-169]
['8F]SPA-RQ (['8F]L-829,165) 2 Optimized radiotracers pharmacokinetics studies, [76,78,150,152,158-163]
['8F]FE-SPA-RQ receptor occupancy imaging in [153,154]
["'CIR116301 3 clinical trials [170-172]
[**CJaprepitant > Well known high-selective . TS [173]
[14C]casopitant 4 antagonists indicated in ADME mvezgga:::e)?ls in animals [174,175]
["*Clnetupitnat 4 CINV [176]

1 Structure illustrated in Figure 4; 2 Structure illustrated in Figure 5; 3 Structure illustrated in Figure 9; 4 Structure of
nonlabelled compound illustrated in Figure 3.

4. Conculsions

This review discusses precisely literature data concerning the chemical and biological aspects of
natural and synthetic NK1R ligands in classical (targeted therapy) and nuclear (targeted radionuclide
therapy) medicine. Despite that standard nonspecific cancer treatments (e.g. chemotherapy, radiation
therapy) are still the dominant form of therapy, the specific cancer treatments - targeted radionuclide
tumour therapy is increasingly used in clinical trials. Due to expression of NK1Rs in a wide variety of
cancers, the NK1R/SP system can be used as a modulator of biological functions related to tumour cell
proliferation (favouring tumour growth), angiogenesis and migration. However, because of relatively
low stability of SP, its fragments and analogues, new NKIR ligands are constantly being investigated.
It initiated innovative studies with the application of SP antagonists.

To summarize, use of PET radiotracers supports progress in NK1R antagonist development and
facilitates clinical investigations in terms of NKIR system correlation with CNS pathologies. Moreover,
molecular imaging has the potential to improve therapeutic monitoring and to explore the duration of
pharmacological effects in course of targeted radionuclide therapy. Although several clinical trials
using radiotracers based on NK1R antagonists have been conducted to date, no serious attempts have
been made in the oncological space yet.
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Abbreviations

5-HT3R: 5-hydroxytryptamine receptor 3, serotonin receptor 3; AC: adenylyl cyclase; ACE: angiotensin-converting
enzyme; AVP: vasopressin peptide; Bapa: biotinyl sulfone-5-aminopentanoic acid; BBB: blood-brain barrier;
BH: Bolton-Hunter agent, 3-(3-iodo-4-hydroxyphenyl)propionic acid N-hydroxysuccinimide ester; Bmax:
maximal concentration of binding sites; BP: binding potential; Bq: bequerel, Bzl: benzyl group; cAMP:
cyclic adenosine monophosphate; Ci: curie; CINV: chemotherapy-induced nausea and vomiting; CN:
isocyanide group; CNS: central nervous system; CSF: cerebrospinal fluid; CT: computed tomography; DOTA:
1,4,7,10-tetraazacyclododecane 1,4,7,10-tetracetic acid chelator; DTPA: pentetic acid, diethylenetriaminepentaacetic
acid; DOTAGA: 1,4,7,10-tetraazacyclododecane-1-glutaric acid-4,7,10-triacetic acid chelator; EC: electron capture;
EDDA: ethylenediamine-N,N-diacetic acid; EMA: European Medicines Agency; Emax: maximal emission energy;
Emean: mean emission energy; GBM: glioblastoma multiforme; GPCR: G protein-coupled receptor; GSC:
glioblastoma multiforme stem cell; Hcy: homocysteine; HcyO,: homocysteine sulfone; HS: human serum; Hynic:
hydrazinonicotinamide chelator; IC: interstitial cystitis; ICs: half maximal inhibitory concentration; ID: injected
dose; %ID/g; percent of injected dose per gram of tissue mass; IGF-1: insulin-like growth factor 1; IMB: bifunctional
chelator 1-imino-4-mercaptobutyl; Kq: dissociation constant; keV: kiloelectronvolt; logP: logarithm of partition
coefficient; MeV: megaelectronvolt; MRI: magnetic resonance imaging tomography; NEP: neutral endopeptidase;
NKI1R: neurokinin 1 receptor; NK-1m: minority binding site of neurokinin 1 receptor; NK-1M: majority binding
site of neurokinin 1 receptor; NK1R-Tr: truncated form of neurokinin 1 receptor; NK2R: neurokinin 2 receptor;
NK3R: neurokinin 3 receptor; NKA: neurokinin A; NKB: neurokinin B; NS;: 2,2’,2”-nitrilotriethanethiol; OS:
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overall survival; PCN: tris(2-cyanoethyl)phosphine; PET: positron emission tomography; PFS: progression free
survival; PLC: phospholipase C; PNS: peripheral nervous system; PONV: postoperative nausea and vomiting;
ROI: region of interest; SAR: structure activity relationship; SP: Substance P; SPECT: single photon emission
computed tomography; SPR: Substance P receptor; SPR+: Substance P receptor-positive; ty»: half-life; TACR1:
tachykinin receptor 1; TACR2: tachykinin receptor 2; TACR3: tachykinin receptor 3; US FDA: United States Food
and Drug Administration.
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Abstract: Aprepitant, a lipophilic and small molecular representative of neurokinin 1 receptor
antagonists, is known for its anti-proliferative activity on numerous cancer cell lines that are sensitive
to Substance P mitogen action. In the presented research, we developed two novel structural
modifications of aprepitant to create aprepitant conjugates with different radionuclide chelators.
All of them were radiolabeled with ®®Ga and ””Lu radionuclides and evaluated in terms of their
lipophilicity and stability in human serum. Furthermore, fully stable conjugates were examined in
molecular modelling with a human neurokinin 1 receptor structure and in a competitive radioligand
binding assay using rat brain homogenates in comparison to the aprepitant molecule. This initial
research is in the conceptual stage to give potential theranostic-like radiopharmaceutical pairs for the
imaging and therapy of neurokinin 1 receptor-overexpressing cancers.

Keywords: aprepitant; radiopharmaceuticals; neurokinin 1 receptor antagonist; radionuclide chelators

1. Introduction

The knowledge of a suitable molecular target and its specificity for a given pathology is a necessary
condition in a targeted radionuclide therapy approach. Many malignant tumors possess an infiltrating
character with no defined margins or spread out metastases around the whole body. Only the selective
binding of a radiopharmaceutical to a molecular target allows for the reliable imaging or safe ablation
of cancer lesions with minimal side effects.

Neurokinin 1 receptor (NK1R; tachykinin 1 receptor) is a well-known G protein-coupled receptor
for neuropeptide Substance P (SP) and a promising system for an anticancer therapeutic molecular
target [1,2]. The activation of the NKIR by its endogenous ligand creates significant proliferative
impulses for tumor cells promoting growth and development, including angiogenesis and metastasis.
At the same time, the frequent formation of SP-NK1R complexes stimulate the cellular up-regulation
of NKI1R on tumor cell surfaces [3], thus providing an even greater cell sensitivity for the mitogen
action of SP. On the other hand, the blockage of SP action by using antagonists of NK1R on SP-sensitive
tumor cells can selectively induce an anti-tumor effect through the mechanism of cell apoptosis [4,5].

Antagonists of NK1R are a very diverse and numerous group of compounds, though clinical
applications have only been found for four compounds. They are applied to the prevention of nausea
and vomiting induced by chemotherapy or surgical complications [2,6]. One of the best known and
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widely studied compounds in this group is aprepitant (APT; Figure 1)—a lipophilic and low molecular
weight morpholine derivative with a high and selective affinity for NK1R. APT possesses anti-tumor
activity, as has been determined in many cancer cell lines [5,7-12]. Moreover, the phenomenon of
the synergism of the anti-tumor activity of NK1R antagonists with an inhibitory effect on the cancer
cell growth of other agents has been confirmed [4]. It has been shown in vitro that the application
of microtubule destabilizing agents in combination with antagonists of NK1R possess synergism in
apoptotic effect in human glioblastoma, bladder, cervical and breast cancer cells [13]. More remarkable
cytotoxic synergism has been proven in a combination of aprepitant and ritonavir (an antiretroviral
agent) in the human glioblastoma GAMG cell line [14]. The application of these two drugs with
temozolomide, an alkylating chemotherapeutic used clinically to treat glioblastoma, gives an even
stronger synergistic effect.

Aprepitant (APT)

Figure 1. Structure of aprepitant with its key elements marked.

What is most relevant is that APT is a fairly safe drug with a known pharmacological profile,
with tolerability similar to placebo- and dose- related action. This could be shown by the fact that
aprepitant’s half-maximal inhibitory concentration (ICsy) value determined for the human embryonic
kidney (HEK) 293 cell line (a low expression NK1R control) is higher than the aprepitant IC;(g values
determined for numerous tumor cell lines overexpressing NK1R [15]. For the reasons described
above, APT’s structure is an interesting scaffold for creating conjugates for carrying radionuclides to
NK1R-positive tumors.

By looking at aprepitant in terms of molecular structure, it can be seen that the compound
(Figure 1) consists of a morpholine core decorated by three ‘arms,” which are:

(i) p-fluorophenyl,
(i) 3,5-bis-trifluoromethylphenyl suspended at an ether linker, and
(iii) a triazolinone moiety suspended at a methylene linker.

In the course of extensive structure-activity studies on NK1R antagonists [16-18], it has been
established that the first two features (in particular: the distance and mutual positioning of two
aromatic rings) are critical for high affinity and, therefore, for NK1R antagonism. On the other hand,
the third element, triazolinone ring, can be, at least in some cases, safely modified without a significant
loss of affinity [18]. This was exploited in attempts to improve the solubility of aprepitant derivatives,
resulting in the derivative L-760,735.

That this site tolerates some modifications is now well-understood in terms of protein-ligand
interactions. A recently reported X-ray structure of an NK1R-aprepitant complex [19] revealed that
the triazolinone ring is located relatively close to the extracellular end of the receptor binding pocket,
where it participates in hydrogen bonding to E193 and W184. However, E193A mutation has virtually
no effect on aprepitant’s affinity, thus suggesting that the interactions in this area are of less importance
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to high affinity binding. Therefore, it seemed the most rational that a convenient site for functionalizing
the APT structure is at this very ring. Nevertheless, the performed functionalization of the APT
molecule required confirmation that the obtained conjugate still had a sufficiently high affinity for
the receptor.

Based on that knowledge, we focused our efforts on the syntheses and in vitro evaluation
of newly designed radioconjugates of aprepitant with gallium-68 or lutetium-177 radionuclides.
For this purpose, we have proposed two functionalization routes of the APT molecule, followed by
conjugation of different macrocyclic chelators DOTA, Bn-DOTA, and Bn-DOTAGA, as well as acrylic
chelator DTPA dedicated to ®®Ga and ”7Lu. For conjugates showing full stability in human serum,
molecular modelling studies for human NK1R and preliminary in vitro examination were performed.
These reported findings indicate new perspectives of aprepitant applications in the form of selective
theranostic-like concept radiopharmaceuticals for NK1R-positive tumors.

2. Results and Discussion
2.1. Syntheses of Aprepitant-Based Radioconjugates

2.1.1. Syntheses of Aprepitant Derivatives

The first stage of synthesis concerned the modification of the APT structure in order to introduce
a primary amine group. This was realized according to synthetic pathways presented below by using
one of selected alkyl linkers (Scheme 1) or acetamide linkers (Scheme 2) so as to receive APT-alkylamine
(2A-C) or APT-acetamide derivatives (4D,E).

F F F F £ F F E
F F F F F .
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F 0 @N{“ o F 0 F o
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\Q'/LO Na,CO, \Q'/LO o]
I y IU
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for n=2 APT-ethylphthalimide 1A for n=2 APT-ethylamine 2A
for n=3 APT-propylphthalimide 1B for n=3 APT-propylamine 2B
for n=4 APT-butylphthalimide 1C for n=4 APT-butylamine 2C

Scheme 1. Synthetic route of aprepitant derivatives with aminoalkyl linkers; where n = {2; 3; 4}.
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Scheme 2. Synthetic route of aprepitant derivatives with acetamide linkers; where k = {0; 2}.
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2.1.2. Syntheses of Aprepitant Conjugates

The coupling reactions of APT-ethylamine, 2A, with different bifunctional chelating agents, were as
follows: DOTA-NHS ester, p-SCN-Bn-DOTA, p-SCN-Bn-DOTAGA, or DTPA dianhydride, as presented
in Scheme 3. The use of different chelators allowed for the evaluation of the effect of the chelating
moiety on the physicochemical properties of later radioconjugates. Based on the stability results
obtained for these radioconjugates (presented in a section below), all other obtained APT derivatives
(2B, 2C, 4D, and 4E) were only conjugated with selected macrocyclic chelator DOTA. The application
of different linkers allowed for the evaluation of their influence on the physicochemical properties of
later radioconjugates.

APT-Et-Bn-DOTAGA 7A

p-SCN-Bn-DOTAGA
EtN

O F o}
>/\ ’/\ ;}SCN Bn-DOTA DOTA NHS
N OH o} o
N
Reel] J A S
N ﬁ(

N N
)/-\NH’\/ % HN" N\~ \
APT-Et-Bn-DOTA  6A APT-ethylamine  2A

APT-Et-DOTA 5A

‘ DTPA anhydride

e F Fog i s F F
F F F F F F
| F
a Q

N7 “NH HNT XN PN NN h{
© NSNS n—{ N~ 1 NG T
NHTN NH o O
HO VO N H 0 d P2 o
HO OH HO OH
APT-EtDTPA  8A APT-Et-DTPA-Et-APT  9A

Scheme 3. Synthetic routes of conjugations of selected chelators to aprepitant-ethylamine 2A.

2.1.3. Preparation of Radioconjugates

All APT conjugates with DOTA, Bn-DOTA, and Bn-DOTAGA were radiolabeled with ®®Ga and
177Lu, while APT conjugates with DTPA were only radiolabeled with ®Ga. Synthesized radioconjugates
were purified using the solid phase extraction (SPE) method before HPLC identification (Figures 2 and 3)
and further analyses.
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Figure 2. Radiochromatograms of aprepitant (APT)-ethylamine 2A conjugates with DOTA, Bn-DOTA,
Bn-DOTAGA or DTPA radiolabeled with gallium-68 (upper two) or with lutetium-177 (bottom).
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Figure 3. Radiochromatograms of DOTA conjugates with all APT derivatives radiolabeled with
gallium-68 (upper two) or with lutetium-177 (bottom two).

As a result of the performed radiosyntheses, all radioconjugates were successfully obtained,
except for [®®Ga]Ga-DTPA-(Et-APT), ([®®GalGa-9A), which proved to be immediately unstable.
Moreover, in the radiochromatogram of ['77Lu]Lu-DOTA-Bn-Et-APT (['7”Lu]Lu-6A) one can see a small
additional signal (about 19.3 min) that is recognized as an early by-product of an interaction with solvent
(EtOH) from the purification process. To verify the identity of all synthesized [®®Ga]Ga-radioconjugates
in a non-carrier added scale, the non-radioactive stable gallium reference compounds (Ga-5A-Ga-9A
and Ga-5A-Ga-5E) were synthesized and characterized by mass spectrometry. The retention time
values of the [®®Ga]Ga-radioconjugates and stable references presented below (Tables 1 and 2)



Molecules 2020, 25, 3756 6 of 18

overlapped, and the differences between them resulted from the serial connection of UV-Vis and
gamma detectors only.

Table 1. Retention times (Ry) of stable gallium conjugates and [®®Ga]Ga-radioconjugates of
aprepitant-ethylamine 2A.

Stable Ga-Conjugate Rr [#¥GalGa-Radioconjugate Rt
Ga-DOTA-Et-APT, Ga-5A 17.4 min [#3Ga]Ga-DOTA-Et-APT, [*8Ga]Ga-5A 17.7 min
Ga-DOTA-Bn-Et-APT, Ga-6A 18.5 min [(8Ga]Ga-DOTA-Bn-Et-APT, [¢8GalGa-6A 18.9 min
Ga-DOTAGA-Bn-Et-APT, Ga-7A 17.7 min [63Ga]lGa-DOTAGA-Bn-Et-APT, [*4GalGa-7A 18.1 min
Ga-DTPA-Et-APT, Ga-8A 17.6 min [63Ga]Ga-DTPA-Et-APT, [*®Ga]lGa-8A 17.9 min
Ga-DTPA-(Et-APT);, Ga-9A 23.6 min [*8GalGa-DTPA-(Et-APT),, [*3GalGa-9A 23.9 min

Table 2. Rt of stable gallium conjugates and [68Ga]Ga-radioconjugates of all aprepitant derivatives.

Stable Ga-Conjugate Rt [*3GalGa-Radioconjugate Rt
Ga-DOTA-Et-APT, Ga-5A 17.4 min [*8GalGa-DOTA-Et-APT, [*GalGa-5A 17.7 min
Ga-DOTA-Pr-APT, Ga-5B 16.8 min [63Ga]Ga-DOTA-Pr-APT, [*®GalGa-5B 17.0 min
Ga-DOTA-Bu-APT, Ga-5C 16.9 min [#8GalGa-DOTA-Bu-APT, [*4Ga]Ga-5C 17.3 min

Ga-DOTA-HN-NH-Ac-APT, Ga-5D 15.8 min [(8GalGa-DOTA-HN-NH-Ac-APT, [*8GalGa-5D 16.3 min
Ga-DOTA-Et-Ac-APT, Ga-5E 16.1 min [#3GalGa-DOTA-Et-Ac-APT, [*¥GalGa-5E 16.5 min

2.2. Physiochemical Evaluation of Radioconjugates

2.2.1. Stability Study

The sine qua non condition of a radionuclide’s application in vivo is its radiopharmaceutical
stability in biological fluids like serum or cerebrospinal fluid. For this purpose, each isolated and
solvent-free radioconjugate was incubated at 37 °C in human serum (HS). At specific time points,
small samples of radioconjugate mixture were analyzed by the HPLC method for the assessment of the
radioconjugate condition. The collected data presented on the charts below (Figure 4) point out that
only the DOTA radioconjugates remained stable in the biological fluid; thus, these radioconjugates
were selected for further analyses.
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Figure 4. Percentage of intact [68Ga]Ga-radioconjugates (left) and [177Lu]Lu-radioconjugates (right)
determined at specific time points during incubation in 37 °C human serum.

We concluded that for the demand of designed aprepitant radioconjugates, the acyclic chelator
DTPA showed a poor radionuclide chelating ability during incubation in human serum. DOTA and its
analogues presented a satisfactory radionuclide complex stability, however, for the overall stability
of the radioconjugate results from the type of the formed chemical bond with the amine terminated
aprepitant derivative and the presence of a negative charge on the chelator-metal complex moiety.
The amide bond created by the DOTA-NHS ester and uncharged complex in the conjugates remained
stable throughout the whole stability study, while the thiourea bonds and negatively charged
complexes created by both p-SCN-Bn-DOTA and p-SCN-Bn-DOTAGA were found to gradually
decompose in time. This phenomenon of instability in HS has been observed previously in various
radiopharmaceuticals [20].
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2.2.2. Lipophilicity Study

Drug distribution in vivo is highly related to both the lipophilicity and charge of a drug.
The optimal radiotracer lipophilicity value for blood-brain barrier crossing lies within the range
from 2.0 to 3.5 [21]. Non-peptide NKIR antagonists, like aprepitant, are characterized by a high
lipophilicity (logD 4.8) [22], while the DOTA chelator is a highly hydrophilic moiety. In seeking to keep
in lipophilicity of radioconjugates in a desired range, the choice of a proper linker (primary aprepitant
modification) seems essential for distribution and pharmacokinetic aspects.

In the course of the lipophilicity study, each isolated DOTA radioconjugate (determined as fully
stable in HS) was examined for distribution in the system of n-octanol and a phosphate-buffered saline
(PBS) buffer (pH = 7.4) to estimate the lipophilicity of the radiocomplex. The lipophilicity of each
radioconjugate (logD), defined as the logarithm of the distribution coefficient (D) is based on the ratio
of the radioactivity of the organic phase to the radioactivity of the aqueous phase. The stability of the
studied radioconjugate was verified simultaneously during the experiment through the HPLC analysis
of the aqueous phase. LogD values of [®*Ga]lGa-5A-[*8GalGa-5E and [\’ Lu]Lu-5A—['"’Lu]Lu-5E are
listed below in Table 3.

Table 3. LogD values of human serum stable radioconjugates determined in n-octanol/PBS buffer system.

Radioconjugate logD
68Ga- 177 y-
APT-Et-DOTA, 5A 0.141 = 0.019 0.708 + 0.021
APT-Pr-DOTA, 5B 0.058 + 0.016 0.654 + 0.022
APT-Bu-DOTA, 5C 0.290 + 0.018 0.777 £ 0.021
APT-Ac-HN-NH-DOTA, 5D -1.012 £ 0.017 —-0.401 £ 0.015
APT-Ac-Et-DOTA, 5E —0.231 £ 0.015 0.500 + 0.017

The APT-alkylamine derivative-based radioconjugates showed similar lipophilicity values that
were higher than those of the APT-acetamide derivative-based radioconjugates. The complexes with
lutetium were more lipophilic by (on average) 0.6 logD units. However, the logD values for all
radioconjugates significantly decreased in comparison to aprepitant, indicating possible divergences
in the pharmacokinetic fate of the radioconjugates and the parent drug.

2.3. Binding Affinity

An important consideration in the search of conjugate vectors for radionuclides is whether the
functionalization of a high affinity ligand would not reduce the binding strength for a desired receptor.
For the preliminary addressing of this issue in the case of our conjugates, we measured the affinity of
compounds 5A-E (uncomplexed precursors) for the rat neurokinin-1 receptor. The human (hNK1R)
and the rat (rNK1R) neurokinin 1 receptors differ in their sequences and pharmacology. It has been
established that many (but not all) high affinity NK1R antagonists have a significantly lower affinity
for the rat receptor than for that of human origin [23,24]. Still, the results presented below give some
tentative insight into the affinity changes caused by the functionalization of the aprepitant structure at
the triazolinone ring.

The results of the binding affinity determinations are given in Table 4. The parent compound,
aprepitant, was found to exhibit ICsy = 128.4 nM. This value was roughly consistent with the reported
potency of aprepitant in a functional assay. The compound was found to inhibit Substance P-evoked
increases in intracellular Ca?* mobilization in the cells expressing rNKIR with a pKp reading 7.3 [25].
Note that in the assays with cells expressing hNKIR, aprepitant was significantly more potent
(pKp = 8.7), and the reported binding affinities for the human receptor were of the subnanomolar order
(e.g., IC50 =0.09 nM [17])
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Table 4. Binding affinity of aprepitant and compounds 5A-E for the rat neurokinin 1 receptor.

Compound IC59 + SEM 2 [uM] Ratio to APT
Aprepitant 0.13 + 0.06 1.0
APT-Et-DOTA, 5A 6.2+26 48.2
APT-Pr-DOTA, 5B 0.69 £ 0.07 5.3
APT-Bu-DOTA, 5C 1.8+0.7 14.3
APT-Ac-HN-NH-DOTA, 5D 25+0.7 19.1
APT-Ac-Et-DOTA, 5E 25+05 19.7

2 ICsp + SEM: the half-maximal inhibitory concentration with the standard error of the mean of three independent
experiments done in duplicate.

The aprepitant-based conjugates exhibited a diversified range of affinities. The strongest ligand in
the set was the compound bearing a propylamine linker, 5B. It was found to have an ICsg of 0.69 pM.
This value was about five times worse than that of the parent compound. Interestingly, decreasing (5A)
or increasing (5C) the linker length by one methylene unit was associated with much lower affinity of
the micromolar order. The shorter 5A exhibited the lowest binding in the set, with an ICsy of 6.2 pM.
The analogue with the butylamine linker (5C) had an ICsj of 1.8 uM. Similar affinities (IC59~2.5 uM)
were found for the conjugates with the acylhydrazine (5D) or N-aminoethylacetamide (5E) linkers.

2.4. Molecular Modelling Study

In order to get insight into possible interactions between the aprepitant-DOTA conjugates reported
herein and the NKI1R, the complexes thereof were modelled by molecular docking. The applied
procedure consisted in building the appropriate linker-DOTA fragments into the aprepitant structure
crystallized with the receptor (Protein Data Bank (PDB) accession code: 6HLO [19]), followed by local
search docking executed in AutoDock 4.2.6 [26].

According to this procedure, the presence of a linker-DOTA moiety in the aprepitant-based
conjugates did not have a major impact on the interactions between the core of the molecule and
the receptor. Only a slight repositioning of the morpholine core, 3,5-bis-trifluoromethylphenyl,
or p-fluorophenyl moieties was observed compared to the 6HLO crystal structure (Figure 5A).
Thus, the conjugates were predicted to bind with the 3,5-bis-trifluoromethylphenyl fragment located at
the bottom of the ligand-binding pocket and the DOTA moiety closer to the extracellular side of the
receptor (Figure 5A).

In the part that was common to all studied derivatives (and the parent aprepitant), the complexes
were stabilized by (Figure 5B):

(i) hydrogen bonding between Q165 and the ether oxygen,

(ii) hydrophobic contacts of the morpholine ring and F268 and 1182,

(iii) hydrophobic contacts with side chains of N109, P112, and 1113,

(iv) hydrophobic contacts of the 3,5-bis-trifluoromethylphenyl with W261 and F264,

(v) hydrophobic contacts of the p-fluorophenyl ring and H197, V200, T201, 1204, and H265.

These interactions were identical to those found for the parent aprepitant in 6HLO structure.

On the other hand, the presence of the linker-DOTA fragment was predicted to weaken the
contacts that the triazolinone ring of the parent aprepitant had with the receptor in the crystal structure
6HLO [19]. In the optimized complexes for all the conjugates, this ring was displaced compared to the
parent structure (Figure 6A,B), so hydrogen bonding to W184 was not possible. On the other hand, a
better positioning of this ring for m—m stacking with H197 was predicted for the conjugates.
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LINKER
+ DOTA

Figure 5. Binding mode of the reported conjugates in the neurokinin 1 receptor (NK1R) binding
site. (A) A generalized view on the binding mode. The receptor is displayed as a yellow surface,
with transmembrane helices (TMs) 2 and 6 shown as cylinders. The extracellular loop 2 (ECL2) is
shown as a yellow ribbon. The conjugates are represented as colored sticks. (B) A view focused on the
interactions of the part common to aprepitant and the conjugates. The conjugate shown is compound

5A (pale blue sticks). Only several residues of the receptor are shown (yellow sticks).

SA-5E o ™

Figure 6. (A) Interactions of aprepitant’s triazolinone ring with W184, E193, and H197 side-chains.
(B) positioning of the triazolinone ring of the conjugates in the same projection as in (A). (C-E) Relative
position of the DOTA moiety in conjugates 5A (C), 5B-D (D), and 5E (E). The receptor helices are
shown as yellow cylinders.

Regarding the positioning of the linker-DOTA part, in the case of 5A, this fragment docked closely
(Figure 6C) to the extracellular loop 2 (ECL2) and the extracellular terminus of the transmembrane
helix 5 (TM5). One of the DOTA'’s carboxylate oxygens interacted with the side-chain of K190. For the
analogues 5B-D, the DOTA moiety was predicted to be located between the extracellular tips of TM5
and TM6 (Figure 6D). Its contacts included residues K194, K190, and P271. In the case of the longest
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derivative, 5E, the docking placed the DOTA moiety close to TM5 and ECL2 (Figure 6E). Here, it could
interact with K190 and M181.

Since in the crystal structures 6HLO, 6HLL, and 6HLP [19], several residues by the extracellular
end of the receptor were found to adopt different rotamers upon the binding of different ligands, we
wanted to see if the flexibility of these residues could affect the docking results. Therefore, the local
docking procedure with the enabled flexibility of E193 and H197 was performed. It yielded similar
results with only minor adjustments of the side chain rotamers. Its results (in terms of interactions and
binding poses) are not discussed herein since they are almost perfectly accounted for by the description
of the docking procedure with the rigid receptor.

Regarding the quantitative evaluation (Table 5), AutoDock scoring function predicted that
aprepitant would bind with the free energy of —10.43 kcal/mol. For the conjugates, the estimated
energy varied between —9.64 kcal/mol (5D) and —13.74 kcal/mol (5E). The predicted energies did not
correlate with the experimental data. This was perhaps due to the problems with estimating the
entropic contribution because the conjugates differed with respect to the number of the rotatable bonds.

Table 5. Scoring results from molecular docking. The values are the estimated free energy of binding

(kcal/mol).
Rigid Receptor Enabled Flexibility of E193 and H197
Compound Lowest ? Mean ® Lowest ? Mean ©
APT-Et-DOTA, 5A -11.26 -11.26 —-12.37 -10.24
APT-Pr-DOTA, 5B -10.84 -9.86 -10.74 -9.27
APT-Bu-DOTA, 5C -12.26 -11.90 -12.21 -11.83
APT-Ac-HN-NH-DOTA, 5D —9.64 -9.07 -9.19 -8.68
APT-Ac-Et-DOTA, 5E -13.74 -13.16 -14.31 -13.60
Aprepitant (APT) -10.43 -10.31 -10.57 —-10.40

2 Jowest energy in the best scored cluster; ® mean energy in the best scored cluster.

Other sources of significant error may have been the way the DOTA moiety was modelled (aimed at
mimicking the presence of the cation in a simplified manner) and the fact that the experimentally
evaluated conjugates were uncomplexed.

3. Materials and Methods

Aprepitant (Santa Cruz Biotechnology Inc.,, Dallas, TX, USA), the DOTA-NHS
ester (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester),
p-SCN-Bn-DOTAGA (2,2’,2”"-(10-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraaza-cyclododecane-1,4,7-triyl)triacetic acid) (CheMatech, Dijon, France), p-SCN-Bn-DOTA
(S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid) (Macrocyclics, Plano,
TX, USA), DTPA dianhydride (diethylenetriaminepentaacetic dianhydride), and other substances and
solvents (Sigma Aldrich/Merck, Darmstadt, Germany) were commercially available, defined as reagent
grade, and applied without further purification. ®GaCl; was eluted from the commercially available
68Ge/8Ga generator (Eckert & Ziegler, Berlin, Germany). The 177LuCl; solution in 0.04 M HCI was
purchased at Radioisotope Centre POLATOM, National Centre for Nuclear Research, Otwock-Swierk,
Poland. Sep-Pack® Classic Short C18 Cartridges were purchased from WATERS, Milford, MA, USA.
Human serum was isolated and purified at the Centre of Radiobiology and Biological Dosimetry, INCT
Warsaw, Poland.

The HPLC conditions and gradient were as follows: a semi-preparative Phenomenex Jupiter
Proteo column, 4 um, 90 A, 250 x 10 mm, with UV/Vis (220 nm) or/and radio y-detection at gradient
elution: 0-20 min 20 to 80% solvent B; 20-30 min 80% solvent B; 2 mL/min; solvent A: 0.1% (v/v)
trifluoroacetic acid (TFA) in water; and solvent B: 0.1% (v/v) TFA in acetonitrile.

Mass spectra were measured on a Bruker 3000 Esquire mass spectrometer equipped with
electrospray ionization (ESI) (Bruker, Billerica, MA, USA).
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3.1. Syntheses of Aprepitant Derivatives and Aprepitant-Based Conjugates

3.1.1. General Procedure of Syntheses of Aprepitant Derivatives with Alkyl Linker, 2A-C

The slight molar excess of the selected n-(terminal-bromoalkyl) phthalimide was added into an
equimolar mixture of APT and sodium carbonate in dimethylformamide (DMF). The reaction mixture
was vigorously stirred in about 50 °C for 12-18 h. Then, the triple molar excess of hydrazine was
added into the reaction mixture for an additional 3 h. The progress of the reaction was monitored by
HPLC. The crude reaction mixture was evaporated, dissolved in the HPLC mobile phase, purified by
the HPLC method, and lyophilized. The isolated main product was identified as a mono-substituted
APT-alkylamine derivative (2A-C, ~75% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-NHj, 2A, C5Hy6F7N503: 577.19; found: 578.27 m/z
[M + H]

MS: Calculated monoisotopic mass for APT-Pr-NHy, 2B, CysHgF7N503: 591.21; found: 592.12 m/z
[M + H"]

MS: Calculated monoisotopic mass for APT-Bu-NH,, 2C, Cy7H30FyN5O3: 605.22; found: 606.38 m/z
M+ H]

3.1.2. General Procedure of Syntheses of Aprepitant Derivatives with Acetamide Linker, 4D and 4E

The slight molar excess of ethyl 2-bromoacetate was added into an equimolar mixture of APT
and sodium carbonate in DMF. The reaction mixture was vigorously stirred in about 50 °C for 24 h.
Then, the triple molar excess of hydrazine or ethylenediamine was added into the reaction mixture for
an additional 3 h. The progress of the reaction was monitored by HPLC. The crude reaction mixture
was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized.
The isolated main product was identified as a mono-substituted amino-terminated APT-acetamide
derivative (4D and 4E, 65-70% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Ac-HN-NH;, 4D, Cy5H,5F;NgOy: 606.19; found: 608.07
mjz [M + H*]

MS: Calculated monoisotopic mass for APT-Ac-Et-NHj, 4E, Cy7Hy9F;,NgOy: 634.21; found: 635.31 m/z
[M + H*]

3.1.3. General Procedure of Syntheses of Aprepitant Conjugates with DOTA, 5A-E

The obtained APT derivative (2A-C, 4D, and 4E) and the DOTA-NHS ester in similar molar ratios
were dissolved in DMF purged from oxygen with technical nitrogen and supplemented with a triple
molar excess of triethylamine. The reaction mixture was vigorously stirred in about 50 °C for 24 h.
The progress of the reaction was monitored by HPLC. The crude reaction mixture was evaporated,
dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized. The isolated
main product was identified as a DOTA conjugate with an APT derivative (5A-E, >90% reaction yield)
by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-DOTA, 5A, C41H5,F7NgO1¢: 963.37; found: 964.27 mj/z
[M + H]

MS: Calculated monoisotopic mass for APT-Pr-DOTA, 5B, C4,Hs54FyNgOqg: 977.39; found: 978.42 m/z
[M+H*]

MS: Calculated monoisotopic mass for APT-Bu-DOTA, 5C, C43Hs¢F;,NgO1p: 991.40; found: 992.41 m/z
[M+ H™*]

MS: Calculated monoisotopic mass for APT-Ac-HN-NH-DOTA, 5D, C41H51F7N19O11: 992.36; found:
993.17 m/z [M + H*]

MS: Calculated monoisotopic mass for APT-Ac-Et-DOTA, 5E, C43H55F7N19Oq1: 1020.39; found:
1021.43 m/z [M + H*]
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3.1.4. Procedure of Syntheses of Aprepitant-Ethylamine Conjugates with p-SCN-Bn-DOTA and
p-SCN-Bn-DOTAGA, 6A and 7A

The APT-ethylamine (2A) and bifunctional chelating agent in similar molar ratios were dissolved
in DMF and supplemented with a 5-fold molar excess of triethylamine. The reaction mixture was
vigorously stirred in about 50 °C for 24 h. The progress of the reaction was monitored by HPLC.
The crude reaction mixture was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC
method, and lyophilized. The isolated main product was identified as a DOTA-Bn or DOTAGA-Bn
conjugate with an APT derivative (6A and 7A, > 90% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-Bn-DOTA, 6A, C49H59F7N19011S: 1128.40; found:
1129.55 m/z [M + H*]
MS: Calculated monoisotopic mass for APT-Et-Bn-DOTAGA, 7A, Cs;HgsF7N110125: 1199.43; found:
1200.66 m/z [M + H*]

3.1.5. Procedure of Syntheses of Aprepitant-Ethylamine Conjugates with DTPA Anhydride, 8A, 9A

The APT-ethylamine (2A) and DTPA anhydride in a 3:2 molar ratio were dissolved in DMF
purged from oxygen with technical nitrogen. The reaction mixture was vigorously stirred in room
temperature for 2 h. The progress of the reaction was monitored by HPLC. The crude reaction mixture
was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized.
Two isolated main products were identified as DTPA conjugated with one or two molecules of the APT
derivative (8A and 9A with ~45% and ~40% reaction yields, respectively) by MS analysis confirmation.

MS: Calculated for monoisotopic mass APT-Et-DTPA, 8A, C39H7F;,NgO1,: 952.32; found: 953.40 m/z
[M+ H™*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-Et-APT, 9A, CgsH71F14N13014: 1511.50; found:
1512.64 m/z [M + H*]

3.2. Preparation of Radioconjugates

3.2.1. %Ga Radiolabeling

The %8Ga radiolabeling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT was
performed according to the following procedure: 145 pL of a concentrated solution of [®*Ga]GaCl3
in 0.1 M HCl from the ®Ge/®®Ga generator (4.9 + 7.2 MBq) was added into the solution of 25 nmol
of the selected conjugate in 200 pL of a 0.2 M acetate buffer (pH = 4.5) and heated for 5-10 min
at 95 °C. After this time, each radioconjugate was purified using Sep-Pack® Classic Short C18
Cartridges according to producer recommendations, thereby obtaining an easily vaporized ethanolic
solution of each radioconjugate. The effectiveness of the purification was monitored by HPLC.
DTPA radioconjugates were obtained via an analogical procedure in room temperature.

3.2.2. 77Lu Radiolabeling

The 77Lu radiolabeling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT was
performed according to the following procedure: 2.7 + 5.3 uL of a ['”/Lu]LuCl3 n.c.a. solution in 0.04 M
HCl (4.6 +~ 5.2 MBq) was added into the solution of 2.5 nmol of the selected conjugate in 200 uL of a 0.02M
acetate buffer (pH 4.5) and heated for 10 min at 95 °C. After this time, each radioconjugate was purified
using Sep-Pack® C18 Cartridges according to the producer recommendations, thereby obtaining an
easily vaporized ethanolic solution of each radioconjugate. The effectiveness of the purification was
monitored by HPLC.

3.2.3. Preparation of Non-Radioactive References

The non-radioactive Ga labelling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT
was performed according to the following procedure: 145 pL of a concentrated solution of 20 mM
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GaCl; in 0.1 M HCl was added into the solution of 50 nmol of the selected conjugate in 200 uL of a 0.2 M
acetate buffer (pH = 4.5) and heated for 5-10 min at 95 °C. After this time, each reaction mixture was
purified by the HPLC method, lyophilized, and characterized by mass spectrometry. DTPA conjugates
were obtained via an analogical procedure in room temperature.

MS: Calculated for monoisotopic mass APT-Et-DOTA-Ga, 5A-Ga, C41H50F7N9O;¢Ga: 1030.80 and
1032.28; found: 1030.40 and 1032.40 m/z [M*]

MS: Calculated for monoisotopic mass APT-Pr-DOTA-Ga, 5B-Ga, C4pHzF7NgO19Ga: 1044.30 and
1046.30; found: 1044.38 and 1046.39 m/z [M*]

MS: Calculated for monoisotopic mass APT-Bu-DOTA-Ga, 5C-Ga, C43Hs4F7NgO19Ga: 1058.31 and
1060.31; found: 1058.37 and 1060.40 m/z [M*]

MS: Calculated for monoisotopic mass APT-Ac-HN-NH-DOTA-Ga, 5D-Ga, C41Hy9F;N1pO1;1Ga:
1059.27 and 1061.27; found: 1059.31 and 1061.40 m/z [M™*]

MS: Calculated for monoisotopic mass APT-Ac-Et-DOTA-Ga, 5E-Ga, C43Hs53F7N19O11Ga: 1087.30
and 1089.30; found: 1087.37 and 1089.44 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-Bn-DOTA-Ga, 6A-Ga, C49Hs5,F;N190O115Ga: 1095.31
and 1097.31; found: 1195.54 and 1197.51 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-Bn-DOTAGA-Ga, 7A-Ga, C5;Hgp F7N1101,5ga: 1266.34
and 1268.34; found: 1266.47 and 1268.47 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-Ga, 8A-Ga, C39Hy4F;NgO1,Ga: 1018.22 and
1020.22; found: 1019.35 and 1021.37 m/z [M + H*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-(Ga)-Et-APT, 9A-Ga, CgyHggF14N13014Ga:
1577.40 and 1579.40; found: 1578.64 and 1580.66 m/z [M + H*]

3.3. Physiochemical Evaluation of Radioconjugates

3.3.1. Stability Study

All obtained radioconjugates (isolated from the reaction mixtures using the SPE method and being
solvent-free) were examined in terms of stability in human serum using HPLC analyses. A solution of
each isolated selected radioconjugate in 100 puL of a 0.1M PBS buffer pH 7.40 was added to 900 pL of
human serum and incubated at 37 °C for 4 h (®3Ga radioconjugates) or 14 days (}””Lu radioconjugates).
At specific time points, 400 pL of the incubated mixture was added into 500 pL of ethanol, vigorously
stirred to precipitate serum proteins, and centrifuged (13,500 rpm for 5 min) to separate the supernatant
for HPLC analysis.

3.3.2. Lipophilicity Study

The lipophilicity values of the radioconjugates (logD), expressed as the logarithm of its D in
the n-octanol/PBS (pH 7.40) system, mimicking the physiological conditions (Product Properties Test
Guidelines of the Office of Prevention, Pesticides and Toxic Substances 830.7550, 1996), were determined
right after the SPE method purification and ethanol evaporation processes. A solution of isolated
selected radioconjugate in 500 L of a 0.1 M PBS buffer at pH 7.40 and 500 uL of #-octanol was vigorously
stirred and centrifuged (13,500 rpm for 5 min) to separate the immiscible phases. The radioactivities of
the aqueous and organic layers were determined using a well-type Nal(Tl) detector. The distribution
coefficient was calculated as the ratio of the radioactivity of the radioconjugate in the organic phase to
that in the aqueous phase. Each measurement was performed in triplicate and averaged. Simultaneously,
the aqueous phases were analyzed by HPLC to check whether the studied radioconjugate remained
intact during the experiment.
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3.4. Binding Affinity Determination

The binding affinity of aprepitant and compounds 5A-E for rNKIR was determined in a
competitive radioligand binding assay using rat brain homogenates, following a previously described
method [27]. In brief, the membrane preparations obtained from rat brains were incubated at 25 °C
for 60 min in the presence of a selective radioligand [®H]-[Sar? Met(O,)!]-Substance P obtained
from PerkinElmer, (Waltham, MA, USA) and the increasing concentrations of the tested compounds
(each concentration in duplicate). Non-specific binding was measured in the presence of 10 uM cold
Substance P. The assay buffer was composed of 50 mM Tris-HCI (pH 7.4), 5 mM MnCl,, bovine serum
albumin (BSA) (0.1 mg/mL), bacitracin (100 ng/mL), bestatin (30 pM), phenylmethylsulfonyl fluoride
(30 ng/mL), and captopril (10 pM). The reaction total volume was 1 mL. With the incubation having
been terminated, a rapid filtration through GF/B Whatman glass fiber strips was done with a M-24 Cell
Harvester (Brandel, Gaithersburg, MD, USA). The filters were pre-soaked overnight with 0.5%
polyethyleneimine so that the extent of non-specific binding could be minimized. After the filtration,
the strips were dried, the filter discs were placed separately in 24-well plates, and a Betaplate Scint
scintillation solution (PerkinElmer, Waltham, MA, USA) was added to each well. Radioactivity
was measured with a MicroBeta LS scintillation counter, Trilux (PerkinElmer, Waltham, MA, USA).
The data came from three independent experiments done in duplicate. The results are presented as
IC50 with SEM.

3.5. Docking

In order to obtain the probable structures of the complexes of the neurokinin 1 receptor with
the conjugates 5A-E, the following modelling procedure was performed. The aprepitant structure
(with neutral charge) in the complex with the receptor (PDB accession code: 6HLO [19]) was expanded
by attaching to the triazolinone ring the appropriate linkers and the DOTA moiety. Such initial
complexes were subjected to local search docking in AutoDock 4.2.6 [26].

The DOTA geometry was set based on the NOJYIU entry [28] of The Cambridge Structural
Database [29]. This structure is a DOTA complex with Lu3* (diaqua-lutetium(Ill)-sodium trihydrate).
For the purposes of our modelling, DOTA carboxylate arms were protonated and frozen in the
conformation found in the crystal structure of lutetium (III) chelate of DOTA (after removing the Lu®*
cation, Na* cations and waters). The rationale behind this gambit was the fact that the carboxylates
would be primarily engaged in the interactions with a cation; therefore, they might have been expected
to retain the conformation they had in the solid state structure. This approach could also give a rough
approximation of the DOTA’s steric influence on the binding of the conjugates despite a lack of properly
scaled and validated parameters for modelling and scoring the complexes with the cations of interest.

The used receptor structure was a refined one (as provided by the GPCRdDb service [30]) in order
to have the mutated residues replaced with the native ones and to supply the side chains missing in
the original PDB structure. The structure was pre-processed in AutoDock Tools [26]. The box was set
around the experimental position of aprepitant in 6HLO and extended towards the extracellular part
of the receptor so as to cover the expected length of the expanded conjugate. The grids were calculated
with AutoGrid 4 [26]. We considered two variants of docking with respect to the flexibility of the
receptor structure. In the first variant, all receptor residues were rigid. In the second variant, E193 and
H197 side-chains were set to be flexible.

The docking procedure was the local search with the following parameters: 500 individuals in
population, 500 iterations of the Solis-Wets local search, the sw_rho parameter of the local search space
set to 20.0, and 1000 local search runs. The structures resulting from the local search were clustered,
and the representative models of the lowest scored (on average) cluster were taken for further analysis.
For the qualitative assessment of the binding energy, both the lowest and the mean energy of the
clusters were collected. The molecular graphics were prepared in PyMol [31].

For comparative and validation purposes, the very same procedure of local docking (with and
without the flexibility of the mentioned two residues) was performed for the parent aprepitant.
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4. Conclusions

The presented paper describes the evaluation of aprepitant functionalization in order to provide
an application of this NK1R antagonist in nuclear medicine.

Out of the corresponding 8Ga/'”” Lu radioconjugates of APT-ethylamine 2A with DOTA, Bn-DOTA,
Bn-DOTAGA, and DTPA, only the DOTA amide conjugates showed satisfactory stability in human
serum throughout the whole incubation time. The evaluation of the linker effect on radioconjugate
lipophilicity indicated APT-alkylamine derivatives as more promising biovectors with features closer
to parent aprepitant. The physicochemical properties of obtained APT-alkylamine-DOTA derivatives
labelled with ®8Ga ([*®GalGa-5A-[%® Ga]Ga-5C) can be compared with those of [’ Ga]Ga-NOTA-NK1R
radioligands based on another NK1R antagonist—IL.-733,060 [32]. The %/%8Ga-radioligands based
on these two high affinity NKI1R antagonists turned out to be very similar, as evidenced by the
following parameters:

(i) they were labelled using macrocyclic chelators (DOTA and NOTA) incorporated in the same ‘arm’
of the antagonist molecule core,

(ii) the radioconjugates had similar molecular weights (about 1000),

(iii) they had comparable logD values (about 0.15 and 0.6 for the APT-radioligands and the
L-733,060-radioligands, respectively),

(iv) all were fully stable in human serum examinations.

Regarding the affinity studies of the 5A-E conjugates, on the assumption that the human NK1R
affinities for aprepitant derivatives were generally much higher than the rat NKIR affinities and
that structure-affinity trends were parallel in both species, all the synthesized compounds might be
considered to retain reasonable NK1R affinity compared to their parent. In particular, the analogue
5B (which only suffered a few-times decrease in affinity compared to APT) seems to be especially
interesting for further development. Obtained results suggest that the functionalizing of the aprepitant
structure via the triazolinone ring is the right strategy.

Itis also worth mentioning that, in general, radiopharmaceuticals based on small non-peptide molecules
(e.g., aprepitant and L-733,060) have many advantages over peptide-based radiopharmaceuticals [2].
They usually have lower molecular weights, higher lipophilicity values, and, hence, different
pharmacokinetics; they are stable in vivo, but, more importantly, their radiosyntheses can be carried out at
higher temperatures and in a wider pH range. Moreover, according to the literature, radiopharmaceuticals
based on non-peptide antagonists interact with a receptor through more binding sites and accumulate better
and for a longer time period in cancer cells [33,34]. Even though the further evaluation of aprepitant-based
radiopharmaceuticals is still needed, the findings reported herein provide insight on the perspectives of
their application in the theranostics paradigm.

5. Patent

In course of this study, the following national patent application was submitted: No. P430136
“The modified drug substance molecule, method of its production, diagnostic or therapeutic receptor
radiopharmaceutical based on this molecule, method of its production and its application”.
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Abbreviations

6HLO, 6HLL, 6HLP accession codes of co-ordinates and structure factors in PDB
APT aprepitant

BBB Blood-brain barrier

Bn benzyl moiety

BSA bovine serum albumin

DMF dimethylformamide

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTAGA 1,4,7,10-tetraazacyclododecane, 1 glutaric acid - 4,7,10-acetic acid
DTPA diethylenetriaminepentaacetic acid

ECL extracellular loop

ESI electrospray ionization

GAMG human glioblastoma cell line

HEK 293 human embryonic kidney 293 cell line

hNKIR human neurokinin 1 receptor

HS human serum

ICq0 maximal inhibitory concentration

(@) half-maximal inhibitory concentration

logD logarithm of distribution coefficient

MS mass spectrometry

n.c.a. non-carrier added

NHS N-hydroxysuccinimide moiety

NKIR neurokinin 1 receptor, tachykinin 1 receptor

PBS phosphate-buffered saline

PDB Protein Data Bank

pKs negative logarithm of Boltzmann constant

p-SCN para-isocyanate group

rNKIR rat neurokinin 1 receptor

Rt retention time

SEM standard error of the means

Sp Substance P

SPE solid phase extraction

TFA trifluoroacetic acid

™ transmembrane helix
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Abstract: Locoregionally administered, NK1 receptor (NK1R) targeted radionuclide therapy is a
promising strategy for the treatment of glioblastoma multiforme. So far, the radiopharmaceuticals
used in this approach have been based on the endogenous agonist of NK1R, Substance P or on its
close analogues. Herein, we used a well-known, small molecular NK1R antagonist, L732,138, as the
basis for the radiopharmaceutical vector. First, 14 analogues of this compound were evaluated to
check whether extending the parent structure with linkers of different lengths would not deteriorate
the NKIR binding. The tested analogues had affinity similar to or better than the parent compound,
and none of the linkers had a negative impact on the binding. Next, five DOTA conjugates were
synthesized and used for labelling with ®8Ga and 77 Lu. The obtained radioconjugates turned out to
be fairly lipophilic but showed rather limited stability in human plasma. Evaluation of the receptor
affinity of the (radio)conjugates showed that neither the chelator nor the metal negatively impacts
the NK1R binding. The '”/Lu-radioconjugates exhibited the binding characteristics towards NKIR
similar or better than that of the 177 Lu-labelled derivative of Substance P, which is in current clinical
use. The experimental results presented herein, along with their structural rationalization provided by
modelling, give insight for the further molecular design of small molecular NK1R-targeting vectors.

Keywords: L732,138; radiopharmaceuticals; neurokinin-1 receptor antagonist; radioconjugates;
targeted radionuclide therapy; glioblastoma multiforme; molecular dynamics

1. Introduction

Glioblastoma multiforme (GBM, IV WHO grade glioma) is among the most common
primary malignant brain tumours [1]. It is also the most aggressive one of all gliomas,
with very poor prognosis. The majority of patients do not survive beyond a year, and the
median survival time is less than 16 months [2]. The current standard treatments (surgical
resection followed by radio- and chemotherapy) are disappointingly ineffective. In almost
all patients, a quick GBM recurrence is observed. The problem with treating GBM is in part
associated with the heterogenous character of this tumour, its very high proliferation and
its infiltrative nature [1]. Another problem is the limited distribution of the systemic drugs
(due to the blood-brain barrier) as well as the tumour cells’ resistance to them.

An experimental therapeutic option that holds promise for enhancing the effective-
ness of GBM treatment is the locoregionally administered targeted radionuclide therapy
(TRT) [3]. The principle of TRT is to deliver «- or 3-emitting radionuclides into (or in the
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close vicinity of) the cancer cells. This is accomplished by the means of radioconjugates of
general structure: vector-linker-chelator-radionuclide. The vector fragment (small molecule,
peptide or antibody) must have high affinity for a certain molecular target (a receptor) over-
expressed at the surface of cancer cells. The linker enables attaching the chelating moiety
onto the vector structure without compromising the affinity. A well-tuned radioconjugate
diffuses within the tumour and penetrates the infiltrative zone, selectively concentrating the
radioactivity around the neoplastic cells and destroying them. At the same time, the locore-
gional administration (that is into the tumour or into the post-operative resection cavity)
allows for bypassing the blood-brain barrier and for sparing the radiation-sensitive organs.

A molecular target particularly suitable for TRT of GBM is the neurokinin-1 receptor
(NK1R) [4], since it was shown to be widely overexpressed in GBM as well as in many
grade II and grade III gliomas [5]. Moreover, in the normal CNS tissue, NK1R is not highly
expressed, except for in a few specific areas (e.g., in the spinal cord) [5]. This should ensure
that the critical brain regions are not damaged by the radioactivity.

Targeting NK1R with locally administered radioconjugates was evaluated clinically,
showing indeed very promising therapeutic outcomes with little toxicity [5-9]. The attempts
that have advanced to clinic so far utilized peptide vectors based on the endogenous NK1R
ligand, Substance P (SP) or its close analogues modified to improve in vivo stability [10].
These peptides, conjugated with the macrocyclic chelators (DOTA or DOTAGA), were
labelled with °Y, 177Lu or 2!®Bi. SP-based radioconjugates labelled with 22°Ac have also
been subject to in vitro [11] and in vivo [8,12] investigations.

Despite the first success of the NK1R-directed TRT concept, the field is open for
further developments. For example, it was postulated [8,13] that vectors of lower molecular
mass and higher lipophilicity could be more advantageous than SP. Such carriers should
distribute more rapidly and more thoroughly, in particular into the walls of the post-
surgical cavity. This is especially important in the case of short-lived radionuclides, such
as 213Bi. In the desire to address this proposition, a search for vectors smaller than SP
was initiated. Majkowska-Pilip et al. investigated short Substance P fragments labelled
with P™Tc and 7Lu [13]. An SP substructure was also used for labelling with 21 At
by Lyczko et al. [14] Recently, we have synthesized radioconjugates based on the FDA-
approved small molecular NK1R antagonist, aprepitant [15].

In another branch of our research, we have turned our attention to yet other small
molecular NK1R antagonist, L732,138 (1c, Figure 1C), which had been reported for the first
time by MacLeod et al. [16]. Using this compound as a basis for the radiopharmaceutical
vector has several advantages from the perspective of structure-activity relationship (SAR)
studies. L732,138 exhibits high affinity for NK1R [16]. At the same time, its structure is
fairly simple. This makes the generation of analogues required for SAR exploration facile
and quick. Moreover, the synthesis of novel vectors from scratch in quantities needed for
exhaustive evaluation becomes inexpensive and easy. A potential liability is the presence
of the ester linkage, which may be prone to hydrolysis by serum esterases. However, this
is not necessarily disqualifying for a compound to be delivered locoregionally, since the
activity of the serum enzymes in the cavity or in the cerebrospinal fluid is absent or very
low [17]. Note that some of the excellent clinical results obtained so far were obtained with
peptide vectors that are susceptible to very quick degradation in plasma [5,7]. Besides,
planning the novel conjugates to be used for systemic administration, the issue of stability
could be addressed at the later stage by, e.g., isosteric replacements.

Having considered the above-stated points, we designed and prepared several novel
analogues of L732,138 to see whether expanding this structure by potential linking elements
would not result in a loss of NK1R affinity. In the further step, the novel analogues served
for the synthesis of conjugates and radioconjugates, which were subsequently evaluated
for physicochemical and biological properties. The results were also analysed in the light
of molecular modelling, including docking and molecular dynamics. These efforts are
reported in the current contribution.
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Figure 1. (A) Schematic representation of the L732,138 binding model that guided the design.
(B) The linkers chosen along with their lengths and their predicted effect on lipophilicity expressed
as the change of theoretical lipophilicity parameter (AALogP). (C) The analogues to be synthesized.
Abbreviations: Ac—acetyl, Ahx—e-aminohexanoic acid, Boc—tert-butoxycarbonyl, DAla—D-alanine.

2. Results and Discussion
2.1. Structure—Activity Relationships of the Extended L732,138 Analogues
2.1.1. Design Rationale

In building bifunctional conjugates, an essential consideration is how and where to
attach the (usually) bulky chelating moiety to the vector fragment so that the receptor
affinity is not compromised. Molecular modelling based on homology models of human
NK1R (executed before the crystal structures were available) had suggested that L732,138
binds by placing the 3,5-bis(trifluoromethyl)phenyl ring at the very bottom of the binding
site (Figure 1A). The N-acetyl fragment would be oriented in the direction approximately
towards the outlet of the binding site, with the terminal CHj3-group exposed to the solvent.
It had seemed then that expanding the parent molecule by exchanging N-acetyl for other
N-acylating elements should be optimal. Based on the model, we had expected that the
direct introduction of a chelator moiety (e.g., DOTA) instead of the N-acetyl fragment
would not be tolerated due to the bulkiness of the chelator. However, given the uncertainty
associated with the homology model of the receptor and the modelling itself, we wanted to
probe several depths of chelator placement in the binding site by using linkers of various
lengths but not excluding the direct attachment of chelator. We also contemplated the
impact of the spacers on the lipophilicity of the compounds (modelled by the change of
the theoretical lipophilicity parameter, ALogP). From the point of view of pharmacology,
lipophilicity is one of the most important physicochemical parameters for drugs and other
medical preparations, because it characterizes their ability to distribute and to accumulate
in organisms [18,19].
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As a result of these considerations, it was decided to prepare five series of compounds
(1-5) with linkers, as given in Figure 1B. At the ‘end’ of the N-terminus, the compounds were
to have an unprotected amino group (b), N-tert-butyloxycarbonyl group (a) or N-acetyl
group (c) (Figure 1C). Overall, this part of our work was meant to see if introduction of the
potential linking fragments would not give loss of NKI1R affinity.

2.1.2. Synthesis

The synthesis of the designed analogues was accomplished by the divergent ap-
proach outlined in Scheme 1. Starting from Boc-L-Trp-OH, the ester 1a was obtained by
O-alkylation by the appropriate bromide under standard conditions. Upon deprotection
of the Boc group with trifluoroacetic acid (TFA), 1b was obtained. This compound served
either for N-acetylation (to give L732,138, 1c) or for attaching the linking moieties. The latter
was carried out by coupling 1b with the N-hydroxysuccinimide (NHS) active esters of the
N&- or N*-protected aminohexanoic acid (Ahx; the ester preformed) or D-alanine (DAla;
the ester formed in situ). All further analogues were furnished by this sequence of reactions
(deprotection followed by acetylation or coupling and so on). In total, 15 compounds were
synthesized and isolated, 13 of which are reported for the first time.

S

= CF,

ii. <~ NH

o]

iv. orv. )LH (o] CF,
[e] 1c

4a

4b
¢

Su

5h

5c

Scheme 1. Synthesis of the designed analogues. Reagents and conditions: (i) caesium car-
bonate (CspCO3), 3,5-bis(trifluoromethyl)benzyl bromide, RT, 18 h, acetonitrile (ACN); (ii) tri-
fluoroacetic acid (TFA): dichloromethane (DCM) (1:1), RT, 1h; (iii) acetic anhydride (AcyO),
N,N,N’,N'-tetramethylguanidine (TMG), 0 °C-RT, 1,5 h, dimethylformamide (DMF); (iv) 6-(N-(tert-
butyloxycarbonyl)-amino)hexanoic acid N-succinimidyl ester (Boc-6-Ahx-OSu), TMG, RT, 6 h, DMF;
(v) N-hydroxysuccinimide (HOSu), DCC, N-(tert-butyloxycarbonyl)-D-alanine (Boc-D-Ala-OH), TMG,
0 C- RT, 2 days, DMF.
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2.1.3. Binding Affinity Determination

The prepared analogues were tested as to their affinity for the rat and human NK1
receptors (rNK1R and hNKI1R, respectively). This parameter is responsible for the weak
or strong binding of tested compounds to the receptor, which results in the quality of
the diagnostic imaging and/or the effectiveness of the therapy. Radiopharmaceuticals
with high affinity to receptors cause selective destruction of pathological cells and do not
affect healthy cells. Testing the compounds at receptors coming from different species is
justified by the fact that some NK1R ligands show markedly different affinities for the
human variant and the rat variant [20]. While the pursued radioconjugates are intended
for potential use in human medicine, much of the in vivo testing is usually carried out in
rats; hence, the information on the possible interspecies differences in affinity may be of
value. The results of the binding assays are given in Table 1.

Table 1. NK1R binding affinity of the synthesized analogues.

ICs9 (Mean + SD) 1

Compound Linker Length Linker N-Terminus
rNK1R hNK1IR
(n Atoms) (nM) (nM)

la 0 none Boc 2928 + 1518 180.4 + 112.4
1b 0 none H >10000 358.9 £ 132.0
1c

1.732,138 2 0 none Ac 2879 + 999 25.6 £15.9

(parent)
2a 3 -DAla- Boc 1532 + 279 135.0 + 108.3
2b 3 -DAla- H 4681 + 1322 254 £125
2c 3 -DAla- Ac 2280 + 703 253 +£04
3a 6 -DAla-DAla- Boc 745 + 311 139+ 11.2
3b 6 -DAla-DAla- H 4007 + 1373 80.8 £59.7
3c 6 -DAla-DAla- Ac 1141 + 289 13.5 +12.1
4a 7 -Ahx- Boc 1658 + 1051 60.7 £ 31.9
4b 7 -Ahx- H 1399 + 319 354 £23.6
4c 7 -Ahx- Ac 1951 + 641 83.1 £69.3
5a 14 -Ahx-Ahx- Boc 762 + 295 45+28
5b 14 -Ahx-Ahx- H 572 + 41 204 £10.2
5¢ 14 -Ahx-Ahx- Ac 655 + 120 143 +5.2
Reference compounds
Substance P - - - 36(n=1) 307 £42(n=2)

Aprepitant

130 + 60 [15] 277 (n=1)

1 ICsp, half maximal inhibitory concentration, mean of three independent experiments carried out in duplicate with
the standard deviation, unless stated otherwise. 2 hNK1R binding affinity in the original report, IC5y = 1.6 nM [16].

The affinities for the human receptor will be discussed first and in detail. The parent
L732,138 (1c) in our hands exhibits nanomolar affinity for hNK1R with ICsy = 25.6 nM.
The deacetylated analogue (1b) binds 14x weaker (IC5p = 358.9 nM), while the Boc-
protected derivative (1a) is a 7 x weaker NKI1R ligand (ICsg = 180.4 nM) than the parent
compound. Similar hNK1R affinity order (N-acetyl > N-Boc > amino analogue) was re-
ported previously for derivatives with 3,5-dimethyl substitution at the phenyl ring [21].
Vardanyan et al. previously reported the analogue with free amino group 1b but in the
form of ionic pairs with a few fentanyl carboxylate derivatives as the anions for which they
found hNK1R binding with Ki in the order of 20-40 nM [22].



Int. . Mol. Sci. 2022, 23,1214

6 of 25

Expanding the parent compound by a single DAla unit (2c) yields an almost identical
hNKI1R affinity (ICsy = 25.4 nM), which is not affected by N-deacetylation (2b, ICsy = 25.4 nM).
On the contrary, the Boc protected derivative 2a is a clearly weaker ligand (IC5p = 135.0 nM).

An additional DAla residue is associated with some modest improvement of the
affinity (3¢, ICsg = 13.5 nM) compared to the parent. The Boc protected derivative 3a
has similar binding strength, but the N-deacetylated derivative 3b binds slightly worse
(ICsp = 80.8 nM) compared both to the parent 1c or to 3c.

Insertion of a single Ahx fragment leads to minor worsening of the affinity (4c,
IC5p = 83.1 nM) in comparison to L732,138. Slightly better affinity is found for the Boc
protected derivative 4a (IC5y = 60.7 nM), and further improvement is observed with the
N-deacetylated analogue 4b (ICsy = 35.4 nM).

Among the longest analogues (with double Ahx fragment) is the most potent of the
novel compounds, the N-Boc analogue 5a, whose ICsg equals 4.5 nM and is about five times
better than that of L732,138. The N-acetylated analogue (5¢) is also slightly better than the
parent with ICsp = 14.3 nM. The amino derivative 5b exhibits binding similar to that of
L732,138 (IC5¢ = 20.4 nM).

Overall, in the case of the human receptor, the affinity variations associated with the
presence of linkers and/or of the capping groups are rather small. Most of the analogues
show decent hNK1R affinity and some of them are better than the parent L732,138 (1c) or
another reference hNKIR ligand, aprepitant (in our hands, ICs = 27.7 nM).

Regarding the rat receptor, the parent 1L.732,138 (1c) in our hands exhibits micromolar
affinity for INK1R with IC5p = 2879 nM. The difference in L732,138 binding to rNK1R and
hNK1r had been already reported [23].

Four novel analogues exhibit submicromolar ICsy values (3a, 5a, 5b and 5c), and the
majority of the remaining ones are slightly better NK1R ligands than the parent. The trends
in structure/affinity changes are not parallel when comparing hNKIR and rNKI1R binding.
There is only a weak correlation (R? = 0.33) between the human and rat receptor affinities
(Figure 2). Importantly, all novel compounds are weaker binders of the rat receptor than
Substance P (ICsg = 3.6 nM) or aprepitant (ICsp = 130 nM [15]).

8.5 . Re=03247
_ 8
C_Sj ° o.. aprepitant
o
c75 ° 0 °
¥
zZ °
T 7 Y °
[ ]
[ ]
6.5
5.2 57 6.2 6.7
rNK1R pICsp

Figure 2. Plot of the hNK1R versus rNKIR binding affinity for compounds 1a-5¢c. The affinities are
shown as the negative logarithm of the ICsy value (pICs). Compound 1b is excluded for having
indeterminate rNKIR affinity (IC5o > 10 pM). The data for aprepitant are given for reference.

2.2. Radioconjugates
2.2.1. Synthesis of Radioconjugates

Since none of the linkers had a profoundly negative or positive effect on hNK1R
affinity, it was rational to evaluate radioconjugates based upon each of them. To this
aim, the derivatives with the primary amino group (1b-5b) were reacted with the NHS
ester of the cyclic chelator DOTA to obtain the corresponding DOTA conjugates 1d-5d
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(Scheme 2, Figure 3). The choice of only one radionuclide chelator was dictated by stability
issues evaluated previously [15].

CF, /,< CF3
NH o NH

\ \
N
o DOTA-NHS, Et;N HO ﬁ o
HoN CF3 DMF CF3
0 (0]
HO
1b 1d (>90%)

Scheme 2. An exemplary synthetic route of conjugation reaction of DOTA-NHS with 1b. Other
N-deacetylated derivatives of L-732,138, 2b-5b, follow conjugation reaction in a similar manner.
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Figure 3. Structures of all DOTA conjugates, 1d-5d, along with [®*Ga]Ga-DOTA- and [7/Lu]Lu-DOTA-
radiocomplexes present in [®®*GalGa-1d-[8GalGa-5d and [V’ Lu]Lu-1d-["”Lu]Lu-5d radioconjugates.

Each of the DOTA conjugates was labelled with ®®Ga or 1”/Lu, providing two series of
radioconjugates. Radiolabelling was successfully performed at 95 °C for 10 min at specific
activity of around 2 GBq/pmol and in high radiochemical yield above 95%. The obtained
radioconjugates were purified using the solid phase extraction (SPE) method before HPLC
identification (Figure 4) and further analyses.

In parallel, the verification of the obtained ®*Ga-radioconjugates was performed by
synthesis of the non-radioactive stable gallium reference compounds (Ga-1d-Ga-5d). These
were prepared in an analogous manner, as in the case of ®Ga-radioconjugates, followed by
the characterization using mass spectrometry. The comparison of HPLC retention times
(tr) of radioactive and non-radioactive products is presented in Table 2. The values are
consistent, corroborating the identity of the conjugates (the differences between them result
from the serial connection of UV-Vis and gamma detectors).
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Figure 4. Radiochromatograms of obtained DOTA conjugates radiolabelled with gallium-68 (upper)
or with lutetium-177 (bottom).

Table 2. Retention times (tg) of stable gallium conjugates and 68Ga—radioconjuga’ces.

1

Stable Ga-Conjugate tr %8Ga-Radioconjugate tr
Ga-1d 17.9 min [8GalGa-1d 18.2 min
Ga-2d 17.7 min [8Ga]Ga-2d 18.0 min
Ga-3d 17.6 min [68Ga]Ga-3d 17.8 min
Ga-4d 18.1 min [68GalGa-4d 18.3 min
Ga-5d 18.2 min [(8GalGa-5d 18.3 min

1 Gradient elution: 0-20 min 20 to 80% solvent B; 20-30 min 80% solvent B; 2 mL/min.; solvent A: 0.1% (v/v) TFA
in H,O; and solvent B: 0.1% (v/v) TFA in ACN.

2.2.2. Plasma Stability

All obtained radioconjugates, previously isolated from the reaction mixture using the
SPE method and being solvent-free, were examined as to their stability in human serum
(HS). For this purpose, each radioconjugate was mixed with HS and incubated at 37 °C.
At specific time points, small samples of radioconjugate mixture were analysed using the
HPLC method for the assessment of the radioconjugate stability.

The results of the plasma stability determinations are shown in Figure 5. Exemplary
chromatograms are given in the Supplementary Materials in Figures SM-STAB-1 and SM-
STAB-2. All the ®¥Ga-radioconjugates begin to decompose as early as at the 1 h time point
(79-98% radioactivity remaining). At the 4.5 h time point, 73% of the initial [®® Ga]Ga-2d
activity is present in the sample, while only about 50% of the initial [*¥GalGa-1d and
[8GalGa-4d is detected.

As to the Lu-labelled radioconjugates, at the 1-day time point, around 30% of [’ Lu]Lu-
2d and ['7Lu]Lu-3d remains in the samples. On the other hand, [1””Lu]Lu-1d, [*””Lu]Lu-
4d, [Y7Lu]Lu-5d are almost undetectable.

We assume that the cause of the gradual decomposition over time may be the presence
of an ester moiety in the compound structure. Additionally, in the case of Ahx-containing
analogues, which are less stable than the analogues with the DAla moiety, a source of
instability may also be the amide bond. Overall, the novel radioconjugates are significantly
less stable than the aprepitant-based radioconjugates with DOTA chelator that we reported
recently [15].

In parallel, we have corroborated full stability of ””Lu-radioconjugates in PBS and
cellular medium for 7 days for the purpose of further research.
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Figure 5. Percentage of intact 68Ga—radioconjugates (left) and 177Lu—radioconjugates (right) deter-
mined at specific time points during incubation in human serum.

2.2.3. Lipophilicity Study

A lipophilicity study was also performed right after the SPE method purification and
ethanol evaporation. For each DOTA radioconjugate, the lipophilicity value was estimated
as the logarithm of the distribution coefficient (D) based on the ratio of the radioactivity of
the organic phase to the radioactivity of the aqueous phase in the n-octanol/PBS (pH 7.40)
system. Simultaneously, the stability of the studied radioconjugate during the experiment
was verified through the HPLC analysis of the aqueous phase. LogDy 4 values of ®®Ga- and
177 u-radioconjugates of L-732,138 derivatives are listed in Table 3.

Table 3. LogDy 4 values of all radioconjugates determined in n-octanol/PBS buffer system.

logD74 (Mean + SD) 1

Radioconjugate

68Ga- 1771 u-
1d- —0.085 + 0.015 0.400 £ 0.004
2d- —0.06 £+ 0.02 0.704 + 0.005
3d- —0.259 + 0.017 0.619 £+ 0.007
4d- 0.071 4+ 0.023 0.866 £ 0.019
5d- —0.466 + 0.016 0.294 + 0.013

1 JogD values are presented as means of three independent experiments carried out in duplicate with the
standard deviation.

At first glance, it is easily noticed that the 17’ Lu-radioconjugates are more lipophilic
by 0.5-0.8 unit than corresponding ®®Ga-radioconjugates (due to the different complex
coordination and presence of the free carboxylate group in the gallium complex). This
observation coincides with results for radioconjugates of aprepitant derivatives previously
obtained [15]. Moreover, the overall lipophilicity results for radioconjugates of aprepitant
and L-732,138 derivatives are fairly similar, despite considerable structure differences
between both radioconjugate series. It also shows the substantial hydrophilic impact of
DOTA chelator on the resultant lipophilicity of radioconjugates based on small molecular
NKI1R antagonists.

There is an interesting trend in logDy 4 values in relation to the type of the linker
used. The most lipophilic radioconjugates are the ones with the Ahx linker ([*®®GalGa-4d
and [7Lu]Lu-4d), but surprisingly the least lipophilic are those with a double Ahx linker
([®®GalGa-5d and [7”Lu]Lu-5d). Similarly, the application of only one DAla residue as a
linker increased the lipophilicity of '””Lu-radioconjugate (['””Lu]Lu-2d) in comparison to
177Lu-radioconjugates based on the 1.-732,138 derivative without any linker (['”’Lu]Lu-1d),
whereas %®Ga-radioconjugates with a double DAla linker ([®® Ga]Ga-3d) are characterized
by lower lipophilicity to ®®Ga-radioconjugates without any linker ([*®GalGa-1d). Hypo-
thetically, in the derivatives with doubled linkers, some intramolecular interactions and/or
folding occurs, impacting the resultant lipophilicity.
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2.2.4. Binding Affinity (Competitive Assay)

The obtained conjugates (both uncomplexed 1d-5d as well as complexed with cold
Ga**, Ga-1d-Ga-5d series) were evaluated in the competitive binding assay as to their
affinity for human and rat NK1R (Table 4).

Table 4. NK1R binding affinity of the synthesized conjugates (competitive binding assays).

ICs9 (Mean + SD) 1

Compound Linker Length Linker N-Terminus
rNK1R hNK1R
(nM) (nM)

1d 0 none DOTA n/d? 72+14
Ga-1d 0 none Ga-DOTA 112+ 3 51+£20
2d 3 -DAla- DOTA 1536 + 231 214 4+5.7
Ga-2d 3 -DAla- Ga-DOTA 747 + 348 38.7 £ 229
3d 6 -DAla-DAla- DOTA 1270 £ 415 271+ 1.1
Ga-3d 6 -DAla-DAla- Ga-DOTA 2393 + 1114 14.6 £ 2.3
4d 7 -Ahx- DOTA n/d?2 8.7+32
Ga-4d 7 -Ahx- Ga-DOTA 1000 £ 71 155 +20
5d 14 -Ahx-Ahx- DOTA 830 + 236 42 4+ 0.8
Ga-5d 14 -Ahx-Ahx- Ga-DOTA 411 £ 183 87+24

11Csp, half maximal inhibitory concentration, mean of three independent experiments carried out in duplicate
with the standard deviation, 2 n/d—not determined.

All conjugates exhibit very good binding to hNK1R (ICsq values in the range 4—40 nM).
With the exception of the 3¢/3d pair, the exchange of the acetyl moiety for DOTA is at
least slightly favourable to affinity. The presence of Ga®* cation has little impact on the
binding strength. The best hNK1R affinity is found for the longest (5d, IC5yp = 4.2 nM;
Ga-5d, IC5p = 8.7 nM) and the shortest (1d, IC5p = 7.2 nM; Ga-1d, IC5¢ = 5.1 nM) analogues.
The latter is surprising in the light of our initial design considerations in which we had
predicted that bulky chelator could interfere with the NK1R binding.

2.2.5. Binding Affinity (Saturation Assay)

The analogues labelled with 177Lu were assayed for the receptor affinity in saturation
binding experiments. For comparative purposes, we have also evaluated a well-known
177Lu—radioconjugate of Substance P derivative, i.e., ['””Lu]Lu-DOTA-[Thi® Met(O,)'!|SP.
This very SP derivative is a currently used vector for an « therapy of glioblastoma multi-
forme [11,24]. The binding parameters are summarized in Table 5, while the illustrative
binding profiles are presented in Figure 6.

Table 5. The results of saturation binding assays towards the hNKIRr for the novel '77Lu-
radioconjugates, compared to the reference derivative of Substance P.

Radioconjugate Kq +SD1 (M) Ratio to SP Bymax = SD ! (nM)  Ratio to SP
[Y77Lu]Lu-DOTA-[Thi®,Met(O;)11]SP (reference) 6.15 4+ 0.64 1.00 0.929 + 0.027 1.00
[Y77LulLu-1d 6.98 £ 0.69 1.13 0.762 + 0.046 0.82
[Y77Lu]Lu-2d 10.52 + 0.77 1.71 2.497 + 0.046 2.69
[Y77Lu]Lu-3d 2.002 + 0.051 0.33 0.5939 =+ 0.0063 0.64
[Y77Lu]Lu-4d 5.40 £ 0.30 0.88 2.363 + 0.060 2.54
[Y77LulLu-5d 8.70 + 0.46 1.42 493 +0.26 5.31

! Values are presented as means of three independent experiments carried out in duplicate with the standard deviation.

It is noteworthy that all examined ”/Lu-radioconjugates exhibit high binding ability
towards hNKI1R in a quite similar nanomolar range. The highest affinity was obtained for
[Y7LulLu-3d (K4 = 2.002 nM), which was about three times better than the affinity of the ref-
erence radioconjugate [7”Lu]Lu-DOTA-[Thi®, Met(O2) ISP (K4 = 6.15 nM). On the other
hand, the binding capacity of ['”’Lu]Lu-3d was found to be the smallest (Byyax = 0.5939 nM).
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Figure 6. Illustrative binding profiles of 1’ Lu-radioconjugates of Substance P or 1.-732,138 derivatives.

The 77Lu-radioconjugate of the derivative without any linker (['7”Lu]Lu-1d) exhibits
binding parameters that are a little worse (Kg = 6.98 nM, Byax = 0.762 nM) than the
reference radioconjugate of the SP derivative. [17”Lu]Lu-2d and ['7’Lu]Lu-5d presented
around a 1.5-times worse binding affinity (Kq = 10.52 nM and K4 = 8.70 nM) than ['”’Lu]Lu-
DOTA-[Thi® Met(O,)!']SP, while both radioconjugates show the highest binding capaci-
ties (Bpax = 2.497 nM and Byax = 4.93 nM).

2.3. Retrospective Molecular Modelling
2.3.1. Binding Mode of L732,138

In order to rationalize the SAR data found, we performed molecular modelling for
some of the reported compounds. The modelling included molecular docking and molecu-
lar dynamics (MD) simulations of the ligand-receptor complexes.

First, we wanted to understand the binding of the parent compound 1c (L732,138).
The compound was docked to 6HLO, 6HLL and 6HLP hNKIR structures [25], and the
top scored binding pose was subject to three MD runs of 150 ns production length (RMSD
plots Figures SM-MOD-1 to SM-MOD-3). As a result, the binding mode with the following
features was obtained (Figure 7). The 3,5-bis(trifluoromethyl)phenyl fragment is located at
the bottom of the binding pocket and involved in the hydrophobic interactions with Met81,
Asn85, Prol12, Ile113, Vall16, I1e204, Trp261, Phe264, His265 and Met291. The indole ring
approaches transmembrane helices 6 (TM6) and 7 (TM?7). It forms apolar interactions with
GIn165, Tyr196, His197 (m-m stacking or m-H-bond donor interactions), Val200, Thr201,
Phe268 and Tyr272. The N-acetyl fragment of the ligand molecule is exposed to the solvent
(in some vicinity of Pro271 and Tyr278 side chains) and directed to the receptor binding
site outlet.

Interestingly, the discussed binding pose of 1c has no direct polar contact between
the ligand and the receptor residues. All the interactions are of apolar type. In some of
the top docking poses, there was an H-bond between the N-acetyl or the ester group and
the side-chain of GIn165, but this interaction was not observed during MD runs. Indeed,
data from mutagenesis experiments suggest that GIn165 is not important to affinity of
L732,138 (1c) for hNK1R, as GIn165Ala mutation was associated with a marginal change in
affinity (wild type ICsp = 3.3 nM; Q165A mutant, IC5p = 8.1 nM [26]). The interaction of
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the indole with H197 is supported by the fact that the His197Ala mutation had been found
to be associated with about a ten-fold decrease of L732,138 affinity, while the His197Phe
mutation had no effect thereupon [23].
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Figure 7. Binding mode of compound 1c (L732,138) to hNK1R. (A) The molecule in the receptor
binding site. Only selected residues of the receptor are displayed (orange). The ligand is shown in
green. Hydrogen atoms’ display is suppressed. (B) Interaction diagram. The interacting residues are
coloured according to the legend in the Figure. The presented binding pose is the final snapshot of
MD simulation (run nr 1c-1).

Further support for the modelled binding mode comes from the fact that a partially
rigidified analogue with an oxazolidinedione core that was reported to have the slightly
lower affinity than the parent L732,138 [27] may be decently overlaid on our proposed
binding mode (Figure SM-MOD-4).

In general terms, the premises upon which the design was based (see Section 2.1.1) are
corroborated by the modelling with the receptor crystal structures.

2.3.2. Binding Mode of Compound 1d

Of the experimental results that surprised us during the study were the very good
affinities for the conjugates in which DOTA was attached directly to the vector structure,
without the linker (1d, Ga-1d and ["7’Lu]Lu-1d). As mentioned in 2.1.1., based on mod-
elling with hNK1R homology models, we had expected 1d to have worse affinity, for steric
reasons. Even now, with the X-ray crystals available, when 1d was docked to the receptor,
the predicted binding poses were significantly displaced compared to ones found for 1c.
In these poses, the 3,5-bis(trifluoromethyl)benzyl fragment was not placed deep in the
pocket (Figure SM-MOD-5) but closer to the extracellular space, which could be intuitively
expected to give diminished binding strength. This displacement seemed to be driven by
the steric requirements and by the bias of docking in favour of polar interactions that could
not be found if the ligand’s core remained deep in the pocket.

We suspected then that some receptor flexibility (not captured by docking to a rigid
receptor) may enable the formation of favourable contacts with the DOTA moiety and
simultaneous accommodation of the core deep in the pocket. To see if it is possible, we built
a 1d-hNK1R complex by manually installing the DOTA fragment into the 1c structure in
the conformation found in the 1c binding pose from docking and subjected this structure to
MD simulations (three runs of 150 ns production length).

Comparing simulations with 1c and 1d, one can observe some readjustments of the
side chains close to the extracellular outlet (Figure 8A) and a change in positioning of
the extracellular loop 3 (ECL3). With these, 1d was able to stay bound deep in the site,
with only a slight change of positioning compared to 1c (with respect to the indole and
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3,5-bis(trifluoromethyl)phenyl rings, Figure 8B and Figure SM-MOD-6). A few positively
charged or polar side chains (e.g., Argl177, Lys190, Lys194, GIn274; Figures SM-MOD-9 to
SM-MOD-11) adopt conformation such that their interactions with DOTA’s carboxylate
arms are enabled. These additional interactions formed by the DOTA are likely only slightly
beneficial to binding strength due to conformational entropic penalty and/or their solvent
exposed positioning. The net result is some minor improvement of affinity.

@ ARG177
'
5
1 },_‘ ECL3 A

LYS190 id

Figure 8. Compound 1d (pink sticks) in the hNK1 binding site. (A) Readjustments of ECL3 and of
side-chains of Arg177 and Lys190. In orange are the positions as found in simulation 1¢-1, in pink are
the positions as found in simulation 1d-1 (final snapshots). (B) Binding pose of 1d (pink) superposed
on that of 1c (green). Poses taken from final snapshot of 1c-1 and 1d-1 simulations. Only a few
receptor (orange) helices are shown.

2.3.3. Binding Modes of Compounds 5a and 5b

Another point of interest (with implications for further SAR work) was also the binding
mode of the potent long analogues. We studied this problem by the examples of compounds
5a and 5b. Docking of these compounds yielded binding poses in which the core fragment
is located, as in the case of the parent 1c, while the linkers are extended and interact with
the residues of ECL2 or ECL1. For both compounds, docking finds a set of energetically
close binding poses. This picture is somehow corroborated by the MD simulations. Each of
the three production runs for 5a (3 x 210 ns) and 5b (3 x 250 ns) end with different binding
poses (distinct from those found in docking).

In the case of the N-Boc analogue derivative 5a, in all three simulations the core
fragment remains bound in a manner similar to the parent 1c (Figure 9A-C, Figures SM-
MOD-19 to SM-MOD-21), although some differences can be observed (e.g., formation of a
H-bond to GIn165 in two simulations, Figures SM-MOD-19 and SM-MOD-21). The position
of the core is rather stable in the simulations (Figures SM-MOD-14 and SM-MOD-15).
The long linker arm undergoes significant rearrangement compared to the starting pose
(Figure SM-MOD-16), in particular the second Ahx residue changes its position a lot
(Figure SM-MOD-17). The final snapshot binding poses (Figure 9A-C) are characterized
by a half-coiled conformation of the linker arm, with the N-Boc fragment of the molecule
locating close to the tips of TM2 or TM6 (possible interaction partners for the N-butyloxy
group include but are not restricted to the side chains of Tyr92, Tyr278, GIn284; see Figures
SM-MOD-19 to SM-MOD-21).

In the case of the amine derivative 5b, the core fragment has different interactions
than the parent compound 1c. Still, however, the core is bound deep at the similar level as
1c (in two of three simulations, Figure 9E,F) or retracted slightly higher (in one simulation,
Figure 9D). Upon initial rearrangement, the positions of the core fragment (notice that in all
three simulations, they are different) remain stable (Figures SM-MOD-23 and SM-MOD-24).
On the contrary, the linker arm and especially the Ahx residue with the free terminal amino
group retain some mobility (Figures SM-MOD-25 to SM-MOD-27). The linker elements
form transient hydrogen bonds and ionic interactions with a few residues, including Tyr92,
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Asn96, I1e182, Glu183, Glu186, Tyr278, Tyr287, etc. Exemplary snapshots with these contacts
are shown in Figures SM-MOD-31 to SM-MOD-33.
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Figure 9. Binding poses of compounds 5a (yellow sticks, (A-C)) and 5b (brown sticks, (D-F)) in the
hNKT1 binding site, superposed on the binding pose of compound 1c (green sticks). Poses taken from
final snapshot of the MD simulations. Only a few receptor (light blue) helices are shown.

3. Materials and Methods
3.1. Synthesis of L732,138 Analogues
3.1.1. General

All solvents and reagents were obtained in analytical or reagent quality from com-
mercial suppliers and were used without further purification. Thin-layer chromatography
(TLC) was used to monitor the progress of the reaction (silica gel 60 F254, Merck, Warsaw,
Poland) with UV detection (wavelength: 254 nm) with 1% ninhydrin solution in MeOH
as the visualization reagent. Crude products were purified by preparative RP-HPLC on
Shimadzu system (Shim-pol, Warsaw, Poland) with reverse phase column Jupiter® 10 pum,
250 x 21.2 mm, Proteo 90 A, AXIA (Phenomenex, Shim-pol, Warsaw, Poland), using 0.1%
TFA in water/acetonitrile (gradients chosen for particular separations) as the mobile phase.
The purity of the products was estimated by analytical LC-MS Shimadzu system (Shim-pol,
Warsaw, Poland). The conditions of the analytical HPLC method were: gradient of 3-97%
phase B in 31 min (phase A: 0.05% aq. formic acid (FA), phase B: ACN + 0.05% FA), total
flow 1.2 mL/min, column ]upiter® 4 um, 250 x 4.6 mm, Proteo 90 A, UV detection at
A =210 nm, 254 nm and 280 nm. The identity of the products was confirmed using ESI-
MS (Shimadzu LCMS-2020, Kyoto, Japan). The NMR measurements were carried out in
DMSO-d6 on Varian-Agilent 500 MHz VNMRS spectrometer at ambient temperature, with
trimethylsilane as the internal standard for chemical shifts. 1>*C-NMR spectra of 4b and 5b
were registered for the hydrochloride salts (given in Supplementary Materials). 1>*C-NMR
spectra for 2b, 2c and 3c were not registered.

3.1.2. Synthesis of Compound 1a

Compound 1a was prepared according to the procedure described by MacLeod et al. [21]
with a change of solvent from dimethylformamide to acetonitrile.

3,5-bis(trifluoromethyl)benzyl (tert-butoxycarbonyl)-L-tryptophanate, Boc-L-Trp-O-
CH,-3,5(CF3),Ph, 1a, white powder, yield 72%, purity > 98% (HPLC-UV), ESI-MS ion found
m/z [M+H]": 531.10 calculated [M+H]*: 531.17; tg = 21.46 min; 'H NMR (600 MHz, DMSO-
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d6) 5 (ppm) 10.89 and 10.82 (1H, s), 8.05 and 8.03 (1H, s), 7.97 and 7.95 (2H, s), 7.45 (1H, d,
J=7.8 Hz), 7.36 (1H, m), 7.30 (1H, m), 7.14 (1H, bs), 7.03 (1H, m), 6.94 (1H, m), 5.28 (1H,
d,J=13.5Hz),5.15(1H, d, ] = 13.5 Hz), 423 (1H, m), 3.12 (1H, m), 3.03 (1H, m), 1.28 and
1.10 (9H, 2s). Some of the signals exhibit doubling that can be ascribed to the presence of
two conformers, likely associated with the restricted rotation in the carbamate C—N bond.
Similar was found previously for Boc-protected amino acids, e.g., Boc-L-Phe [28]. 3C NMR
(125 MHz, DMSO-d6) & (ppm), 172.35, 155.93, 140.02, 136.54, 130.72 (q, *Jcr = 32.5 Hz),
128.72 (broad, likely an unresolved quartet with 3]cr ~4Hz), 127.44, 124.27, 123.72 (q,
1Jer = 270.8 Hz), 122.03 (broad, likely an unresolved quartet with 3Tcr ~4Hz), 121.40, 118.86,
118.32,111.92, 110.03, 78.80, 64.75, 55.45, 28.44, 27.05.

3.1.3. Synthesis of Compounds 2a and 3a

HOSu (1.2 equiv) was added to a solution of Boc-D-Ala-OH (1 equiv) in DMF and the
reaction mixture was cooled to 0 °C in an ice bath. Next, DCC (1 equiv) was added, and the
mixture was stirred for one hour at 0-5 °C and for further two hours at room temperature.
Then, compound 1b or 2b (1.2 equiv), respectively, with the addition TMG (1.2 equiv) was
added to the reaction mixture. The reaction was allowed to stir at room temperature for
48 h. After this time, the precipitated N,N’-dicyclohexylurea (DCU) was filtered off and the
filtrate was concentrated and extracted with ethyl acetate (AcOEt). The organic phase was
dried with anhydrous magnesium sulfate (anh.MgSO4), the solvent was removed in vacuo
and the resulting oil was dried.

3,5-bis(trifluoromethyl)benzyl  (tert-butoxycarbonyl)-D-alanyl-L-tryptophanate,
Boc-D-Ala-L-Trp-O-CH,-3,5(CF3),Ph, 2a, white powder, yield 38%, purity > 98% (HPLC-
UV), ESI-MS ion found m/z [M+H]*: 602.15 calculated [M+H]*: 602.21; tg = 20.28 min;
'H NMR (500 MHz, DMSO-d6) & (ppm), 10.85 (1H, s), 8.22 (1H, d, ] = 7.5 Hz), 8.05 (1H,
s),7.99 (2H, s), 7.46 (1H, m), 7.31 (1H, m), 7.13 (1H, d, ] = 2.2 Hz), 7.05 (1H, m), 6.96 (1H,
m), 6.72 (1H, d, ] = 7.3 Hz), 529 (1H, d, | = 13.6 Hz), 5.20 (1H, d, ] = 13.6 Hz), 4.56 (1H,
m), 4.00 (1H, m), 3.21 (1H, m), 3.10 (1H, m), 1.34 (9H, s), 1.16 and 1.06 (3H, 2d, | = 6.9 Hz).
13C NMR (125 MHz, DMSO-d6) & (ppm), 173.37, 172.09, 155.33, 139.77, 136.53, 130.64
(q, %Jcr = 32.5 Hz), 128.89 (broad, likely an unresolved quartet with 3Jcp ~4Hz), 127.41,
124.71,123.67 (q, 'Jcr = 271.6 Hz), 121.41, 122.13 (broad, likely an unresolved quartet with
3]cr ~4Hz), 118.83,118.27, 111.89, 109.60, 78.45, 64.98, 53.60, 49.90, 28.55, 27.40, 16.68.

3,5-bis(trifluoromethyl)benzyl (tert-butoxycarbonyl)-D-alanyl-D-alanyl-L-tryptop
hanate, Boc-D-Ala-D-Ala-L-Trp-O-CH,-3,5(CF3),Ph, 3a, white powder, yield 38%, pu-
rity > 98% (HPLC-UV), ESI-MS ion found m/z [M+H]*: 673.15 calculated [M+H]*: 673.25;
tg = 19.60 min. 'H NMR (600 MHz, DMSO-d6) & (ppm), 10.83 (1H, s), 8.32 (1H, d, ] = 7.6 Hz),
8.03 (1H, s), 7.95 (2H, s), 7.70 (1H, d, ] = 7.3 Hz), 7.43 (1H, m), 7.28 (1H, m), 7.12 (1H, d,
J =2.1Hz), 7.02 (1H, m), 6.92 (1H, m), 6.47 (1H, bs), 5.25 (1H, d, ] = 13.3 Hz), 5.15 (1H, d,
] =13.3 Hz), 4.50 (1H, m), 4.25 (1H, m), 3.90 (1H, m), 3.19 (1H, m), 3.05 (1H, m), 1.32 and 1.27
(9H, 2bs), 1.08 (3H, d, ] =7.1 Hz), 1.03 (3H, d, ] = 7.1 Hz). 13C NMR (125 MHz, DMSO-d6) &
(ppm), 172.72, 172.64, 172.00, 155.60, 139.75, 136.51, 130.74 (q, 2Jcr = 32.5 Hz), 128.92 (broad,
likely an unresolved quartet with 3Jcg ~4Hz), 127.39, 123.67 (q, ?Jcr = 271.3 Hz), 122.17
(broad, likely an unresolved quartet with 3Jcr ~4Hz), 121.40, 124.33, 118.83, 118.25, 111.89,
109.58, 78.59, 65.01, 53.63, 50.17, 48.27, 28.58, 27.34, 18.82, 18.30.

3.1.4. Synthesis of Compounds 4a and 5a

Boc-6-Ahx-OSu (1 equiv) was dissolved in the minimum amount of DMF and com-
pound 1b or 4b (1.2 equiv) was added, respectively, with the addition of TMG (1.2 equiv).
The reaction was carried out for 6 h at room temperature. The reaction mixture was con-
centrated and extracted with ethyl acetate. The organic phase was dried, the solvent was
removed in vacuo and the resulting oil was dried.

3,5-bis(trifluoromethyl)benzyl  (6-((tert-butoxycarbonyl)amino)hexanoyl)-L-trypto
phanate, Boc-Ahx-L-Trp-O-CH,-3,5(CF3),Ph, 4a, white powder, yield 57%, purity > 97%
(HPLC-UV), ESI-MS ion found m/z [M+H]*: 644.15 calculated [M+H]*: 644.26; tg = 20.57 min;
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'H NMR (500 MHz, DMSO-d6) § (ppm), 10.83 (1H, s), 8.32 (1H, d, ] = 7.4 Hz), 8.04 (1H,
s), 7.95 (2H, s), 7.47 (1H, m), 7.32 (1H, m), 7.15 (1H, d, ] = 2.2 Hz), 7.05 (1H, m), 6.96 (1H,
m), 6.69 (1H, bs), 5.28 (1H, d, ] = 13.5 Hz), 5.17 (1H, d, ] = 13.5 Hz), 4.53 (1H, m), 3.18 (1H,
m), 3.07 (1H, m), 2.82 (2H, m), 2.06 (2H, t, ] = 7.4 Hz), 1.40 (2H, m), 1.36 (9H, s), 1.29 (2H,
m), 1.13 (2H, m). 13C NMR (125 MHz, DMSO-d6) § (ppm), 172.89, 172.40, 156.82, 139.96,
136.53, 130.71 (q, 2]cp ~32.5 Hz), 128.66 (broad, likely an unresolved quartet with 3cr
~4Hz), 127.45,124.11, 123.69 (q, 1Tep ~272 Hz), 122.05 (broad, likely an unresolved quartet
with 3Jcp ~4Hz), 121.41, 118.83, 118.32, 111.91, 109.91, 77.74, 64.73, 53.85, 35.30, 29.68, 28.70,
27.27,26.32, 25.26. C, signal of Ahx overlapped by the DMSO-d6 signal at around 40 ppm.

3,5-bis(trifluoromethyl)benzyl (6-(6-((tert-butoxycarbonyl)amino)hexanamido)hex
anoyl)-L-tryptophanate, Boc-Ahx-Ahx-L-Trp-O-CH,-3,5(CF3),Ph, 5a, white powder, yield
55%, purity > 98% (HPLC-UV), ESI-MS ion found m/z [M+H]*: 757.30 calculated [M+H]*:
757.34; tg = 19.61 min. 'H NMR (500 MHz, DMSO-d6) & (ppm), 10.83 (1H, s), 8.32 (1H,
d, ] =7.1Hz),8.04 (1H, s), 7.96 (2H, s), 7.66 (1H, t, | = 5.5 Hz), 7.48 (1H, m), 7.21 (1H, m),
7.15 (1H, d, | = 2.1 Hz), 7.05 (1H, m), 6.96 (1H, m), 6.71 (1H, t, ] = 5.1 Hz), 5.28 (1H, d,
J=13.5Hz), 5.17 (1H, d, ] = 13.5 Hz), 4.53 (1H, m), 3.19 (1H, m), 3.08 (1H, m), 2.95 (2H,
m), 2.87 (2H, m), 2.07 (2H, t, ] = 7.6 Hz), 2.01 (2H, t, ] = 7.5 Hz), 1.43 (4H, m), 1.36 (9H, s),
1.33 (4H, m), 1.16 (4H, m). '3C NMR (125 MHz, DMSO-d6) & (ppm), 172.88, 172.41, 172.27,
156.01, 139.97, 136.54, 130.72 (q, ep ~32.5 Hz), 128.65 (likely an unresolved quartet with
3Jcr ~4Hz), 127.45, 124.12, 123.68 (q, }Jcr ~272 Hz), 122.05 (likely an unresolved quartet
with 3Jcrp ~4Hz), 121.41, 118.82, 118.31, 111.91, 109.90, 77.73, 64.73, 55.83, 38.71, 35.84, 35.29,
29.73,29.38, 28.71, 27.28, 26.45, 25.51, 25.25. C, signals of both Ahx residues overlapped by
the DMSO-d6 signal at around 40 ppm.

3.1.5. Deprotection Reaction (1b, 2b, 3b, 4b, 5b)

N*-Boc protected derivatives (1a or 2a or 3a or 4a or 5a) were dissolved in a mixture
of TFA and DCM) (1:1). The reaction was left to stir for one hour at room temperature.
The reaction mixture was concentrated in vacuo, the product was precipitated using cold
diethyl ether and the resulting oil was dried.

(5)-1-((3,5-bis(trifluoromethyl)benzyl)oxy)-3-(1H-ind ol-3-yl)-1-oxopropan-2-aminium
2,2,2-trifluoroacetate, TFA*NH,-L-Trp-O-CH,-3,5(CF3),Ph, 1b, white powder, yield 81%,
purity > 98% (HPLC-UV), ESI-MS ion found m/z [Mpse+H]": 431.05, [Mpase —H] 2 429.00,
[Mgt—H]: 542.95 calculated [Mp,ee+H]™: 431.12, [Mpase—H]: 429.10, [Mgyt—H]:
543.10; tg = 11.38 min; 'H NMR (500 MHz, DMSO-d6) § (ppm), 11.03 (1H, s), 8.52 (3H, s),
8.09 (1H, s), 7.99 (2H, s), 7.48 (1H, m), 7.35 (1H, m), 7.22 (1H, d, ] = 2.2 Hz), 7.07 (1H, m),
6.97 (1H, m), 5.37 (1H, d, ] = 13.2 Hz), 5.24 (1H, d, ] = 13.2 Hz), 4.37 (1H, m), 3.30-3.26 (2H,
m). 13C NMR (125 MHz, DMSO-d6) § (ppm), 169.70, 158.45 (weak, probably q with 2Jcg ~
30 Hz, consistent with TFA salt), 138.83, 136.66, 130.77 (q, 2Jcr = 32.5 Hz), 129.35 (broad,
likely an unresolved quartet with 3Jcp ~4Hz), 127.27, 125.29, 123.65 (q, !Jcr = 271 Hz),
122.56 (broad, likely an unresolved quartet with 3Jcp ~4Hz, overlapped with signal for CF;
carbon), 121.64, 119.06, 118.26, 117.75 (weak, probably q with 1 Jcr ~300 Hz, consistent with
TFA salt), 112.74, 106.84, 65.98, 53.27, 26.83.

(R)-1-(((5)-1-((3,5-bis(trifluoromethyl)benzyl)oxy)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)
amino)-1-oxopropan-2-aminium 2,2,2-trifluoroacetate, TFA*NH,-D-Ala-L-Trp-O-CH»-3,5
(CF3),Ph, 2b, white powder, yield 48%, purity > 95% (HPLC-UV), ESI-MS ion found m/z
[Mpase+H] : 502.10, [Mpase—H] : 500.05, [Mg,t—H] ~: 614.00 calculated [My,¢e+H]*: 502.16,
[Mpase —H] 2 500.14, [Mgyt—H]~: 614.14; tg = 11.40 min; "H NMR (600 MHz, DMSO-d6) 5
(ppm), 10.84 (1H, s), 8.84 (1H, d, ] = 7.8 Hz), 8.07 (1H, s), 7.99 (2H, s), 7.88 (3H, bs), 7.46 (1H,
d,J=78Hz),729 (1H,d,]=84Hz), 711 (1H, d, ] = 2.1 Hz), 7.02 (1H, m), 6.93 (1H, m),
529 (1H, d, ] =13.2 Hz), 5.22 (1H, d, ] = 13.2 Hz), 4.70 (1H, m), 3.77 (1H, m), 3.25 (1H, m),
3.08 (1H, m), 1.12 (3H, d, ] =7.0 Hz).

(R)-1-(((R)-1-(((S)-1-((3,5-bis(trifluoromethyl)benzyl)oxy)-3-(1H-ind ol-3-y1)-1-oxopropan-
2-yl)amino)-1-oxopropan-2-yl)amino)-1-oxopropan-2-aminium 2,2,2-trifluoroacetate, TFA*
NH;-D-Ala-D-Ala-L-Trp-O-CH;-3,5(CFs3),Ph, 3b, white powder, yield 32%, purity > 98%



Int. J. Mol. Sci. 2022, 23,1214

17 of 25

(HPLC-UV), ESI-MS ion found m/z [Mpaee+H]*: 573.15, [Mpase —H] : 571.05, [Mgyt—H] :
685.00 calculated [Mpase+H]™: 573.20, [Mpase—H] 7 571.18, [Mgt—H] : 685.18; tg = 11.62 min;
'H NMR (500 MHz, DMSO-d6) & (ppm), 10.85 (1H, s), 8.51 (1H, d, ] = 7.5 Hz), 8.44 (1H, d,
J=7.5Hz),8.07 (1H, s), 7.99 (2H, s), 7.89 (3H, bs), 7.48 (1H, m), 7.32 (1H, m), 7.15 (1H, d,
J=2.2Hz),7.05 (1H, m), 6.96 (1H, m), 5.30 (1H, d, ] = 13.3 Hz), 5.21 (1H, d, ] = 13.3 Hz), 4.58
(1H, m), 4.39 (1H, m), 3.81 (1H, m), 3.24 (1H, m), 3.09 (1H, m), 1.26 (3H, d, ] =7.0 Hz), 1.09
(3H, d, ] =7.1 Hz). '3C NMR (125 MHz, DMSO-d6) & (ppm), 172.21, 172.03, 169.45, 158.31
(weak, probably q with 2]cp ~ 30 Hz, consistent with TFA salt), 139.78, 136.54, 130.74 (q,
2Jcr = 32.5 Hz), 128.87 (likely an unresolved quartet with 3Tcr ~4Hz), 127.40, 124.30, 123.67
(q, %Jcr ~272 Hz), 122.20 (likely an unresolved quartet with 3Jcg ~4Hz), 121.43, 118.84,
118.30, 111.90, 109.63, 65.02, 53.62, 48.48, 48.43, 27.45, 18.93, 17.58. A signal coming from the
CF;3 group of the trifluoroacetate anion not observed (expected around 117.8 as a quartet
with 1Jcp ~300 Hz).

(5)-6-((1-((3,5-bis(trifluoromethyl)benzyl)oxy)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)
amino)-6-oxohexan-1-aminium 2,2,2-trifluoroacetate, TFA*NH,-Ahx-L-Trp-O-CH,-3,5(CF;3),Ph,
4b, off-white powder, yield 65%, purity > 98% (HPLC-UV), ESI-MS ion found m/z
[Mpase+H]T: 544.15, [Mpase —H] 72 542.10, [Mgyt—H] ~: 656.05 calculated [My e +H]*: 544.21,
[Mpase —H] : 542.19, [Mgyt—H]": 656.19; tg = 11.67 min; "H NMR (500 MHz, DMSO-d6) 5
(ppm), 10.84 (1H, s), 8.35 (1H, d, ] = 7.1 Hz), 8.05 (1H, s), 7.95 (2H, s), 7.59 (3H, bs), 7.48 (1H,
m), 7.32 (1H, m), 7.15 (1H, d, ] = 2.0 Hz), 7.06 (1H, m), 6.97 (1H, m), 5.28 (1H, d, ] = 13.5 Hz),
5.17 (1H, d, ] = 13.5 Hz), 4.54 (1H, m), 3.19 (1H, m), 3.07 (1H, m), 2.70 (2H, m), 2.09 (2H,
t, ] = 7.6 Hz), 1.50-1.38 (4H, m), 1.20 (2H, m). 3C-NMR spectra of the corresponding
hydrochloride salt are given in SM.

(5)-6-((6-((1-((3,5-bis(trifluoromethyl)benzyl)oxy)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)
amino)-6-oxohexyl)amino)-6-oxohexan-1-aminium 2,2,2-trifluoroacetate, TFA*NH,-Ahx-
Ahx-L-Trp-O-CH;-3,5(CF3),Ph, 5b, off-white powder, yield 57%, purity > 97% (HPLC-UV),
ESI-MS ion found m/z [Mp,e+H]": 657.20, [Mpase —H] : 655.10, [Mgt—H] : 769.10 cal-
culated [Mp,ee+H]*: 657.29, [Mpase—H]7: 655.27, [Mgt—H]: 769.26; tg = 11.73 min.
TH NMR (500 MHz, DMSO-d6) 5 (ppm), 10.84 (1H, s), 8.32 (1H, d, ] = 7.2 Hz), 8.04 (1H, s),
7.96 (2H, s), 7.69 (1H, t, ] = 5.5 Hz), 7.60 (3H, bs), 7.48 (1H, m), 7.32 (1H, m), 7.15 (1H, d,
J=2.0Hz),7.05 (1H, m), 6.96 (1H, m), 5.28 (1H, d, ] = 13.7 Hz), 5.17 (1H, d, ] = 13.7 Hz), 4.53
(1H, m), 3.19 (1H, m), 3.08 (1H, m), 2.95 (2H, m), 2.76 (2H, m), 2.10-2.00 (4H, m), 1.49 (4H,
m), 1.42 (2H, m), 1.34-1.22 (4H, m), 1.15 (2H, s). '3C-NMR spectra of the corresponding
hydrochloride salt are given in SM.

3.1.6. Acetylation Reaction (1¢, 2c, 3¢, 4c, 5¢)

To a cooled solution (0-5 °C) of N*-deprotected derivatives (1b or 2b or 3b or 4b or
5b, 1 equiv) and TMG (2 equiv) in DMF/DCM (1:1), Ac;O (2 equiv) was added and the
reaction mixture was allowed to stir for half an hour at 5 °C and for the next hour at room
temperature. After concentration, the reaction mixture was acidified with 10% aqueous
citric acid and extracted with AcOEt. The organic phase was dried with anh. MgSQOy,
the solvent was removed in vacuo and the resulting oil was dried.

3,5-bis(trifluoromethyl)benzyl acetyl-L-tryptophanate, Ac-NH-L-Trp-O-CH;-3,5
(CF3),Ph, 1c (L732,138 [16]), white powder, yield 98%, purity > 98% (HPLC-UV), ESI-
MS ion found m/z [M+H]*: 473.10 calculated [M+H]*: 473.13; tg = 18.61 min; 'H NMR
(500 MHz, DMSO-d6) b (ppm) 10.84 (1H, s), 8.41 (1H, d, ] = 6.9 Hz), 8.05 (1H, s), 7.96 (2H,
s), 747 (1H, m), 7.32 (1H, m), 7.16 (1H, d, ] = 2.2 Hz), 7.06 (1H, m), 6.97 (1H, m), 5.28 (1H,
d, ] = 13,5 Hz), 5.18 (1H, d, ] = 13.5 Hz), 4.53 (1H, m), 3.18 (1H, m), 3.07 (1H, m), 1.82
(3H, s). 3C NMR (125 MHz, DMSO-d6) & (ppm), 172.35, 169.99, 139.99, 136.55, 130.72 (q,
2Jcr = 32.5 Hz), 128.59 (broad, likely an unresolved quartet with 3Jcr ~4Hz), 127.44, 124.13,
123.68 (q, 'Jcr = 270.8 Hz), 121.43, 122.02 (broad, likely an unresolved quartet with 3]cg
~4Hz), 118.86, 118.29, 111.93, 109.82, 64.69, 53.97, 27.31, 22.58.

3,5-bis(trifluoromethyl)benzyl acetyl-D-alanyl-L-tryptophanate, Ac-NH-D-Ala-L-
Trp-O-CH;-3,5(CF3),Ph, 2¢, white powder, yield 61%, purity > 97% (HPLC-UV), ESI-
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MS ion found m/z [M+H]*: 544.15 calculated [M+H]": 544.17; tg = 17.72 min; 'H NMR
(600 MHz, DMSO-d6) & (ppm), 10.84 (1H, s), 8.29 (1H, d, ] = 7.5 Hz), 8.03 (1H, s), 7.96 (2H,
s),79(1H,d,]=75Hz),744 (1H,d,] =78 Hz), 728 (1H, m), 7.11 (1H, d, ] = 2.1 Hz), 7.02
(1H, m), 6.92 (1H, m), 5.25 (1H, d, ] = 13.2 Hz), 5.16 (1H, d, ] = 13.2 Hz), 4.49 (1H, m), 4.26
(1H, m), 3.18 (1H, m), 3.06 (1H, m), 1.76 (3H, s), 1.01 (3H, d, ] =7.1 Hz).

3,5-bis(trifluoromethyl)benzyl acetyl-D-alanyl-D-alanyl-L-tryptophanate, Ac-NH-
D-Ala-D-Ala-L-Trp-O-CH,-3,5(CF3),Ph, 3¢, white powder, yield 62%, purity > 98% (HPLC-
UV), ESI-MS ion found m/z [M+H]*: 615.20 calculated [M+H]*: 615.21; tg = 17.07 min; 'H
NMR (600 MHz, DMSO-d6) § (ppm), 10.83 (1H, s), 8.25 (1H, d, | = 7.4 Hz), 8.03 (1H, s), 7.98
(1H,d,J=73Hz),7.96 (2H,s),7.86 (1H, d, ] =7.75 Hz), 7.43 (1H, m), 7.28 (1H, m), 7.13 (1H,
d, ] =2.1Hz),7.02 (1H, m), 6.92 (1H, m), 5.23 (1H, d, ] = 13.3 Hz), 5.16 (1H, d, ] = 13.3 Hz),
450 (1H, m), 4.24 (1H, m), 4.19 (1H, m), 3.18 (1H, m), 3.06 (1H, m), 1.79 (3H, s), 1.09 (3H, d,
J=72Hz),1.05@3H, d, ] =7.2 Hz).

3,5-bis(trifluoromethyl)benzyl (6-acetamidohexanoyl)-L-tryptophanate, Ac-NH-Ahx-
L-Trp-O-CH,-3,5(CF;),Ph, 4¢, white powder, yield 63%, purity > 98% (HPLC-UV), ESI-MS
ion found m/z [M+H]*: 586.15 calculated [M+H]": 586.22; tg = 17.58 min; 'H NMR
(600 MHz, DMSO-d6) & (ppm), 10.82 (1H, s), 8.31 (1H, d, ] =7.0 Hz), 8.02 (1H, s), 7.93 (2H,
s),7.71 (1H, bs), 7.44 (1H, m), 7.29 (1H, m), 7.12 (1H, d, ] = 2.0 Hz), 7.05 (1H, m), 6.96 (1H,
m), 5.25 (1H, d, ] = 13.6 Hz), 5.14 (1H, d, ] = 13.6 Hz), 4.50 (1H, m), 3.16 (1H, m), 3.04 (1H,
m), 291 (2H, m), 2.04 (2H, t, ] = 7.3 Hz), 1.74 (3H, s), 1.38 (2H, m), 1.27 (2H, m), 1.11 (2H, m).
13C NMR (125 MHz, DMSO-d6) § (ppm), 172.87, 172.41, 169.30, 139.98, 136.54, 130.71 (q,
2Jcr ~32.5 Hz), 128.67 (likely an unresolved quartet with 3Tcr ~4 Hz), 127.45,124.13, 123.68
(9, Ycr ~ 272 Hz), 122.07 (likely an unresolved quartet with 3Jcr ~4 Hz), 121.41, 118.82,
118.32,111.91, 109.91, 64.73, 53.83, 35.28, 29.36, 27.28, 26.45, 25.26, 23.04. C, signal of Ahx
overlapped by the DMSO-d6 signal at around 40 ppm.

3,5-bis(trifluoromethyl)benzyl (6-(6-acetamidohexanamido)hexanoyl)-L-tryptoph
anate, Ac-NH-Ahx-Ahx-L-Trp-O-CH,-3,5(CF3),Ph, 5¢, white powder, yield 68%, purity
> 98% (HPLC-UV), ESI-MS ion found m/z [M+H]": 699.25 calculated [M+H]*: 699.30;
tg = 17.01 min; "H NMR (500 MHz, DMSO-6) & (ppm), 10.84 (1H, s),8.32 (1H, d, | = 7.4 Hz),
8.04 (1H, s), 7.96 (2H, s), 7.75 (1H, bs), 7.66 (1H, t, ] = 5.6 Hz), 7.47 (1H, m), 7.32 (1H, m),
715 (1H, d, ] = 2.3 Hz), 7.05 (1H, m), 6.96 (1H, m), 5.28 (1H, d, | = 13.5 Hz), 5.17 (1H,
d, ] = 13.5 Hz), 4.53 (1H, m), 3.19 (1H, m), 3.07 (1H, m), 3.02-2.92 (4H, m), 2.07 2H, t,
] =74Hz), 201 2H, t, | = 74 Hz), 1.77 (3H, s), 1.49-1.27 (8H, m), 1.23-1.10 (4H, m).
13C NMR (125 MHz, DMSO-d6) § (ppm), 172.87, 172.41, 172.23, 169.31, 139.98, 136.54, 130.71
(q, Ycr ~32.5 Hz), 128.65 (likely an unresolved quartet with 3Jcp ~4Hz), 127.45, 124.12,
123.97 (q, 'Jcr ~272 Hz), 122.05 (likely an unresolved quartet with 3Jcp ~4Hz), 121.41,118.82,
118.32, 111.91, 109.91, 64.73, 53.83, 38.85, 38.69, 35.81, 35.29, 29.39, 27.28, 26.58, 26.45, 25.51,
25.26, 23.04. C; signal of one of the Ahx residues overlapped by the DMSO-d6 signal at
around 40 ppm.

3.2. Synthesis of Conjugates and Radioconjugates
3.2.1. General

All applied chemicals and solvents were purchased as a reagent grade (Sigma-Aldrich/
Merck, Darmstadt, Germany) and applied without further purification. DOTA-NHS es-
ter (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide
ester) was purchased from CheMatech, Dijon, France. [*¥Ga]GaCl; was eluted from the
commercially available 68Ge/%®Ga generator (Eckert & Ziegler, Berlin, Germany), while
the solution of [”Lu]LuClz in 0.04 M HCl was purchased from Radioisotope Centre
POLATOM, National Centre for Nuclear Research, Otwock-Swierk, Poland. ®Ge/%8Ga
generator eluates were obtained by semi-automated syringe pump that enables convenient
and safe fractioning, allowing the use of fractions with the highest radionuclide content in
the labeling reaction; no other processing was applied.

The HPLC conditions and gradient were set as follows: a semi-preparative Phe-
nomenex Jupiter Proteo column (C12, reversed phase) 4 um, 90 A, 250 x 10 mm, with
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UV/Vis (220 nm) or/and radio y-detection at gradient elution: 0-20 min 20 to 80% solvent
B; 20-30 min 80% solvent B; 2 mL/min.; solvent A: 0.1% (v/v) trifluoroacetic acid (TFA) in
water; and solvent B: 0.1% (v/v) TFA in acetonitrile. Sep-Pack® Classic Short C18 Cartridges
were purchased from WATERS, Milford, MA, USA.

Mass spectra were measured on the Bruker 3000 Esquire mass spectrometer equipped
with electrospray ionization (Bruker, Billerica, MA, USA).

3.2.2. General Procedure of Syntheses of Conjugates with DOTA

A derivative with the primary amino group (1b-5b) (1 equiv.) and the DOTA-NHS
ester (1 equiv.) were dissolved in DMF purged from oxygen with technical nitrogen and
supplemented with a 3 equiv. of triethylamine. The reaction mixture was vigorously stirred
overnight at about 50 °C. The progress of the reaction was monitored by HPLC. The crude
reaction mixture was evaporated, dissolved in the HPLC mobile phase, purified by the
HPLC method and lyophilized. The isolated main product was identified as a DOTA
conjugate (1d-5d, >90% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for 1d, C3sHapFsNgOo: 816.74; found: 817.38 m/z [M + HJ*
MS: Calculated monoisotopic mass for 2d, Cz9Hs7F¢N;Oqo: 887.82; found: 888.35 m/z [M + H]*
MS: Calculated monoisotopic mass for 3d, C4pHs;FgNgO;1: 958.90; found: 959.40 m/z [M + HJ*
MS: Calculated monoisotopic mass for 4d, C4pHs3F¢N7O19: 929.90; found: 930.38 m/z [M + HJ*
MS: Calculated monoisotopic mass for 5d, C4gHgaFgNgOq1: 1043.06; found: 1043.58 m/z [M + HJ*

3.2.3.%8Ga Radiolabelling

The %®Ga radiolabelling of DOTA conjugates for physiochemical evaluation was per-
formed in accordance with the following procedure: 220 uL of [®8Ga]GaCl;z in 0.1 M HCI
from the ®Ge/%8Ga generator (42.3-54.5 MBq) was added into the solution of 25 nmol of
the selected conjugate in 300 uL of a 0.2 M acetate buffer (pH = 4.5) and heated for 10 min
at 95 °C. Subsequently, radioconjugate was purified using Sep-Pack® Classic Short C18
cartridge in accordance with the producer recommendations, thereby obtaining an easily
vaporized ethanolic solution of radioconjugate. The effectiveness of the purification was
monitored by HPLC.

3.2.4. '77Lu Radiolabelling

The 77 Lu radiolabelling of DOTA conjugates for physiochemical and in vitro eval-
uation was performed in accordance with the following procedure: 2.5-5 MBq of a
['77Lu]LuCl; solution in 0.04 M HCI (1.5-5.7 uL) was added into the solution of 2.5 nmol of
the selected conjugate in 200 puL of a 0.02 M acetate buffer (pH 4.5) and heated for 10 min
at 95 °C. Subsequently, radioconjugate was purified using Sep-Pack® C18 cartridge in
accordance with the producer recommendations, thereby obtaining an easily vaporized
ethanolic solution of radioconjugate. The effectiveness of the purification was monitored
by HPLC.

3.2.5. Preparation of Non-Radioactive References

The non-radioactive Ga labelling of DOTA conjugates was performed in accordance
with the following procedure: 220 pL of a solution of 20 mM GaCl; in 0.1 M HCI was added
into the solution of 50 nmol of the selected conjugate in 300 pL of a 0.2 M acetate buffer
(pH = 4.5) and heated for 10 min at 95 °C. Subsequently, reaction product was purified by
the HPLC method, lyophilized and characterized by mass spectrometry.

MS: Calculated for monoisotopic mass Ga-1d, C41Hz0F7NgO1¢Ga: 883.20 and 885.20; found:
883.31 and 885.28 m/z [M]*

MS: Calculated for monoisotopic mass Ga-2d, C41HioF7N19O11Ga: 954.24 and 956.24;
found: 954.33 and 956.65 m/z [M]*

MS: Calculated for monoisotopic mass Ga-3d, C43Hs53F7N19O11Ga: 1025.28 and 1027.27;
found: 1025.37 and 1027.38 m/z [M*]
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MS: Calculated for monoisotopic mass Ga-4d, C4Hs;F7NgO19Ga: 996.29 and 998.28; found:
996.39 and 998.38 m/z [M]*

MS: Calculated for monoisotopic mass Ga-5d, C43Hs4F7N9O19Ga: 1109.37 and 1111.37;
found: 1109.09 and 1111.20 m/z [M]*

3.3. Plasma Stability Study

Human serum aliquots were isolated and purified at the Centre of Radiobiology and
Biological Dosimetry, INCT Warsaw, Poland. A solution of isolated radioconjugate in 100 puL
of 0.1M PBS buffer (pH 7.40) was added into 900 pL of human serum and incubated at 37 °C
for 4.5 h (in case of ®Ga-radioconjugates) or 2 days (}”’Lu-radioconjugates). At specific
time points, 400 pL of the incubated mixture was added into 500 uL of ethanol, vigorously
stirred to precipitate serum proteins and centrifuged (13,500 rpm for 5 min) to separate the
supernatant for HPLC analysis.

3.4. Lipophilicity Determination

A solution of isolated radioconjugate (approximately 0.5 MBq for 1””Lu-radioconjugates
or 5 MBq for ®Ga-radioconjugates) in 500 uL of 0.1 M PBS buffer (pH 7.40) and 500 uL of
n-octanol was vigorously stirred and centrifuged (13,500 rpm for 5 min) to separate the
immiscible phases. Then, the radioactivity of samples from both phases were measured
using a well-type Nal(Tl) detector. The distribution coefficient, D, was calculated dividing
the radioactivity of the radioconjugate in the organic phase to that in the aqueous phase.
Each experiment was performed in triplicate and averaged. In parallel, the aqueous phases
were analysed by HPLC to confirm the stability of studied radioconjugate during the
experiment period. The lipophilicity value of each radioconjugates was expressed as the
logarithm of its D value.

3.5. Cell Culture

The CHO-K1 cells with a stable overexpression of the human NK1 receptor, denoted
further on as hNK1-CHO cells, were obtained as a gift from Dr. Attila Keresztes and
Dr. John M. Streicher [29]. The cells were maintained in a humidified atmosphere with 5%
CO, at 37 °C, in Ham’s F12 medium (Corning, Corning, NY, USA) supplemented with
10% Foetal Bovine Serum (CytoGen, Wetzlar, Germany) and 400 pg/mL G418 (Corning,
Corning, NY, USA).

3.6. (NK1-CHO Membrane Preparation

When the cells reached approximately 90% confluence, they were harvested by treat-
ment with 0.05% trypsin/EDTA (Corning, Corning, NY, USA). After centrifugation at
1500 rpm for 5 min, the cells were homogenized in a glass tissue homogenizer in ice-cold
50 mM Tris-HCI buffer (pH 7.4) with 5 mM MnCl,. The preparation was collected by cen-
trifugation at 13,000 rpm for 25 min at 4 °C, and then the pellet was suspended in 50 mM
Tris-HCl buffer. The homogenates were stored at —80 °C for later use. The BCA assay
(Thermo Scientific, Waltham, MA, USA) was used to determine the protein concentration
in the homogenates.

3.7. Competitive Binding Assays

The binding affinity of the tested compounds for human and rat NK1R was determined
in competitive radioligand binding assays following the method previously described [15].
As a source of the receptor proteins, homogenates obtained from rat brains (obtained as
described in Ref [30]) or homogenates made from hNK1-CHO cells were used. Different
concentrations of the test compounds were incubated with the appropriate membrane
preparation (in concentrations of 1.125 mg/mL or 3.8 mg/mL for human and rat prepara-
tions, respectively) and 1 nM [2-Prolyl-3,4->H]-(Sar’, Met(O,)!'!)-Substance P (PerkinElmer,
Waltham, MA, USA) in the assay buffer (50 mM Tris-HCl (pH 7.4), 5 mM MnCl,, bovine
serum albumin (BSA) (0.1 mg/mL), bacitracin (100 pg/mL), bestatin (30 uM), phenyl-
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methylsulphonyl fluoride (30 pg/mL) and captopril (10 uM)). The final reaction volumes
were 250 puL and 1 mL, for the human and rat NK1R determinations, respectively. Sub-
stance P (10 uM, Tocris, United Kingdom) was used to measure the non-specific binding.
The binding reaction mixtures were incubated in a shaking water bath at 25 °C for 60 min.
The reaction was terminated by rapid filtration through Whatman GF/B filter (Gaithers-
burg, MD) presoaked in 0.5% polyethyleneimine and washed three times with 2 mL of
cold saline. The filters were placed in 24-well plates and immersed in a Betaplate Scint
scintillation solution (Perkin Elmer, Waltham, MA, USA). The filter-bound radioactiv-
ity was determined by scintillation counter MicroBeta LS, Trilux (PerkinElmer, Waltham,
MA, USA).

The displacement curves were drawn and the mean ICsy values were determined with
standard deviations (GraphPad Prism version 8.0, San Diego, CA, USA). At least three
independent experiments (carried out in duplicate) were performed.

3.8. Saturation Binding Assays

The saturation binding studies of 17 Lu-radioconjugates were performed using trans-
fected CHO-NKIR cell line, and all radioconjugates were obtained according to the common
labelling protocol given above with the same specific activity. In brief, 10° cells per well
were seeded into 24-well plates and incubated 24 h before the experiment. Just before the
assay, cells were washed with 37 °C Dulbecco’s PBS and then incubated with different
concentrations of radioconjugate (0.2-25 nM at a final volume) with or without 1000-fold
molar excess of blocker (NK1R high affinity nonpeptide antagonist aprepitant) for 60 min
at 37 °C. After that time, the assay medium was collected into plastic tubes and cells were
washed twice with cold Dulbecco’s PBS. Subsequently, cells were lysed using 1M NaOH
and collected into plastic tubes for radioactivity measurement.

The radioactivity of collected medium and lysed cells was measured using a Wizard?
2-Detector Gamma Counter (PerkinElmer, Waltham, MA, USA) with the energy window
of 50-500 keV. The study data came from three independent experiments carried out in
duplicate, while the results, presented as the Kd and BMAX with SD, were calculated using
a total and nonspecific binding (one site) nonlinear regression curve fit (GraphPad Prism
version 8.0, GraphPad, San Diego, CA, USA).

3.9. Molecular Docking

Molecular docking was executed using AutoDock 4.2.6. [31]. The structure of 1c
(separate for cis and trans conformers around the amide bond) was optimized at the
B3LYP/6-31G(d,p) level by using Gaussian09 [32]. Both cis and trans conformers of 1c were
used for docking. The structures of further analogues were built by manually expanding
the structure of 1c in the binding site of hNK1R, whereafter the optimization was performed
by local search routine in AutoDock 4.2.6 [31].

The ligands and the protein structure were processed in AutoDock Tools 4 [31] with
standard routines. Full ligand flexibility (except for amide bonds) was allowed. The receptor
was treated as rigid. In order to take into account side-chain flexibility in the binding site,
in the first stages of docking three separate hNKIR structures (6HLL, 6HLO and 6HLP [25])
were used. With the initial results in hand, it was decided to use only the 6HLO structure.

The receptor structures were the refined models provided by the GPCRdDb service [33].
This was chosen in order to have the mutated residues replaced with native ones, as well as
to have side chains missing in the original PDB structures supplemented. Before docking,
the model coordinates were transformed to match the coordinates of corresponding models
in OPM database [34]. This was carried out to facilitate embedding in lipid membrane for
the purposes of molecular dynamics.

The docking boxes encompassed the orthosteric binding site of ANK1R and the extra-
cellular outlet of the binding sites. The grids were calculated with AutoGrid 4 [31].

For global docking, default AutoDock parameters were used. For local searches, we
used the following settings: 300 individuals in population, 500 iterations of the Solis-Wets
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local search, the sw_rho parameter of the local search space set to 100.0 and 1000 local
search runs. The calculations were repeated several times. The local docking results were
clustered, and structures from the best scored clusters were taken for further analyses.

3.10. Molecular Dynamics

The receptor-ligand complexes as obtained by docking were embedded in POPC mem-
brane (128 lipid molecules) and solvated with TIP3P water (about 13000 water molecules,
TIP3P). Na* and CI~ ions (0.154 M concentration) were added too. The systems were
prepared by using the CHARMM-GUI service [35]. CHARMM 36 force field was used for
the proteins, lipids, water and ions, while the ligands were modelled using CHARMM
CGenFF [36].

Molecular dynamics simulations were run in GROMACS 5.1.2 [37]. The complexes
were minimized and equilibrated. The production runs were obtained using the following
parameters: NPT ensemble, temperature = 303.15 K, integration step = 2 fs, cut-off scheme
Verlet, Nose-Hoover thermostat, Parrinello-Rahman barostat, LINCS H-bonds constraints.
For each system, 3 runs of 150 ns production length were obtained.

For analysing conformational behaviour of the complexes, the trajectories for each
complex were concatenated and superposed on a common reference snapshot. The su-
perposition was based on backbone atoms of the helical part of the receptors. The root-
mean-square deviations of the atomic positions of the protein (in helical part), the ligand or
ligand’s parts were monitored over simulation times (using built-in GROMACS tools).

The molecular graphics were prepared in open-source PyMol [38] and in Biovia
Discovery Studio Visualizer v. 19 [39].

4. Conclusions

The work reported herein shows that a small molecular NK1R antagonist, L732,138,
may be a good basis for creating radioconjugates. Such radioconjugates (containing ther-
apeutic radionuclides) could be useful agents for the targeted radionuclide therapy of
glioblastoma multiforme, for the locoregional administration. If labelled with diagnostic
radionuclides, they might also be applied for diagnostic purposes.

In the first stage of our work, we showed that novel (expanded) L732,138 analogues
are good hNKIR binders, practically regardless of the length of the linker used. None of
the evaluated linkers exhibited unequivocally negative or unequivocally positive effects on
the receptor affinity. The best analogues (e.g., 5a) showed some improvement compared to
the parent analogue.

The obtained radioconjugates, containing DOTA chelator coupled to L732,138 and its
four analogues with different linker lengths, after labelling with ®®Ga and 17/Lu, turned out
to be fairly lipophilic (logD74). Unfortunately, they showed rather limited stability in hu-
man plasma, with degradation occurring within a few hours. However, it is not necessarily
disqualifying, as their prospective application is for the locoregional administration into
the post-operation cavity where the enzymatic activity might be expected to be negligible.

Evaluation of the receptor affinity for the DOTA-conjugates and their complexes
with Ga®* and Lu®* showed that neither the chelator nor the metal negatively impact the
hNKIR binding. For the 17’Lu-radioconjugates, we found Ky values in the range 2-10 nM,
which is comparable to the K4 found for the reference SP-based radioconjugate. Very
importantly, in the saturation assays for the novel radioconjugates, one observes a higher
binding capacity (Bypax values) than in the case of the reference radiopharmaceutical. This
is probably due to the use of a small molecular, lipophilic structure as the vector.

By the means of molecular modelling, a binding mode (consistent with the previous
experimental hints) for the parent L732,138 was established. Interestingly, this compound’s
binding is predicted to be stabilized by exclusively apolar contacts. On the contrary, in the
cases of other analogues, polar interactions are of importance. Modelling also sheds light
on the binding mode of the conjugate 1d (no linker), whose accommodation in the binding
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site is predicted to be associated with the flexibility of the receptor. The results of the
modelling and of the experimental part are going to guide future SAR work.

The work reported herein is a further step towards the development of NK1R-targeted
radioconjugates based on small molecular vectors. Of course, these results do not allow for
the direct application of our radioconjugates in medicine. Further experimental work on
these analogues or some novel ones is required (including in vivo experiments).

It is to be noted that NK1R-targeting conjugates and polyfunctional ligands are also
contemplated outside of the radiopharmacy, e.g., in the research on multitarget anal-
gesics [40—42] or in the efforts towards therapeutic gene delivery [43,44]. In these areas,
the novel NKI1R ligands that were reported herein and the SAR data may be of use too.
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Abstract: Currently, the search for promising NK1R-positive tumor-targeting radiopharmaceuticals
based on the structure of small molecular antagonists of neurokinin-1 receptor can be observed.
Following this trend, we continued our evaluation of aprepitant-based 17’ Lu-radioconjugates in
terms of future oncological applications. For this purpose, three novel aprepitant homologues were
synthesized to broaden the previously obtained derivative portfolio, functionalized with the DOTA
chelator and labeled with ®8Ga and 7”Lu. The newly evaluated radioconjugates showed the intended
significant increase in lipophilicity compared to the previous ones, while maintaining stability in
the human serum. Then, in a receptor binding study to the human NK1 receptor, we compared the
two series of 17”Lu-radioconjugates of aprepitant with each other and with the reference Substance
P derivative currently used in glioblastoma therapy, clearly indicating the high affinity and better
binding capacity of the novel radioconjugates. The in vitro experimental results included in the
presented study, supported by labeling optimization, radioconjugate characterization and docking
modeling of new aprepitant-derived radioagents, confirm our assumptions about the usefulness
of aprepitant as a NKIR targeting vector and point out the perspectives for the forthcoming first

in vivo trials.

Keywords: aprepitant; radiopharmaceuticals; neurokinin 1 receptor antagonist

1. Introduction

Over the last few years, a significant increase of the interest in small molecular an-
tagonists of neurokinin-1 receptor (NK1R) in terms of oncological applications can be
observed. Some reports indicate new perspectives for the use of aprepitant [1] and of
other NK1R antagonists [2—4] as vectors for selective radiopharmaceutical agents for
NKI1R-positive tumors.

At the same time, it results in a distraction from the radiopharmaceuticals based on
derivatives of Substance P (SP) or other peptide ligands of this receptor, due to several
inconveniences that characterize this group of compounds. These radiopharmaceuti-
cals currently used in therapy of gliomas (e.g., [213Bi]Bi-DOTA-[Thi® Met(O,)'! |Substance
P [5-7]) are administered intracavitarily in a controlled manner through an appropriate
preinstalled canal port into the postoperative cavity for radiopharmaceutical administra-
tion. Unfortunately, simple intravenous administration of SP derivatives is ineffective
due to their low metabolic stability, unfavorable pharmacokinetic [8], and the fact that in
micromolar amounts both Substance P and its analogues could produce a severe hypoten-
sion in peripheral circulatory system [9]. Nevertheless, targeted alpha therapy utilizing
[213Bi]Bi/[**° Ac]Ac-DOTA-[Thi® Met(O,)']SP in locoregional application is a promising
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and favorable step towards the future treatment. Still, the clinicians point out that new
treatment options are urgently needed [6].

Increased NKI1R expression on various types of cancer correlates with tumor pro-
gression, migration and angiogenesis [10-13]. This applies to nervous system cancers as
gliomas [14-16], but also to neoplasms of other organs. On the other hand, normal tissues
show significantly lower (often negligible) levels of NK1R expression [13,16-18]. This
fact gives the green light to the concept of selective imaging and targeting of tumor cells
overexpressing NK1R.

Aprepitant may be the solution to the search for an appropriate vector to be used
in targeted radionuclide tumor therapy. This representative of NK1R antagonists is of
increasing attentiveness due to its broad anti-tumor activity of very promising therapeutic
significance [12,13,19,20] and many years of experience in clinical application against
chemotherapy-induced nausea and vomiting in oncological patients. Most significantly,
itis a drug of known pharmacokinetics, metabolically stable, showing the ability to cross
the blood-brain barrier after intravenous or oral administration [20-22]. In comparison to
peptide antagonists, aprepitant is a smaller molecule with undoubtedly higher lipophilicity
and a favorable biding mode towards the cognate receptor [23].

In the preceding report [1], we presented a drug design concept for convenient mod-
ification of the aprepitant structure including an extensive rationale for the selection of
its triazolinone ring as a site of functionalization. We specified that this fragment of the
molecule tolerates some modification, and as we indicated by several examples, it is possi-
ble to introduce modifications effectively without significant compromise to the receptor
affinity. This particular knowledge of how to constructively modify the structure of the
compound without adversely affecting the receptor binding affinity was implemented to
report this consideration on aprepitant-based radiopharmaceuticals for NK1R-positive
tumors. At the same time, we wanted to broaden previously obtained derivative portfolio
with sufficiently high lipophilic derivatives and to explore the impact of much longer
linkers on the chelator placement in (or nearby) the binding site, and thus on the receptor
affinity of the aprepitant radioconjugate.

In this part of our research, we set ourselves the goal of obtaining three novel
aprepitant-related homologues with higher lipophilicity using longer aliphatic linkers.
Then, we obtained DOTA conjugates and optimized the conjugate labeling with ®3Ga and
77Lu isotopes. Finally, we investigated a binding profile towards human NK1 receptor
for all eight reported (synthesized now and previously) 1”/Lu-radioconjugates at their
highest specific activity in reference to binding characteristics of 17”Lu-labeled Substance P
derivative currently used in clinical therapy. These results were also supplemented with the
physicochemical evaluation of newly obtained radioconjugates and molecular modelling
rationalization of the obtained affinity data.

2. Materials and Methods

Aprepitant (Santa Cruz Biotechnology Inc., Dallas, TX, USA), DOTA-NHS ester
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide es-
ter) (CheMatech, France), and other substances and solvents (Sigma Aldrich/Merck, Darm-
stadt, Germany) were commercially available, defined as reagent grade, and applied
without further purification. [#¥Ga]GaCl; was eluted from the commercially available
%8Ge/%Ga generator (Eckert & Ziegler, Berlin, Germany) by semi-automated syringe pump
to fractionate the highest radionuclide content solution for the labeling reactions; no other
processing was applied. ['7”Lu]LuCl; solution in 0.04 M HCl was purchased from Radioiso-
tope Centre POLATOM, National Centre for Nuclear Research, Otwock-Swierk, Poland.
Human serum was a gift from the Regional Centre for Blood Donation and Blood Treat-
ment in Warsaw, Poland. The HPLC analyses were performed using a semi-preparative
Phenomenex Jupiter Proteo column, 4 um, 90 A, 250 x 10 mm, with UV/Vis (wave-
length 220 nm) or/and radio y-detection at gradient elution: 0—20 min 20 to 80% solvent
B; 20-30 min 80% solvent B; total flow 2 mL/min.; solvent A: 0.1% (v/v) trifluoroacetic
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acid (TFA) in water; and solvent B: 0.1% (v/v) TFA in acetonitrile. Mass spectra were
measured on a Bruker 3000 Esquire mass spectrometer equipped with electrospray ioniza-
tion (ESI) (Bruker, Billerica, MA, USA). The NMR measurements were done in CD30D or
CD3CN on Varian-Agilent 600 MHz VNMRS spectrometer at ambient temperature, with
trimethylsilane as the internal standard for chemical shifts.

2.1. Syntheses and Characterization of Aprepitant-Based Conjugates
2.1.1. General Procedure of Syntheses of Aprepitant Derivatives with Alkyl Linker

The corresponding N-(terminal-bromoalkyl)phthalimide (2 equiv.) was added into
the mixture of aprepitant (1 equiv.) and sodium carbonate (1 equiv.) in 100-200 pL of DMFE.
The reaction mixture was vigorously stirred at about 80 °C for 72 h. Then, the hydrazine
monohydrate (3 equiv.) was added into the reaction mixture and left for additional 2-3 h.
The progress of the reaction was monitored by HPLC. After this time, the reaction mixture
was evaporated, dissolved in the HPLC mobile phase and purified by the HPLC method.
Each main product was isolated and verified by MS analysis confirmation as a mono-
substituted APT-alkylamine derivative. The purified products were collected, lyophilized
and characterized by 'H-NMR analysis.

2-(6-aminohexyl)-5-([(2R,35)-2-((R)-1-[3,5-bis(trifluoromethyl)phenyllethoxy)-3-
(4-fluorophenyl)morpholinolmethyl)-1H-1,2,4-triazol-3-one, APT-Hex-NH;, white pow-
der, yield 24.0%, purity > 97% (HPLC-UV; tg = 19.1 min), ESI-MS: calculated monoisotopic
mass for Co9Hz4F7N50;5: 633.60; found: 634.22 m/z [M+H]*; 'H NMR (600 MHz, CD30D)
(s—singlet, d—doublet, t—triplet, g—quartet, td—triplet of doublets, m—multiplet) &
(ppm), 7.73 (s, 1H), 7.56 (s, 2H), 7.39 (s, 2H), 7.12-7.09 (t, ] = 8.8 Hz, 2H), 5.01-4.98 (q,
J=6.6 Hz, 1H), 4.37 (d, ] =2.9 Hz, 1H), 4.28-4.24 (td, ] = 11.8, 2.5 Hz, 1H), 3.87-3.82 (m,
1H), 3.69-3.65 (m, 2H), 3.58-3.56 (d, ] = 14.0 Hz, 2H), 3.49-3.48 (d, ] = 2.9 Hz, 1H), 2.94-2.88
(m, 2H), 2.83-2.81 (d, | = 11.7 Hz, 1H), 2.52-2.47 (td, | = 12.0, 3.5 Hz, 1H), 1.75-1.65 (m, 4H),
1.50-1.48 (d, | = 6.6 Hz, 3H), 1.47-1.39 (m, 4H). In deuterated methanol, it was not possible
to observe signals from the hydrogens of the amino group -NH, (around 6.9 ppm) and
hydrogen of the nitrogen in the triazolinone ring (around 10.1 ppm).

2-(8-aminooctyl)-5-([(2R,35)-2-((R)-1-[3,5-bis(trifluoromethyl)phenyl]ethoxy)-3-
(4-fluorophenyl)morpholinolmethyl)-1H-1,2,4-triazol-3-one, APT-Oct-NH,, white pow-
der, yield 19.1%, purity > 97% (HPLC-UV; tg = 20.0 min), ESI-MS: calculated monoisotopic
mass for Ca1 H3gF7N50;5: 661.65; found: 662.21 m/z [M+H]*; 'H NMR (600 MHz, CD3CN)
(s—singlet, d—doublet, t—triplet, g—quartet, td—triplet of doublets, m—multiplet) &
(ppm), 10.07 (s, 1H), 7.78 (s, 1H), 7.54 (s, 2H), 7.40 (s, 2H), 7.12-7.09 (t, ] = 8.9 Hz, 2H), 7.01
(s,2H), 4.95-4.92 (q,] =6.5Hz, 1H),4.38 (d, ] = 2.8 Hz, 1H), 4.23-4.18 (td, ] = 11.7, 2.5 Hz,
1H), 3.74-3.69 (m, 1H), 3.66-3.63 (m, 1H), 3.57-3.52 (m, 1H), 3.52-3.50 (d, | = 14.0 Hz, 2H),
3.47-3.46 (d, ] =2.8 Hz, 1H), 2.82 (s, 2H), 2.46-2.41 (td, ] = 11.9, 3.5 Hz, 1H), 1.69-1.62 (m,
4H), 1.47-1.46 (d, ] = 6.6 Hz, 3H), 1.34 (s, 8H).

2-(10-aminodecyl)-5-([(2R,3S)-2-((R)-1-[3,5-bis(trifluoromethyl) phenyllethoxy)-3-(4-
fluorophenyl)morpholinolmethyl)-1H-1,2,4-triazol-3-one, APT-Dec-NH,, white powder,
yield 18.9%, purity > 97% (HPLC-UV; tg = 20.5 min), ESI-MS: calculated monoisotopic
mass for C33HgF7N50;5: 689.71; found: 690.32 m/z [M+H]*; 'H NMR (600 MHz, CD3CN)
(s—singlet, d—doublet, t—triplet, g—quartet, td—triplet of doublets, m—multiplet) 6
(ppm), 10.11 (s, 1H), 7.78 (s, 1H), 7.55 (s, 2H), 7.41 (s, 2H), 7.12-7.09 (t, ] = 8.9 Hz, 2H), 6.88 (s,
2H), 4.9-4.92 (q,] = 6.5 Hz, 1H), 4.39 (d, ] = 2.8 Hz, 1H), 4.24-4.19 (td, ] = 11.8, 2.5 Hz, 1H),
3.72-3.68 (m, 1H), 3.66-3.63 (m, 1H), 3.56-3.51 (d, ] = 14.0 Hz, 2H), 3.55-3.48 (d, ] = 2.8 Hz,
1H), 2.95-2.91 (m, 2H), 2.87-2.85 (d, ] = 13.9 Hz, 2H), 2.49-2.44 (td, ] = 11.9, 3.6 Hz, 1H),
1.64-1.60 (m, 4H), 1.47 (d, | = 6.6 Hz, 3H), 1.37-1.30 (m, 12H).

2.1.2. General Procedure of Syntheses of Aprepitant Conjugates with DOTA

Each obtained aprepitant-alkylamine derivative (1 equiv.) and the DOTA-NHS ester
(1.2 equiv.) were dissolved in 100 uL of DMF, purged from oxygen with technical nitrogen
and supplemented with triethylamine (3 equiv.). The reaction mixture was vigorously
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stirred overnight at about 50 °C. The progress of the reaction was monitored by HPLC.
Afterwards, the reaction mixture was evaporated, dissolved in the HPLC mobile phase and
purified by the HPLC method. Each main product was isolated and verified by MS analysis
as a desired DOTA conjugate. The purified products were collected and lyophilized. Due
to low, sub-microgram scale of reactions, NMR analyses were not possible to be performed.

2-(6-(2-(1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-10-yl)acetamido)
hexyl)-5-([(2R,35)-2-((R)-1-[3,5-bis(trifluoromethyl)phenyl]ethoxy)-3-(4-fluorophenyl)
morpholino]methyl)-1H-1,2,4-triazol-3-one, APT-Hex-DOTA, white powder, yield 90.6%,
purity > 97% (HPLC-UV; tg = 17.1 min), ESI-MS: calculated monoisotopic mass for
C45H60F7N9010: 1019.44; found: 1020.39 m/z [M+H]+;

2-(8-(2-(1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-10-yl)acetamido)
octyl)-5-([(2R,3S)-2-((R)-1-[3,5-bis(trifluoromethyl) phenyllethoxy)-3-(4-fluorophenyl)
morpholino]methyl)-1H-1,2,4-triazol-3-one, APT-Oct-DOTA, white powder, yield 89.1%,
purity > 97% (HPLC-UV; tg = 17.7 min), ESI-MS: calculated monoisotopic mass for
C47H64F7N90102 1047.47; found: 1048.43 m/z [M+H]+;

2-(10-(2-(1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-10-yl)acetamido)
decyl)-5-([(2R,3S)-2-((R)-1-[3,5-bis(trifluoromethyl) phenyl]ethoxy)-3-(4-fluorophenyl)
morpholino]methyl)-1H-1,2,4-triazol-3-one, APT-Dec-DOTA, white powder, yield 94.5%,
purity > 97% (HPLC-UV; tg = 18.3 min), ESI-MS: calculated monoisotopic mass for
C49H68F7N9010: 1075.50; found: 1076.41 m/z [M+H]+.

2.2. Preparation of Radioconjugates
2.2.1. ¥Ga Radiolabeling

For the purpose of specific activity evaluation, different concentrations of APT-Oct-
DOTA conjugate (1025 nmol) dissolved in 410 pL of 0.2 M acetate buffer (pH 4.5) were
incubated with a 50 MBq (300 puL) of [®®*Ga]GaCl; in 0.1 M HCI from the %Ge/%Ga
generator at 95 °C for 10 or 30 min. After this time, each sample was instantly analyzed by
HPLC for radiochemical yield (RCY) determination. For the purpose of physiochemical
evaluation, each radioconjugate was obtained analogously with 3 MBq/nmol specific
activity, purified by HPLC and evaporated.

2.2.2. 77Lu Radiolabeling

For the purpose of specific activity evaluation, different amounts of APT-Oct-DOTA
conjugate (0.5-5 nmol) dissolved in 200 pL of 0.2 M acetate buffer (pH 4.5) were incubated
with a 5 MBq (5.2-6.7 uL) of ['””Lu]LuCl; in 0.04 M HCl at 95 °C for 10 or 60 min. After
this time, each sample was instantly analyzed by HPLC for RCY determination. For the
purpose of physiochemical evaluation, each radioconjugate was obtained analogously
with 5 MBq/nmol specific activity, purified by HPLC and evaporated. However, for the
purpose of biological evaluation all radioconjugates were obtained with 5 MBq/nmol
specific activity in diluted 0.02 M acetate buffer (pH 4.5) and directly applied for cellular
binding studies without any purification.

2.2.3. Preparation of Non-Radioactive References

The non-radioactive Ga/Lu references were obtained by reaction of 220 uL of a 20 mM
GaCl3 or 80 pL of a 20 mM LuCls in 0.1 M HCI with 100 nmol of the selected DOTA-
conjugate in 300 uL of a 0.2 M acetate buffer (pH = 4.5) for 10 min at 95 °C. Subsequently,
reaction products were purified by the HPLC method, lyophilized, and verified by mass
spectrometry. Complexation yields for all conjugates were above 97%.

ESI-MS: calculated monoisotopic mass for Ga-DOTA-Hex-APT, C45Hs7F7N9O19Ga:
1085.34 and 1087.34; found: 1086.54 and 1088.53 m/z [M+H]*;

ESI-MS: calculated monoisotopic mass for Ga-DOTA-Oct-APT, C47Hg F7NgO19Ga:
1113.37 and 1115.37; found: 1114.57 and 1116.57 m/z [M+H]*;

ESI-MS: calculated monoisotopic mass for Ga-DOTA-Dec-APT, C49HgF7NgO19Ga:
1141.40 and 1143.40; found: 1142.54 and 1144.59 m/z [M+H]";
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ESI-MS: calculated monoisotopic mass for Lu-DOTA-Hex-APT, C4sHs7F7NoOqgLu:
1191.35; found: 1192.54 m/z [M+H]";

ESI-MS: calculated monoisotopic mass for Lu-DOTA-Oct-APT, C47Hg F7N9oOqoLu:
1219.38; found: 1220.53 m/z [M+H]*;

ESI-MS: calculated monoisotopic mass for Lu-DOTA-Dec-APT, C49HgsF7N9O1oLu:
1247.42; found: 1248.59 m/z [M+H]*.

2.3. Physiochemical Evaluation of Radioconjugates
2.3.1. Stability Study

A solution of purified 17 Lu-radioconjugate (around 2.5 MBq) in 50 uL of 0.1M DPBS
buffer (pH 7.40) was added into 450 uL of human serum and incubated at 37 °C for 7 days.
After 1 day and at the end of incubation, the 200 uL of the incubated mixture was added
into 400 pL of ethanol, vigorously stirred to precipitate serum proteins, and centrifuged at
13,500 rpm for 5 min to separate the supernatant, which was utilized for HPLC analysis
with gamma measurement.

2.3.2. Lipophilicity Study

A solution of purified 17’ Lu-radioconjugate (around 1 MBq) or ®®Ga-radioconjugate
(around 10 MBq) in 100 pL of 0.1M DPBS buffer was added into of 900 uL of 0.1 M
DPBS buffer and 1000 pL of N-octanol (saturated with each other), vigorously stirred and
centrifuged at 13,500 rpm for 5 min. Then, similar aliquots of both separated phases were
taken for radioactivity measurement using a well-type Nal(Tl) detector. The lipophilicity
values were expressed as the decimal logarithm of the distribution coefficient, D, which
was calculated as a ratio of the radioconjugate radioactivity in the organic phase to that in
the aqueous phase. Each experiment was performed in triplicate and the obtained values
averaged. In parallel, the aqueous phases were analyzed by HPLC to confirm the stability
of the studied radioconjugate during the experiment time.

2.4. Cell Culture

The Chinese hamster ovary CHO-K1 cell line with a stable overexpression of the
human NK1 receptor (hNK1R-CHO cells) were obtained as a gift from Dr. Attila Keresztes
and Dr. John M. Streicher [24]. Cells were grown in Ham’s F12 medium (Biological
Industries, Beit HaEmek, Israel) supplemented with 10% Foetal Bovine Serum (Biological
Industries, Beit HaEmek, Israel) and 400 ng/mL G418 (Capricorn Scientific, Ebsdorfergrund,
Germany), incubated in a humidified atmosphere with 5% CO; at 37 °C.

After reaching almost total confluence, the cells were washed with Dulbecco’s PBS
(Biological Industries, Beit HaEmek, Israel), detached from the flasks using 0.05% trypsin-
EDTA (Biological Industries, Beit HaEmek, Israel) at 37 °C, then diluted with medium and
centrifuged for 10 min at 200x g. Obtained pellets were resuspended in the medium for the
manual calculation of the cell quantity using Trypan Blue Solution (Biological Industries,
Beit HaEmek, Israel) contrast.

2.5. Binding Affinity Determination

The saturation binding studies were performed according to the procedure published
previously [4] for all ”7Lu-radioconjugates obtained according to the common labeling
protocol given above with the same specific activity of 5 MBq/nmol. In brief, 10° cells
per well were seeded into 24-well plates and incubated 24 h before the experiment. Just
before the assay, the cells were washed with 37 °C Dulbecco’s PBS and then incubated
with different concentrations of an analyzed radioconjugate (0.2-50 nM at a final vol-
ume) in the medium, with or without a 1000-fold molar excess of blocker (aprepitant or
[Thi® Met(O,)!']SP) in relation to the highest radioconjugate concentration applied for
60 min at 37 °C. After incubation time, the assay medium was collected into plastic tubes
for radioactivity measurement and the cells were washed twice with ice-cold Dulbecco’s
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PBS. Subsequently, the cells were lysed using 1 M NaOH and collected into plastic tubes
also for radioactivity measurement.

The radioactivity of collected samples were measured using a Wizard2 2-Detector
Gamma Counter (PerkinElmer, Waltham, MA, USA). The study data came from three inde-
pendent experiments done in duplicate. The Kd and BMAX with standard deviations (SD),
were calculated using the “One site-total and nonspecific binding” nonlinear regression
curve fit (GraphPad Prism 8, GraphPad, San Diego, CA, USA).

2.6. Docking

The complexes of the studied conjugates with the neurokinin 1 receptor were prepared
in the following manner. The aprepitant structure (in neutral form) as found in the complex
with the NK1R (PDB accession code: 6HLO [23]) was manually expanded by attaching
linkers and DOTA moiety to the triazolinone ring. The geometry of DOTA-fragment was
adjusted to mimic the geometry of DOTA in the HODCEI entry [25] of The Cambridge
Structural Database [26]. This structure is one of the DOTA-Phe-NH, complex with Y3+,
In our modelling, DOTA carboxylate arms were protonated and frozen in the starting
conformation in order to emulate the interactions of DOTA with the cation. Such an
approach is hoped to give a rough approximation of the DOTA steric influence on the
binding of the conjugates even though properly scaled and validated parameters for
modelling and scoring of the complexes with the cations of interest are lacking.

For each compound, several different starting orientations were considered. Such
initial complexes were subjected to local search docking in AutoDock 4.2.6 (Scripps Research
Institute, La Jolla, CA, USA) [27].

The receptor structure for docking was a refined one (as provided by the GPCRdb
service [28]). In this model, the mutated residues have been replaced with the native ones
and the side chains missing in the original PDB structure have been added. The structure
was pre-processed in AutoDock Tools [27]. The grids were calculated with AutoGrid 4 [27].
The docking box size was 34.5 A x 34.5 A x 41.25 A.

All receptor residues were rigid. The ligands’ torsional freedom was allowed, except
for the DOTA-fragment, that was frozen in the initial geometry. The docking procedure
was the local search with the following parameters: 300 individuals in a population,
500 iterations of the Solis—Wets local search, local search space (sw_rho parameter) set to
100.0, and 1000 local search runs. The structures resulting from the local search were
clustered and the representative models of the lowest scored (on average) cluster were
taken for further analysis.

For qualitative assessment of the binding energy, both the lowest and the mean energy
of the clusters were collected.

Molecular graphics were prepared in the Open-Source PyMOL [29] and in the Biovia
Discovery Studio Visualizer [30].

3. Results and Discussion
3.1. Syntheses and Characterization of Aprepitant-Based Radioconjugates
3.1.1. Syntheses of Aprepitant Derivative Conjugates

First, we have modified the structure of aprepitant in order to introduce a primary
amino group following strategy similar to the one reported previously [1] with the aim
of obtaining three new aprepitant-alkylamine derivatives (Scheme 1). Guided by the
fact that, the previously obtained alkylamine derivatives were the most promising, we
synthesized further homologues in this series with longer aliphatic chains. Afterwards, we
have performed the coupling reaction with DOTA-NHS ester to obtain desired aprepitant
conjugates. The choice of only one radionuclide chelator was dictated by stability issues
evaluated previously [1].
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Scheme 1. Synthetic route towards aprepitant derivative conjugates with DOTA chelator via
aminoalkyl linkers of various lengths.

3.1.2. Preparation of Radioconjugates and Labeling Optimization

To evaluate the labeling procedure of the obtained aprepitant-DOTA conjugates,
50 MBq of [®8Ga]GaCl; or 5 MBq of ['77Lu]LuCl; were incubated with different amounts
(10-25 or 0.5-5 nmol, respectively) of APT-Oct-DOTA conjugate at 95 °C. The labeling RCYs
determined at two time points using HPLC with gamma detection are presented in Table 1.
The labeling of the APT-Hex-DOTA and APT-Dec-DOTA conjugates were performed under
the conditions corresponding to the highest specific activity determined, i.e., 3 MBq/nmol
for ®Ga and 5 MBq/nmol for 1”’Lu. Radiochromatograms of these labeling reactions of
the newly obtained aprepitant radioconjugates are presented in Figure 1. All investigated
aprepitant conjugates showed an excellent ability to complex metal radioisotopes with a
satisfactorily high specific activity for further in vitro evaluation.

Table 1. Radiochemical yields of APT-Oct-DOTA labeling with [®8Ga]GaCl; or ['77Lu]LuCl3.

68Gad* 2 MBg/nmol 3 MBg/nmol 4 MBq/nmol 5 MBg/nmol
10 min >98% >98% 93.5% 61.2%
30 min - - 93.8% 67.6%
177 L3t 1 MBg/nmol 5 MBq/nmol 7.5 MBg/nmol 10 MBg/nmol
10 min >98% >98% 87.8% 21.9%
60 min - - 92.2% 27.0%
[cpm] [cpm]
[*®Ga]Ga-DOTA-Oct-APT [*®Ga]Ga-DOTA-Dec-APT [*7Lu]Lu-DOTA-Oct-APT
R; = 18.6 min Ry =19.7 min Ry =17.7 min ['”’Lu]Lu-DOTA-Dec-APT
Ry =18.5 min
1
[**Ga]Ga-DOTA-Hex-APT ["7Lu]Lu-DOTA-Hex-APT
Ry =17.8 min Ry =16.7 min
[*Ga]Ga** [*77Lu]Lu3*
Ry =5.40 min Ry = 5.70 min
0 0
0 5 10 15 20 25 [min] 30 0 5 10 15 20 26 [min] 30

Figure 1. Radiochromatograms of DOTA conjugates with novel aprepitant derivatives radiolabeled
with gallium-68 (left) or with lutetium-177 (right).
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At the same time, syntheses of the non-radioactive reference compounds using sta-
ble gallium and lutetium were performed to verify the reliability of ®Ga and 7’Lu-
radioconjugate preparation. These syntheses were carried out in an analogous manner to
those with radioactive metals, with the only difference being the use of an excess of metals
in their concentrated solutions. The obtained non-radioactive references were purified
using HPLC and followed by the characterization using mass spectrometry. The compari-
son of HPLC retention times (tg) of corresponding radioactive and stable metal aprepitant
conjugates is presented in Table 2. For all pairs of radioconjugate and its non-radioactive
reference, the obtained values are compatible (within +0.1 min), which corroborates the
identity of the investigated radioconjugates.

Table 2. Retention times (tr) of stable metal conjugates and %®Ga/7’Lu-radioconjugates of
aprepitant derivatives.

Stable Ga/Lu-Conjugate tr %8Ga/”’Lu-Radioconjugate tr
Ga-DOTA-Hex-APT 17.8 min [(8GalGa-DOTA-Hex-APT 17.8 min
Ga-DOTA-Oct-APT 18.6 min [(8Ga]lGa-DOTA-Oct-APT 18.6 min
Ga-DOTA-Dec-APT 19.7 min [(8GalGa-DOTA-Dec-APT 19.7 min
Lu-DOTA-Hex-APT 16.7 min [Y77Lu]Lu-DOTA-Hex-APT 16.7 min
Lu-DOTA-Oct-APT 17.7 min [Y77Lu]Lu-DOTA-Oct-APT 17.7 min
Lu-DOTA-Dec-APT 18.4 min [77Lu]Lu-DOTA-Dec-APT 18.5 min

3.2. Physiochemical Evaluation of Radioconjugates
3.2.1. Stability Study

The 7Lu-radioconjugates, purified using the HPLC method and evaporated, were
examined as to their stability in human serum (HS). For this purpose, each radioconjugate
was mixed with HS and incubated at 37 °C for period of 7 days. At both 1-day and 7-day
time points, samples of the radioconjugate mixture were analyzed using the HPLC method
for the assessment of the radioconjugate stability. All three novel 17’ Lu-radioconjugates
corroborated their full stability in HS, the same as we reported previously [1].

3.2.2. Lipophilicity Study

All six %8Ga /17 Lu-radioconjugates (also purified using the HPLC method and evap-
orated) were evaluated in terms of their lipophilicity. For each radioconjugate was de-
termined the distribution coefficient (D) between the organic and aqueous phases in the
N-octanol/DPBS (pH 7.40) system. Simultaneously, the stability of investigated radioconju-
gate during the experiment was verified through the HPLC analysis of the aqueous phase.
The lipophilicity values were established as the logarithm of the distribution coefficient
acquired in three independent experiments done in duplicates, and are listed in Table 3.

Table 3. LogD values of aprepitant radioconjugates determined in n-octanol/DPBS buffer system.

. . logD

Radioconjugate 5Ga T La
APT-Et-DOTA 0.14 +0.021 0.71 +0.021
APT-Pr-DOTA 0.06 £0.021 0.65 £ 0.021
APT-Bu-DOTA 029 +0.021 0.78 £ 0.021
APT-Hex-DOTA 0.58 + 0.03 1.23 + 0.03
APT-Oct-DOTA 1.32 £ 0.04 1.64 £+ 0.02
APT-Dec-DOTA 1.60 + 0.04 1.97 + 0.02

APT-Ac-HN-NH-DOTA —1.01 £ 0.021 —0.40 +0.021

APT-Ac-Et-DOTA —023+0.021 0.50 +0.021

1 data taken from ref. [1]



Pharmaceutics 2022, 14, 607

9o0f 16

For the newly obtained radiolabeled aprepitant derivatives, an increase in radioconju-
gate lipophilicity is clearly visible in relation to the previously obtained radioconjugates of
aprepitant derivatives with an aliphatic or an acetamide linkers. Thus, an upward trend
in the value of lipophilicity for a series of homologues containing an aliphatic linker was
revealed, as intuitively expected.

Moreover, exactly the same manner as in the previous studies, novel radioconjugates
containing ””Lu were more lipophilic than those with ®Ga; the differences between
the radioconjugates obtained from the same precursor being around 0.3-0.65 logD units.
Speaking in more detail, it was the first four conjugates containing shorter aliphatic linkers
that showed similar differences in lipophilicity between the corresponding ®Ga and 7"Lu
labeling products (0.5-0.65 logD unit), while for APT-Oct-DOTA and APT-Dec-DOTA
derived radioconjugates these differences were twice as low (0.32-0.37 logD unit). For
the two pairs of the most lipophilic radioconjugates, namely [#¥GalGa/['”” Lu]Lu-DOTA-
Oct-APT (logD = 1.32 and 1.64) and [8GalGa/['”” Lu]Lu-DOTA-Dec-APT (logD = 1.60 and
1.97), the effect of a long aliphatic linker noticeably eliminated the differences resulting from
the different structure of the metal-DOTA complexes (cation coordination and the number of
carboxylate group employed in metal chelation) and the significant hydrophilic contribution
of the macrocyclic chelator to the resultant lipophilicity value of the radioconjugates. This
fact may impact on diverse pharmacokinetic profiles among individual aprepitant-based
radioconjugates, and the most lipophilic ones may behave similar to the parent drug.
Nevertheless, it is difficult to unequivocally assess the ability of the obtained aprepitant
radioconjugates to cross the blood-brain barrier. On the one hand, the lipophilicity of
compounds is often expected to be a predicting factor for brain penetration, and the
most optimal lipophilicity value is in the range of 2.0 to 3.5 [31]. The most lipophilic
radioconjugates of aprepitant have slightly lower values than those, however, it should
be borne in mind that oncological pathologies of the brain are often accompanied by the
disruption of the blood-brain barrier [32].

3.3. Binding Affinity

The saturation binding studies using transfected hNK1R-CHO cells were performed to
evaluate the binding characteristics of the 17’ Lu-radioconjugates of aprepitant derivatives in
comparison to reference radioconjugate [’ LulLu-DOTA-[Thi8 Met(O,)']SP. Obtained
results confirm the hypothesis that the functionalization of the aprepitant molecule pro-
posed by us allowed to obtain radiotracers with high binding affinity to the receptor of
interest and sensitive to unmodified aprepitant blocking, likewise as is in the case of the
reference [Thi® Met(O,)!']SP. All determined K4 and Byax values for the investigated
177 u-radioconjugates are presented in Table 4, supplemented with binding curves shown
in Figure 2.

20 Et
18 ¢
16
14
=12
E10
8
6 Et-Ac Dec
-NH-NH-Ac ¢
4 Oct
. pr_*® Bu Hex °
L] L ]
0
0 2 4 6 8 10 12
linker length, n atoms

Figure 2. Plot of the K4 values versus the number of carbon atoms in linkers for evaluated 17" Lu-
radioconjuagtes of all DOTA-aprepitant derivatives. Points are marked with the abbreviations of
linkers of the corresponding radioconjugates.
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Table 4. Binding characteristics of the 17/ Lu-radioconjugates of aprepitant derivatives and reference
radioconjugate [ Lu]Lu-DOTA-[Thi8, Met(O,)'' ISP to hNK1R-CHO cells.

177Lu-Radioconjugate Kq = SD ! [nM] Bymax £ SD 1 [nM] Specific Binding 2 [%]
[Y77Lu]Lu-DOTA-[Thi®,Met(O,)111SP 2.74 +0.13 0.38 4+ 0.02 85.77 + 1.44
[Y77Lu]Lu-DOTA-Et-APT 189 +£14 9.16 £ 0.10 92.82 + 0.20
[Y77Lu]Lu-DOTA-Pr-APT 292 +0.31 1.89 + 0.05 74.04 + 0.85
[77Lu]Lu-DOTA-Bu-APT 1.66 + 0.19 1.84 +0.16 57.53 + 1.68
[Y77Lu]Lu-DOTA-Hex-APT 1.56 + 0.13 1.88 +0.11 57.90 + 3.07
[Y77Lu]Lu-DOTA-Oct-APT 2.48 4+ 0.09 2.63 + 0.03 41.67 +4.42
[Y77Lu]Lu-DOTA-Dec-APT 6.26 £ 0.72 3.45+0.10 34.44 +5.99
[Y77Lu]Lu-DOTA-NH-NH-Ac-APT 2.77 £ 0.24 1.24 + 0.05 77.97 + 1.37
[Y77Lu]Lu-DOTA-Et-Ac-APT 5.17 +0.18 5.29 + 0.25 88.52 + 0.81

1 The dissociation constant (Kd) and the maximal binding concentration (BMAX) are presented for three indepen-
dent experiments done in duplicates as averaged values with the standard deviation (SD). Kd and BMAX were
calculated using a “One site-total and nonspecific binding” nonlinear regression curve fit by the GraphPad Prism 8
software. 2 Specific binding is presented as a percentage of specific binding to total binding calculated at the
25 nM radioligand concentration.

Binding affinity of all examined '”’Lu-radioconjugates and reference radioconjugate
['77Lu]Lu-DOTA-[Thi® Met(O,)'!]SP was relatively similar in low nanomolar range. The
only distinctive Ky value was found for the [\’ Lu]Lu-DOTA-Et-APT radioconjugate (con-
taining the shortest aliphatic linker, K4 = 18.9 nM), which was more than threefold worse
than that of next in order, determined for ['”’Lu]Lu-DOTA-Dec-APT (K4 = 6.26 nM). The
reference [177LulLu-DOTA-[Thi®,Met(O,)1 ISP showed values of K4 and By;ax equal to
2.74 nM and 0.38 nM, respectively, with high specific binding at the level of about 85%.

The highest binding affinities were obtained for [Y7”Lu]lLu-DOTA-Hex-APT
(K4 = 1.56 nM), ['7Lu]Lu-DOTA-Bu-APT (K4 = 1.66 nM), and [ Lu]Lu-DOTA-Oct-APT
(K4 =2.48 nM). These values were better than the one found for the reference radioconju-
gate. Then, Ky values similar to Kq value of the reference were found for ['7” Lu]Lu-DOTA-
NH-NH-Ac-APT (K4 = 2.77 nM) and ['”Lu]Lu-DOTA-Pr-APT (K4 = 2.92 nM). Thus, an
interesting trend can be observed for radioconjugates with aliphatic linkers (Figure 2), since
initially the affinity for the receptor increases with linker lengthening for radioconjugates
with butyl and hexyl linker the affinity is optimal, and then it decreases with further
elongation of the aliphatic linker in the molecule.

A phenomenon of particular importance is the fact that all eight aprepitant-based
radioconjugates showed more than threefold higher binding capacity (Bpjax in range from
1.24 to 9.16 nM) than that of the reference SP-based radioconjugate (Bpax = 0.38 nM).
Moreover, this is in line with the observation made for a similar comparison of non-peptide
L732,138-based radioconjugates to the same reference compound [4].

For all radioconjugates, we also determined the ratio of specific binding to total binding
(expressed as a percentage, last column in Table 4) using the values corresponding to the
radioconjugate concentration of 25 nM (at this concentration, the plateau generally begins
in the specific binding curves, Figure 3). This parameter presents the trend that as the
aliphatic linker length increases, the share of specific binding drops in favor of nonspecific
binding. Furthermore, for the two most lipophilic radioconjugates, [’ Lu]Lu-DOTA-Oct-
APT and [YLu]Lu-DOTA-Dec-APT, at the concentration of 25 nM, nonspecific binding
exceeded specific binding. In terms of the percentage of specific binding, radioconjugates
with the lowest lipophilicity look best, [\’ LulLu-DOTA-Et-APT (above 90%), [1”’Lu]Lu-
DOTA-Et-Ac-APT (slightly below 90%) as well as [ Lu]Lu-DOTA-NH-NH-Ac-APT and
[77LulLu-DOTA-Pr-APT (both about 75%).
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Figure 3. Saturation binding curves for ”/Lu-radioconjuagtes of all DOTA-aprepitant deriva-
tives and of reference molecule DOTA-[Thi®,Met(O,)11]SP. Total binding was measured in the
absence and nonspecific binding in the presence of 1000-molar excess of unmodified aprepitant (or
[Thi®, Met(O,)!']SP peptide) in relation to the highest radioconjugate concentration used. Specific
binding was calculated as the difference between total and nonspecific binding (data were acquired
in three independent experiments done in duplicate).

3.4. Molecular Modelling Study

In order to rationalize the obtained experimental affinities in terms of ligand-receptor
interactions, the conjugates containing aliphatic linkers were modelled in complex with
the human NK1R. The aprepitant structure (as found in the crystal with the receptor, PDB
accession code: 6HLO [23]) was manually expanded with linker-DOTA fragments and
the local search docking was performed in AutoDock 4.2.6 (Scripps Research Institute, La
Jolla, CA, USA) [27]. The studied model ligands did not include Lu3* cation, therefore their
names are marked with the asterisk, e.g., *“DOTA-Et-APT, etc.

With all modelled conjugates, the overall architecture of the binding mode is similar
(Figure 4). The aprepitant core resides deep in the binding pocket, in a position slightly
displaced with regard to the position of aprepitant in the 6HLO crystal structures [23]
(Figure 4A, Figures S1-511 in the Supplementary Materials). A major difference, compared
to the small molecular parent, is the rotation of the triazolinone ring (at which the linker
fragment is attached) that prevents interactions of this element with E193 and W184. The
linker-DOTA fragments of the studied ligands extend towards the binding site outlet
(Figure 4B,C). In shorter analogues, the linkers are rather extended and DOTA-moiety is
placed close to the extracellular tip of transmembrane helix 5 (TM5) and the extracellular
loop 2 (ECL2). On the contrary, in octyl- and decyl-based analogues, the linkers are bent
and DOTA-fragment approaches ECL1, TM3 and TM2 (Figure 4C).
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ECL3

™I
*DOTA-
linker o =
——— triazolinone ring
aprepitant ™2 ] y %
" core PR -
ECL1 -
\
™3 ™4 ECL2
Compounds:
*DOTA-ET-APT *DOTABU-APT *DOTA-OCT-APT APT
*DOTAPR-APT *DOTAHEX-APT *DOTA-DEC-APT

Figure 4. Overall architecture of binding modes of the studied compounds (A) side view, superposi-
tion of all docked compounds and aprepitant (B) top view, superposition of *“DOTA-Et-APT, *DOTA-
Pr-APT, *DOTA-Bu-APT and *DOTA-Hex-APT (C) top view, superposition of *DOTA-Oct-APT
and *DOTA-Dec-APT. The receptor (green) is shown in cartoon display (in green; transmembrane
helices, TM; extracellular loops, ECL). The ligands are shown as sticks, with colors according to the
legend in Figure. Hydrogen display is suppressed.

The binding interactions are discussed below for the *DOTA-Hex-APT ligand, which
corresponds to [17”LulLu-DOTA-Hex-APT for which the lowest K4 value was found
(Figures 5 and S7). 3,5-bis-trifluoromethylphenyl ring of the ligand forms numerous hy-
drophobic interactions with M81, N89, P112, V116, 1204, W261, M291, A294 and M295.
The morpholine ring is hanged between F268 and Q165 side chains. The latter provides
further stabilization of the binding mode by hydrogen bonding with the ether oxygen of
the ligand. The p-fluorophenyl ring stacks with the side chain of F264. Additional contacts
of this fragment are to V200, T201 and H265. The triazolinone ring rr-stacks with H197.
The hexyl linker runs along TM5, contacting K190 and E193. The chelating moiety lays
against ECL2, forming interactions with, i.e., M174, M181, E183 and E186.

ECL2

ECL1

Figure 5. Binding mode of *DOTA-HEX-APT in the NKI1R binding site. (A) The compound alone
(salmon sticks) or (B) superposed on the crystallographic position of aprepitant (orange sticks). The
receptor (green) is shown in cartoon display (in green; transmembrane helices, TM; extracellular
loops, ECL). Selected receptor side-chains shown as green sticks. TM1 not shown. Hydrogen display
is suppressed.

The interactions of the remaining analogues in the part common to all of them (“aprepi-
tant core’) are generally similar to these described for *DOTA-Hex-APT, although some
details may differ for particular compounds (see Figures S1-511 for detailed schemes of
interactions). The presence of the linker and DOTA fragments has little impact on the
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position of the ‘aprepitant core’, and it is from this very part of the considered molecules
that most of the binding strength is likely to come. This finding fits in qualitative terms to
the experimental affinities reported in this contribution.

Quantitative prediction of affinities from docking is given in Table 5. Unfortunately,
neither the lowest nor the mean predicted binding energies of the best scored cluster
correlate with the experimental affinities. This could be associated with artificial overpenal-
ization of conformational freedom for the analogues with long flexible linkers.

Table 5. Predicted binding energies for lowest lying clusters for the docked ligands.

Predicted Binding Energies [kcal/mol]

Compound Number of Poses in the Cluster
Lowest Mean

*DOTA-Et-APT —12.31 —-11.9+0.1 1000
*DOTA-Pr-APT —13.53 —1244+05 786
*DOTA-Bu-APT —12.36 —11.14+05 9
*DOTA-Hex-APT —10.82 —-9.1+05 205
*DOTA-Oct-APT —9.87 -9.14+03 718
*DOTA-Dec-APT —10.15 —92+4+04 16

The issue of conformational freedom is undoubtedly a limitation of the current mod-
elling study. For the longest analogues, it is very likely that more than one binding mode is
realized (with respect to the DOTA-linker fragment). Indeed, the performed docking shows
that there are many different (but closely lying in energy) docked clusters (not reported)
for the longest analogues. Moreover, in our recent contribution [4], molecular dynamics
simulations of small molecular NK1R ligands with long (14 atoms) linkers found significant
mobility of the pendant fragment despite relative stability of the deep-bound core. This
problem is going to be addressed in the further modelling study. Nevertheless, the binding
modes reported herein are going to guide further design work in the field of NK1R-targeted
radiopharmaceuticals.

4. Conclusions

The contribution presented herein describes the evaluation of three novel aprepitant-
based DOTA conjugates, effectively labeled with ®®Ga and 177 Lu with high RCY and specific
activity. These developed radioconjugates were characterized by high lipophilicity and full
stability in human serum. In vitro investigation on binding characteristics towards NK1R
of novel 177 Lu-radioconjugates showed their high receptor affinity (Kq = 1.56-6.26 nM), but
concomitantly revealed significant non-specificity (up to 60% of specific binding).

At the same time, most of previously reported radioconjugates based on less lipophilic
aprepitant derivatives presented much the same high receptor affinity (K4 = 1.66-5.17 nM)
like the reference [177Lu]Lu-DOTA-[Thi® Met(O)1]SP (K4 = 2.74 nM), however, with the
binding capacity more than three times higher (Byjax = 1.24-5.29 nM) in relation to the SP-
based reference radioconjugate (Byjax = 0.38 nM). Furthermore, it was the radioconjugates
with the lowest lipophilicity that had the highest specific binding rate (75% and above), at
a level comparable to that of the reference radioconjugate.

Assessing the overall properties of all eight radiopharmaceuticals developed, in partic-
ular the lipophilicity parameter and the tendency to decrease the share of specific binding
with an increase in the length of the aliphatic linker, the most promising radiopharmaceuti-
cal seem to be [V7”Lu]Lu-DOTA-Pr-APT radioconjugate, containing three CH, groups in
the aliphatic linker between the radionuclide complex and an aprepitant molecule.

In conclusion, our efforts confirmed the assumptions about the effectiveness of aprepi-
tant in the role of a NK1R targeting vector, in particular referring to 17”Lu-labeled Substance
P derivative currently used in clinical therapy. An application of this NK1R antagonist in
nuclear medicine may initiate a potential alternative approach to NK1R-positive cancer
imaging following intravenous administration. The reported results provide the encourag-
ing perspectives for the future first in vivo trials.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics14030607 /s1. Figure S1. Scheme of the interactions
of *DOTA-Et-APT with the NKIR. Figure S2. Binding mode of *DOTA-Et-APT in the NK1R (general
view). Figure S3. Scheme of the interactions of *DOTA-Pr-APT with the NK1R. Figure S4. Binding
mode of *DOTA-Pr-APT in the NKIR (general view). Figure S5. Scheme of the interactions of
*DOTA-Bu-APT with the NK1R. Figure S6. Binding mode of *DOTA-Bu-APT in the NKIR (general
view). Figure S7. Scheme of the interactions of *DOTA-Hex-APT with the NK1R. Figure S8. Scheme
of the interactions of *DOTA-Oct-APT with the NKIR. Figure S9. Binding mode of *DOTA-Oct-APT
in the NK1R (general view). Figure S10. Scheme of the interactions of *DOTA-Dec-APT with the
NKIR. Figure S11. Binding mode of *DOTA-Dec-APT in the NKIR (general view).
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6HLO accession code of coordinates and structure factors in PDB
APT aprepitant

Bmax maximal binding parameter
CHO Chinese hamster ovaries cell line
D distribution coefficient

DMF dimethylformamide
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DPBS Dulbecco’s phosphate-buffered saline buffer

ECL extracellular loop

ESI electrospray ionization

hNK1R  human neurokinin 1 receptor

HS human serum

K4 dissociation constant

logD logarithm of the distribution coefficient
MS mass spectrometry

NHS N-hydroxysuccinimide moiety

NKIR  neurokinin 1 receptor, tachykinin 1 receptor
PDB Protein Data Bank

RCY radiochemical yield

SD standard deviation
SP Substance P

TFA trifluoroacetic acid
™ transmembrane helix

tr retention time
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