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MepiAnyn

O naykpeatikog kapkivog (PC) kataypaenke wg o 10 og ouyvotnta Kapkivog otov dvBpwmno kot wg 4"
otia Bavdrov ano kapkivo otig HITA 1o 2018. O aoupMTePATIKAG XapakTpag Tov PC og ouvSLOOPO e TNV
EMNEWM eMapKAV SLyVOOTIK®V HEBOSwV yiax v €ykaipn Stdyvwaon oupfdAiovy oe autrv Tnv Katdotoorn. H
TPOCPATI TEXVOAOYIKT] TPOOSOG OTIG AMEIKOVIOTIKEG SINTASELG NG TTUPNVIKT|G 1ATPIKNG (TOopoypagia ToQitpoviov
(PET), 1] uTIOAOY10TIKT] TOHOYPOQI HOVOQ®TOVIOKNG eKTIOPTG (SPECT)), map&AANAQ pe TNV TPOCOATH EAeLON
TOV VEQV HOPLOKOV PaSIOPAPUAK®OV, OVOHEVETOL VA TIPOOPEPOLV OTOVG KAWVIKOUG yloxTpolg e§eAypéva
Sloyvwotikd epyaieia oto apeco péAAov. Etol, avapévetal va KXTaoTel SUVATH 1 QMEIKOVIOT] TPOTOYEVAV KO
HeTaoTaTIK®V 0TIV PC pn mapepfonikd, ypriyopa Kot pe koA, pe v cAANAemiSpaon padloonLaCHEVEV
popiwv (m.x. padoonpoacpévev mentdiov) pe eldika Popopla — “otoxouvg” (m.x. vmodoyeic memmibiwv),
XOPOKTNPLOTIK®V Yo TOV KapKivo. INHepa LMEPYEL EMElyOLOO OVAYKN YIX VEX PaSIOQAPHOKO YIX EQOPHOYN
otnv akp1fn kou a&lomotn Sidyvwon tov PC, Kot 181aitepa Tov eEOKPIVOVE TOPOEISOVE BOEVOKUPKIVAOHIATOC TOV

naykpéatog (PDAC) mou anoteAei 10 95% twv neprotatikev PC.

A&iler va onpewwbBel 6T1 0 vmodoxéag 1 Tng vevpotevoivng (1] vevpotavoivig) (NTS:R) avtimpoownevel
vrmoyme1o Blopoplakd otoxo ot Siayvwaon tov PDAC, edopévou 0Tt umepek@paleTal EMAEKTIKA 010 95% TwV
nePoTATIKOV PDAC oAAG OY1 OTO LYIEG TIAYKPEQG 1 O ¥povia maykpeatitida. H vmap&n touv evdoyevoug
nenTidikov NTS;R-npoadétn vevpotevaivng (NT) ko mAnBapag ouvBetikdv NT-avaAdywv divovv 1o évauopa
yix v avantuén NT-oxetikov padiogapudkwy. Onwg 6Aa ta mentidia, n NT kot ta avédAoya Tng veiotavial
TOXElX IPOTEOAVTIKT amOIKoSOpNon. Avo Kupiwg mentddoeg, 1 venptivoivn (NEP) kot to peTaTpenTiko VU0
™m¢ ayyelotevoivrg (7 ayyelotaciving) (ACE) gpmAékovtan oty taxeia amoikodopnon tov avaAdoyov NT otov
opyaviopo. ITapopowa, padionentidia otoyxevong tov NTS;R amoikodopoldvial KOT& TNV TOPEIX TOLG OTIG

KOPKIVIKEG E0TIEG HE XPVITIKA AMOTEAETUATA OTNV IKAVOTNTA TIPOCANYNG TOUG EKEL.

216Y0¢ TNG TMopoLONC SIATPIPNE NTAV N AVATITLEN VEDV OTPATNYIK®VY T)/KAL TIEMTISIKOV paSI0TPOCOSETMV
pe Baon to C-tehiko e€amentidio NT(8-13), wote va BeAtiwbel n in vivo otaBepodnTQ, 1| GTOXELOT TWV OYKGOV
KOl 1] OAIKT] QOPHOKOKIVITIKY, ®OTE v amofBovv KatdAAnAa kol emtoyn oty Sidyvwon tov PC/PDAC pe
SPECT. Ta v emtuyie oqutod TOL OKOToL €@appootnkay &vo pébBodot (1) Emava&loAdynon yveotov
[*™Tc]Tc-onpaopévav NT(8-13)-avahoynv xwpig 1 pe in situ avaotoAn twv NEP f/kot ACE. (2) Zxedioopog
véwv NT-padionentiSiov pe Sopikég mapeppaoeig-kAeidid oto NT(8-13). H Sayvootikn adia twv avaAdywv

QUTQOV peAeTNONKE Kot TAAL Xwpig 1 pe in situ avaotoAn twv NEP i/kon ACE.

INa v enitevén Tov TPOTOL oTdYOUL, Ta NNON Yyvwotd DT1 (N4-Gly-Arg-Arg-Pro-Tyr-Ile-Leu-OH), DT5
(N4-BAla-Arg-Dab-Pro-Tyr-Ile-Leu-OH) kon DT6 (Ns-fAla-Arg-Dab-Pro-Tyr-Tle-Leu-OH) emonpavnkav pe

Tc-99m. Eyiwve ovykpion g mpdoAnymg touvg oe Kottapa WiDr, g otaBepdmntag T0ug 010 Qi LYV



TIOVTIKI®V Kol NG PlOKATAVOUTG TOUG O OVOOOKOTECTOAMEVA TOVTIKIH pe Oykoug WiDr, kataAnyoviog ota
akOAovBa oupmepaopata: i) H aviikatdotaon Dab®/Arg® oSiynoe oe xapunAOTtepn KUTTApIKn pOcAnym in vitro,
pn petpnoun PeAtioon g petafoAKng oTaBepoTnNTag, XXUNAOTEPT TPOCANYN o€ dykoug WiDr kot avénpévn
VEQPIKN evtomon. ii) H avukatdotaon Tle'/Ile" avénoe Spactikd my in vivo otabepotnta, oA peinoe v
KUTTAPIKT| TIPOGANYM in vitro Ko v mipdoAnyn otov 6yko in vivo. To [*™Tc]Tc-DT1 epgavioe Tig KOAVTEPES in
vitro 1810TTeG, Kot ouvdLaoe GPLOTN OTOXELOTN TV OyKwV WIDr pe tayela @oppakoKivnukn in vivo pe
Tap&AANAnN avaatoAn twv NEP ko ACE. Qg ek toutov, [P"Tc]Te-DT1 emAéxbnke wg évworn avagopds yia Ty

a&loAOYNOT TV VE®V SOHUIKX TPOTIOTIOUNHEVAV AVOAOY®V.

INa v adloAdynon 0Awv tTev avaAoywv oe adlomoTto Kol mpaktika evuxpnoto NTS R-6etiko mpotuno
PC, éywve oOyKplon ¢ KOTOGAANAOTNTAG TEGOUPOV SIHQOPETIKOV KUTTAPIK®V oelpwv PC: AsPC-1, PANC-1,
MiaPaca-2 kon Capan-1. Me encaon tov [P"Tc]Te-DT1 o€ autd ta KOTtapa Tpoékule 1 akdAovdn aelph
HELOVHEVIG KUTTOPIKNG TPOoANUMG: kuttapa AsPC-1 >> PANC-1 >>MiaPaca-2 > CAPAN-1. EmmAéov, 1
avamntudn OyKwv petd v epeitevon kKuttapwv AsPC-1 og movtikia SCID pébnke mapopoln Pe TV KUTTAPWY
WiDr, pe Tig 800 KUTTOPIKEG GEIPESG VA XPEIGLOVTAL XPOVIKO SiaoTnpa 3 — 4 eBSopAdwV Yo TNV avAamTuEn OyKmv
oTa onpela G epELTEVONG. Q¢ €K TOLTOL, Ta KUTTAPA ASPC-1 emAéybnkav g N KATGAANAN KUTTOPIKT] GEPA
PC ywx v mapodoa Siatpifn. Tuvohikd, to [P"Tc]Te-DT1 £8e1€e mapOpow CLPTEPIPOPG in Vitro Kol in vivo
TIEPUAHATIKA TIPOTUTIA TV KUTTApwV WiDr kon AsPC-1. Tlapott n owoeopapidovn (PA) €xel péxpt topa
xpnotononfet pe emtuyia yi avaotoAr] g NEP, ano@aciotnke aAAayr] PO TO EYKEKPILEVO AVTIDTIEPTACIKO
@appoko Entresto® ywo tov okomd autd, mpooBAENOVTaG o€ HEANOVTIKT] «HETG@paoT» NG peBodoioyiag amod to
novtikia og aoBeveig. Ipdaypoaty, 1o Entresto® amodeixbnke e&ioov amoteAeopanikd pe to PA, pe g Omoieg
TIAPATIPOVHEVEG PIKPOSIQOPEG 0TV oTaBepomoinTiki Spdon Twv SV0 AVTAOV AVACTOA(®V va amodidovtat: i)
otov Tpomno xoprynong (PA — iv, Entresto® - per 0s), ii) St@opég peta&d tov {Omv Kat iii) ) pikpn Kavotnta

avaotoAng tov ACE and PA oe vynAég 86o¢1g.

Yt Sevtepn evotnta g SatpiPng, emyelpnOnkav dopikég mapeppdoelg oto DT1 odppwva pe 6vo
Baowkég otpatnyikéc. Empnkuvon / aviikatdotaon oto C-TeAKO AKPO, 1] E100Y®YN TAEVPIK®Y OPAS®Y 0TV €-
apwo-opdda ¢ Lys’ petd and avukatdotaon g Gly” omy apywkrp DT1 aAAnlovyia. H mpom opdda
avaAoyov niepiéAafe ta DT7 (Ns-Gly-Arg-Arg-Pro-Tyr-Ile-Leu-D-Asn-OH) kouw DT13 (N4-Gly-Arg-Arg-Pro-
Tyr-Ile-B*hLeu-OH), mov kot ta §vo Swatipnoav vPNAn cvyyévela Séopevong otov NTS;R. Ot avrtioTotyol
[*™Tc]Tc-padionpoodéteg enédeiéav avénuévn in vivo otabBepOtnTa 0TV KLUKAOQOPIX TOL aipaTog o LY
TOVTIKIK, GAAG £€@Bacav og péyloTn otadepOTnNTa HOVO HETK TN XOpPHynoT Tov cuvduvacpol Entresto ®+Lis ota
novtikia. Ta [*™Tc]Te-DT7 kat [*"Tc]Te-DT13 €8e1&av moAd xapnAn npocAnym oe kottapa AsPC-1 in vitro,

omnote dev eMAEXONKaV yix tepontépm PHEAETN NG PLOKATAVOUT|G TOUG O€ TIOVTIKLA pe Oykoug AsPC-1.



T Sevtepn opdda Lys’-tpomomonpévav avaAdywmy, apxiK& mpoodédnke pia TAELPIKT|] TOAPITODAO-
opada — DT8 (N4-Lys(palmitoyl)-Arg-Arg-Pro-Tyr-Ile-Leu-OH), npog pipnon avaAdywv g contulakin-G, evog
avahoyov g NT amo ta aondvSuia. To DT8 £8e1&e vymAn ovyyévela Séopevong otov NTS1R ko to [P Tc]Te-
DT8 vymAn npoéoAnun oe kottapa AsPC-1. H otaBepotnta Tov padlonpoadétn atny KUKAOQopia ToU oipatog
LYLEV TIOVTIKIOV NTaV €Miong TOAD LYMAT|. Ot 1810TNTEG AUTEG HETRQPAOTNKAV O€ TIOAD IKOVOTIOINTIKT] TTPOCANYM
v [*"Tc]Tc-DT8 oe etepopooyebpata AsPC-1 oe movrtikia SCID, 0pwg cuVSLGOTNKE pe avermBopNTn Kat
enipova LYNAN aKTIVOBOAlX LTTOOTPAOHATOG. ZUVPTIEPAIVETAL, OTL T| LOXLPT| SE€CHELOT TNG TXAPLITODAO-OpPESAG TOV
[*"Tc]Tc-DT8 oty aABoupivip kot N vPnNAR NG MIOPIAKOTNTA TEAIKG 08fynoav oe pn  embopnt

QOPHOKOKLVI|TIKT).

T 2" yevid avaAOywv pE TIAEVPIKT] OpGSa TTPOaSepEVT oV e-apvo-opada g Lys”: pia op&da 4-(4-
peBuAogovur)Bovtupikov 0§eog (MPBA) mpoadebnke eite amevBeiog — DT9 (N4-Lys(MPBA)-Arg-Arg-Pro-Tyr-
Ile-Leu-OH) eite Siapéaov ouvdeTikod popiov PEG4 (moAvonBuAievoyAukoAn) — DT10 (Ns-Lys(PEG4-MPBA)-
Arg-Arg-Pro-Tyr-Ile-Leu-OH). Ze tpito avéhoyo €ywve mpoodeon opddag PEG6E (CH;-PEG5-CH,-COOH) —
DT11 (N4Lys(PEG6)-Arg-Arg-Pro-Tyr-Ile-Leu-OH). Ot Sopikég autég Ttpomomnomoelg 8 peiooav tnv
oAnAenidpaon twv avaroywv pe tov NTS:R, kon ta DT9, DT10 ko DT11 enéder§av LMOVAVOHOPLOKD
ovyyévela déopevong otov vrodoyxéa. Ta [P Tc]Te-DTI and [*™Tc]Tc-DT10 npooAi@Onkav og kuTtapa AsPC-1
e&ioov KavomoTkG pe to [*"Tc]Tc-DT1, evd 1o [*"Tc]Tc-DT11 é8eiée pewwpévn mpocAnymn. Onwg
AVAPEVOTAY, Ol padlonpoadéteg xawpig mAevpiki) ABD-opada, [P Tc]Te-DT1 kat [*"Tc]Te-DT11 é8eiéav xaunAn
Séopevon oty aAPoopivn. e avtibeon, ta [*"Tc]Te-DTI kot [*"Tc]Te-DT10 SeopedtnKav o€ KAVOTOTIKO
TIOGOGTO OTNV aABovpivn, [E€ TO TTOCOOTO GLTO VA HEIOVETAL HE TIPOOHNKI TOL TALGITOVOL UTTOVTTOPEVNG
(ibuprofen), mov Seopevetan oty aABovpivn. To [*"Tc]Tc-DT9 €8e1&e mapopowa xapnAn in vivo otabepotnta pe
10 [*™Tc]Tc-DT1 otnv KUKAOQOpia TOL AiHATOG LYIOV TIOVTIKIGY, pe T [*™Tc]Te-DT10 ko [P Tc]Te-DT11 va
elval onuavtikotepa o otabepd, avadelkvdoviag Ty EMidpaon OTEPEOYNHIK®V Topayoviwy. OAol ot
padlonpocdéteg €@Baocav oto LYNAGTEPO TOC0O0TO OTaBepdTNTAG METE TN YOPNynNon Tov ouLVELAGHOV
Entresto®+Lis ota movrikia. Eivor a&loonpeinto to 61t to [*"Tc]Te-DT10 peta ) xoprynon tov Entresto® povo
EMETUXE TAPOHOI TOCOOTH oTaBepotTag pe autd twv [P"Tc]Te-DT9 ko [*"Tc]Tc-DT11 petd v
ouvvSuaotikni xopriynon Entresto®+Lis. e movtikia SCID pe etepopooyedpata AsPC-1 ot Tpelg padlonpoodéteg
enédel&av moAD Tay\Tep KABapoT LIOOTPOPATOG 0 GOYKplon pe to [P"Tc]Te-DT8. H mpdoAnyn twv tpiov
paS10MPOGSeT®V 0TOVG OYKoug ASPC-1 otnv opada Tewv HapTopwv Bpébnke onpavtikd avénpévn oe axéon pe
10 [*"Tc]Tc-DT1, ko av&ndnke mepantépw pe e@appoyn tov cuvdvaopol Entresto®+Lis ([*"Tc]Tc-DT9 ko
[*™Tc]Tc-DT11) fj povo tov Entresto® ([*™Tc]Tc-DT10). Tupnepaopatikd, to [P Tc]Te-DT10, Eenépaoce OAa T
avéAoya NG mapovoag Stpifng He Kputipla T oTaBepOTNTA, T OTOXELON TOV OYKWV KOl TNG TOXELNG
KGBxponG LMOOTPOUATOC, W81XITEPK PETA TNV XOPTYNOT| EVOG HOVOV AVOOTOAEX OTA TIOVTIKIX, TOU EYKEKPIHEVOL

@appdkov Entresto®.



Ta amoTeAEOHATA AVTA AVASEIKVDOLV TNV OMOTEAEGHATIKOTITH KOl 0TGN TNG GTPATNYIKNG TNG in Situ
otabeponoinong padionentidiov, SeSopevou OTL OONYNOAV O€ ONUAVTIKEG BEATIOCEL OTN GLHTEPLYPOPK
petafoika aotaBov NTS R-padionpoadetcyv. Emiong avédeiéov ot 1) mpooBnkn mAeupikov opddnv Stapécou
mg Lys’ petd myv ewoaywyn mg oty aduoida NT(7-13), frav avekt and tov NTS R. H cupnepipopd teov
avTioTolwv padlonpoodetwv Seiytnke OTL efoptdtal oMo TG W80TNTEG NG TAELPIKNG ONASOG, OmMwg T
ANTo@IAKOTNTA, 1] IKAVOTNTA S€0HELONG 0TV aABovpivi Kol oTeEpeONHIKODG TTapayovtes. H ouvpnepipopd tov
[*"Tc]Tc-DT10 ftav 8xitepa IKAvOMONTIKN o€ TIPOKAVIKO eminedo, 18waitepa oe cuvSuvaopd pe Entresto®,
®ote v avtaywviletor dAAovg NTS R-padionpocdéteg nén oe khvikn adloAdynon pe SPECT. Qg €k tovtov,

TIEPOLTEP® HEAETN amonTeiTON Yo TN S1EpEBVNOT TNG TTPOOTTIKIG QLTS o€ aobeveig PC.



Summary

Pancreatic cancer (PC) was identified as the 10" most common cancer in humans and 4™ cause of cancer
deaths in USA in 2018. The asymptomatic character of PC at the early stages in combination with the lack of
effective diagnostic tools for its early diagnosis contribute in these poor outcomes. Recent advances in nuclear
medicine technology (positron emission tomography (PET) and single positron emission computed tomography
(SPECT), alongside with the recent advent of novel molecular radiopharmaceuticals, may offer clinicians better
diagnostic tools in near future. In this way, the visualization of primary and metastatic PC lesions may become
feasible in a non-invasive, fast and convenient way, after interaction of the radiolabeled probe (e.g. a peptide
radioligand) with cancer-related “finger-print” biomolecules — “targets” (e.g. a G — protein coupled receptor or
GPCR). Currently, there is an urgent need for new radiolabeled probes for effective and reliable diagnosis of PC,

and especially of exocrine pancreatic ductal adenocarcinoma (PDAC) representing 95% of PC cases.

Interestingly, neurotensin subtype 1 receptor (NTS;R) may serve as a viable biomolecular target in PDAC
diagnosis, owing to its overexpression in 95% of PDAC cases in combination with its lack of expression in
healthy pancreas and in chronic pancreatitis. The availability of the native NTS;R peptide ligand neurotensin
(NT) and numerous synthetic NT-analogs provide the basis for the development of new NT-like
radiopharmaceuticals. Like any peptide, NT and its analogs undergo rapid proteolytic degradation; two major
peptidases, neprilysin (NEP) and angiotensin converting enzyme (ACE) are implicated in their rapid breakdown
in the body. Likewise, NTS;R-targeting radiopeptides are degraded on their way to tumor sites with negative

impact on their tumor-targeting capabilities.

The aim of the present work was the development of new strategies and/or peptide radioligands based on
the C-terminal hexapeptide NT(8-13), to improve in vivo stability, enhanced tumor-targeting and favorable
overall pharmacokinetics and eventually suitable for accurate PC/PDAC diagnosis with SPECT. Two major
approaches were pursued to achieve this goal: (1) Re-evaluation of previously reported [ *™Tc]Tc-labeled NT(8-
13)-analogs without or during in situ inhibition of NEP and/or ACE. (2) Design of new NT-like radiopeptides
after key-structural changes of the NT(8-13) motif; the diagnostic efficacy of these analogs was again evaluated

without or during in situ NEP and/or ACE inhibition.

To address the first task, previously reported NT analogs, DT1 (N4Gly’-Arg®-Arg’-Pro"-Tyr"-Ile**-
Leu®-OH), DT5 (N,-BAla-Arg-Dab-Pro-Tyr-Ile-Leu-OH) and DT6 (N4-fAla-Arg-Dab-Pro-Tyr-Tle-Leu-OH)
were labeled with Tc-99m. Their uptake in colon adenocarcinoma WiDr cells, stability in peripheral mice blood
and biodistribution in WiDr tumor-bearing mice were compared, leading to the following conclusions: i) The
Dab®/ Arg®-substitution resulted in lower cell uptake in vitro, no measurable improvement of metabolic stability,

lower uptake in WiDr tumors and elevated renal uptake. ii) the Tle'*/Ile’*-substitution drastically increased in
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vivo stability, but led to impaired cell uptake in vitro and tumor uptake in vivo. [*™Tc]Tc-DT1 showed superior in
vitro performance, combining excellent WiDr tumor targeting and fast pharmacokinetics in vivo during dual NEP
and ACE inhibition. Hence [*™Tc]Tc-DT1 was chosen as reference for the evaluation of the new structurally

modified analogs.

To test all analogs in a reliable and convenient NTS;R-positive PC model, the suitability of four different
PC cell lines was compared: AsPC-1, PANC-1, MiaPaca-2 and Capan-1. By incubating [*"Tc]Tc-DT1 with these
cell lines the following rank of cell uptake was established: AsPC-1 >> PANC-1 >>MiaPaca-2 > CAPAN-1
cells. Furthermore, the tumorgenicity of AsPC-1 cells tested in SCID mice was found comparable with that of
WiDr cells, with both cell lines requiring a time-span of 3 — 4 weeks for tumors to grow at the inoculation sites.
In view of the above, AsPC-1 cells were selected as the PC cell line of choice in this thesis. Overall, the
[*"Tc]Tc-DT1 reference displayed similar performance both in vitro and in vivo between the WiDr and AsPC-1
cell models. Although phosphoramidon (PA) has been successfully applied for NEP inhibition thus far, a switch
to the registered antihypertensive drug Entresto® was decided for such purposes, in support of future translation
from animals to patients. Interestingly, Entresto® was proven equally effective as PA, with minor differences
observed in the stabilization effects of the two agents attributed to: i) the administration routes (PA — iv,

Entresto® - per 0s), ii) individual animal status and iii) the minor ACE-inhibition ability of PA at higher doses.

In the second part of this thesis, structural modifications of the DT1 motif were adopted comprising two
major interventions. C-terminal modification (1% group), or introduction of pendant groups at the e-amine of Lys’
replacing Gly’ (2™ group) in the original DT1 template. The first group comprises the analogs DT7 (N,-Gly-Arg-
Arg-Pro-Tyr-Ile-Leu-D-Asn-OH) and DT13 (N,-Gly-Arg-Arg-Pro-Tyr-Ile-B*hLeu-OH), both retaining high
binding affinity for NTS;R. The respective [*"Tc]Tc-radioligands showed increased in vivo stability in
peripheral mice blood, although they achieved maximum stability only after treatment of mice with the
Entresto®+Lisinopril (Lis) combination. Both [*"Tc]Tc-DT7 and [*"Tc]Tc-DT13 displayed poor uptake in
AsPC-1 cells in vitro, thereby failing to qualifying for further study of their biodistribution profiles in AsPC-1

tumor-bearing mice.

In the second Lys’-modified set of compounds, a pendant palmitoyl group was first attached: DT8 (N-
Lys(palmitoyl)-Arg-Arg-Pro-Tyr-Ile-Leu-OH), mimicking analogs of the invertebrate NT-counterpart
contulakin-G. DT8 displayed an excellent affinity for NTS;R and [99mTc]Tc-DT8 high uptake in AsPC-1 cells.
The radioligand stability in mice peripheral blood was excellent as well. These results translated into a very
promising tumor uptake of [*™Tc]Tc-DT8 in AsPC-1 xenografts bearing SCID mice which however was
compromised by a very unfavorable and persistently high background radioactivity. Thus, the strong binding of
the palmitoyl pendant group of [*"Tc]Tc-DT8 to albumin and its high lipophilicity resulted in poor end-

pharmacokinetics.



In the 2nd generation of compounds with a pendant group attached at the e-amine of Lys’: a 4-(4-
methylphenyl)butyric acid (MPBA) moiety was attached either directly — DT9 (N4-Lys(MPBA)-Arg-Arg-Pro-
Tyr-Ile-Leu-OH) or via a polyethylenoglycol PEG4-spacer — DT10 (N4-Lys(PEG4-MPBA)-Arg-Arg-Pro-Tyr-Ile-
Leu-OH); in a third analog a PEG6 (Met-PEG5-CH,-COOH) was introduced — DT11 (N4-Lys(PEG6)-Arg-Arg-
Pro-Tyr-Ile-Leu-OH). These modifications were excellently tolerated by the NTS;R, with DT9, DT10 and DT11
displaying sub-nanomolar receptor affinities. [*"Tc]Tc-DT9 and [*™Tc]Tc-DT10 were taken up by AsPC-1 cells
equally well with [*"Tc]Tc-DT1, while [*"Tc]Tc-DT11 showed lower cell uptake. As expected, the radioligands
lacking an albumin binding domain (ABD) -functionality, [**"Tc]Tc-DT1 and [*™Tc]Tc-DT11 demonstrated poor
binding to albumin. In contrast, [*"Tc]Tc-DT9 and [*"Tc]Tc-DT10 were well bound to albumin, with their
binding being significantly reduced by the albumin-binding pain-killer ibuprofen. While [*"Tc]Tc-DT9
displayed similar in vivo stability with the [*"Tc]Tc-DT1 reference in peripheral mice blood, [*"Tc]Tc-DT10
and [*"Tc]Tc-DT11 were significantly more stable, revealing the impact of steric factors. All radiotracers
reached their maximum stability by treatment of animals with the Entresto®+Lis combination. It should be noted
however that [*™Tc]Tc-DT10 could achieve similar stability levels by Entresto® alone with [*™Tc]Tc-DT9 and
[*"Tc]Tc-DT11 during Entresto®+Lis treatment. In SCID mice bearing AsPC-1 xenografts the three radioligands
displayed by far a faster clearance from the background compared with [*™Tc]Tc-DT8. In the control animals the
uptake of the three new radioligands was higher than the [*"Tc]Tc-DT1 reference, further increasing in the
animals treated with the Entresto®+Lis combination ([*™Tc]Tc-DT9 and [*™Tc]Tc-DT11) or with Entresto® only
([*"Tc]Tc-DT10). In conclusion, [*™Tc]Tc-DT10, outperformed all analogs of the thesis in terms of stability,
tumor targeting and background clearance, especially after treatment of animals with a single inhibitor, the

registered drug Entresto®.

These results emphasize the validity and importance of the in situ stabilization approach, leading to
notable improvements in performance of biodegradable NTS;R-targeting radioligands. They have also shown
that the introduction of pendant groups at Lys’ introduced in the NT(8-13) chain, was well tolerated by the
NTS;R. The performance of resulting radioligands was found highly dependent on pendant group features, such
as lipophilicity, albumin binding capability and steric factors. The performance of [*"Tc]Tc-DT10 was very
promising at the preclinical level, especially in combination with Entresto®, fairly competing with other NTS;R-
targeting SPECT radiotracers already in clinical tests. Further studies are warranted to assess this option in PC

patients.
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Introduction

Pancreas and pancreatic cancer

Pancreas is a gland, located behind the stomach near its junction with duodenum and its length
is approximately 15 cm in adults (Image I1). As part of the gastrointestinal track it plays a dual role.
On one hand, it functions as an endocrine gland, producing hormones excreted into the bloodstream,
and on the other, as an exocrine gland, producing enzymes mandatory for digestion, which are secreted

through the ducts to the duodenum (Image I1) (1,2) .

The most common diseases associated with the pancreas comprise three major types. First,
inflammation of pancreas or pancreatitis (PT), which presents as acute or as chronic. Second, insulin-
dependent diabetes or type I diabetes, which in the majority of cases is an autoimmune elimination of 3
cells. Third, neoplasms which can be either neuroendocrine tumors (NETs) originating from the
endocrine part of the pancreas, or exocrine pancreatic ductal adenocarcinoma (PDAC), originating

from the exocrine part of the pancreas; the latter type has been the focus of the present work (3,4)

Pancreatic duct

Pancreas
Endocrine
cells secrete
i hormones into
«/| blood vessels

bile duct

Ampulla
Duodenum  of Vater Exocrine cells
secrete pancreatic
enzymes into the

pancreatic duct

Duct to
pancreatic
duct

Image I1: Image of human pancreas and its parts. Image from:
https://www.cancer.org/cancer/pancreatic-cancer/about/what-is-pancreatic-cancer.html

Pancreatic cancer (PC) is the 10" most common human cancer and the 4™ cause of death from
cancer, with a five-year-survival rate reported to be around 10% in the USA in 2018. The greatest
concerns in the management of PC are linked to its asymptomatic character up to advanced stages

along with the lack of effective diagnostic tools in its early stages (5-7).
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Radioactivity and Imaging modalities

Radioactive emission is the emission of radiation after the decay of the radioactive atom. It can

be classified in four different types:

Alpha or a is the emission of a helium nucleus, consisting of two neutrons and two protons,
deprived of its electrons

Beta or B is the emission of electron(s)

Positron or B* is an antimatter particle, a positively charged electron. After traveling some
distance in matter dependent on its initial energy, it collides with an electron, whereby both
particles are annihilated producing two opposite beams of gamma rays of 511 keV energy each.

Gamma or y is electromagnetic radiation emitted from a radioactive nucleus. It is a high
frequency photon with energy ranging from a few keV up to 8 MeV.

These kinds of radiation have high enough energy to interact with mater and ionize the atoms

they come in contact with, directly (o or ) or indirectly through excitation (y or 7). Due to the nature

of the emissions, different kinds of radiation are used for different purposes. For instance, particle

radiation (a or [3°) has lower tissue penetration and if in proximity to tumor cells, its interaction with the

cell membranes and/or the nucleus can induce apoptosis and cell death, thereby eradicating tumor

lesions. On the other hand, electromagnetic radiation (y or f’-induced) can easier penetrate through

tissues and diffuse in space, minimizing the interaction with cells, thereby becoming easily detected

outside of the body. This gives the opportunity for tumor imaging using the appropriate imaging

modalities, as follows:

Single photon emission computed tomography or SPECT, is used in combination with y
emitting radionuclides. After the intravenous (iv) injection of the radiotracer, the patient is
placed on the bed of a specially designed imaging device, based on at least one gamma-camera
head, detecting the emitted y photons as it revolves around the bed. The camera head comprises
a collimator, a filter made out of lead of a specific thickness and is practically a set of parallel
holes allowing only the y rays falling parallel to the holes to pass through. The selected y rays
reach the Tl-dopped Nal-crystal and are transformed into scintillations (visible light), which are
guided and converted into an electric current in the photomultiplier tubes. The resulting electric
signal is then processed and converted into an image (scintigram) by a dedicated computer

(Image 12).
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Image I2: (Left) Diagram of a y-camera head and its basic operational parts (right) image of a SPECT scanner

* Positron emission tomography or PET is used in combination with " emitting radionuclides.
Its function is based on the simultaneous detection of the two anti-parallel 511 keV y rays that
are produced after the annihilation of the emitted positron. It consists of a ring of detectors
made out of scintillation crystals that are connected to a computer. The rays are captured from
the detectors and the electrical signal is amplified, but only the rays that are registered
simultaneously from a system of opposite detectors are recorded. Then the position and the

intensity of the emitting point is calculated (Image I3).

Annihilation Image Reconstruction

Image I3: (Left) Diagram of a PET device and its basic operational parts (right) image of a PET scanner

The above-mentioned technologies can provide not only functional but also biochemical
information of disease, on condition that the radiopharmaceutical accumulates at the pathological sites
by specific interaction with the target-biomolecules overexpressed therein. Contemporary state-of-the-
art devices combine SPECT or PET with modalities that provide spatial information, like magnetic
resonance imaging (MRI), or computed tomography (CT). In this way, the location and spread of

disease, in our case primary tumor and metastases, can be accurately pin-pointed in the body (8,9).
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Radiopharmaceuticals

Nuclear medicine, is a relatively new field of medicine that utilizes radioactive compounds or
“radiopharmaceuticals” for non-invasive diagnosis and therapy of human disease, including cancer. The
term radiopharmaceutical refers to compounds linked to a radioactive isotope, either covalently (e.g.
radiohalogens) or via a chelating agent (e.g. radiometals). After iv injection of radiopharmaceuticals in
patients a variety of biological functions and/or diseases can be monitored by exploiting their physical

and/or molecular characteristics.

The first generation of radiopharmaceuticals have exploited the physicochemical properties of
the radiolabeled molecules, dictating key-pharmacokinetic parameters related to disease, such as
disease-linked alterations in the diffusion into tissues or organs of the body following the blood flow.
Some examples are the Tc-99m labeled Ceretec® used to monitor blood flow in the brain and

TechneScan-MAG3® used to test kidney function (Image 14) (10,11).
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Image I4. Top: Ceretec® and structure of its complex with Tc-99m used in the imaging of regionally altered blood flow in
the brain applying SPECT; Bottom: TechneScan-MAG3® and structure of its complex with Tc-99m used in the imaging of
kidney function (shape, location, blood flow and delineation of obstructions)

Today’s radiopharmaceuticals exploit molecular characteristics — “finger-prints” — of the
disease, like cancer. They are specially designed to recognize and interact with specific disease-
associated target biomolecules, thereby representing a whole new family of radiopharmaceuticals, the

so-called “molecular radiopharmaceuticals” (12—-14).
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Molecular radiopharmaceuticals

Molecular  radiopharmaceuticals” form a distinct category of state-of-the-art
radiopharmaceuticals. Based on the concept of the “magic bullet”, introduced by Paul Ehrlich in late
1800s (15), “molecular radiopharmaceuticals” are carriers of either a diagnostic or a therapeutic
radionuclide specific for a biomolecular target situated on the sites of disease, but not expressed in
healthy surrounding tissue. In this way, high disease-to-background contrast imaging can be achieved

and radiotoxic payloads can be delivered selectively to pathological sites, sparing healthy tissues.

A good and relatively recent example of such modern radiopharmaceutical is ["’Lu]Lu-PSMA-
617 (Image I5) (16-18), recently approved by FDA for radionuclide therapy of metastatic castration-
resistant prostate cancer following PET/CT imaging with [®Ga]Ga-PSMA-11 (also recently FDA-
approved) (19-21). These two radiopharmaceuticals represent the diagnostic and therapeutic members

of a typical “theranostic pair” used in the management of prostate cancer.

Both [®Ga]Ga-PSMA-11 and [""Lu]Lu-PSMA-617 target a member of the M28 peptidase
family, a type II membrane glycoprotein called prostate-specific membrane antigen (PSMA) or folate
hydrolase (FOLH1) with a molecular weight of 100-120 kDa. PSMA consists of a intracellular part (18
amino-acids in length), a transmembrane domain (25 amino-acids in length) and a very pronounced
extracellular part (707 amino-acids). It is overexpressed on 90% of prostate cancer cases in a 1000-fold
higher density than in healthy prostate, although high levels of undesired physiological expression of
PSMA have been documented in small intestine, proximal renal tubules and salivary/lacrimal glands,

imposing dosimetric concerns during radionuclide therapy (14,22,23).

Both PSMA-11 and PSMA-617 are small-molecule inhibitors for PSMA, based of urea. The
PSMA recognition motif is glutamate-urea-lysine, extended in the case of PSMA-617 at the e-amino
group of lysine by a spacer carrying a naphthyl pendant group and a tranexamic acid residue. At the
end of the spacer the chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid),

suitable for stable binding of trivalent metals, such as Lu-177, is coupled.

15



Linker Molecule
&
o

[Cancer Cell
h

‘ n
PET/CT imaging of PC in three patients using [**Ga]Ga-PSMA-11 (gallium-68 gozetotide)
PSMA-617

T o/ oH N \)]\N N M N WO
Pulvicto (177Lu-PSMA-617) ° OH

Radionuclide therapy with ["’Lu]Lu-PSMA-617 (Pulvicto)

Image I5. Diagnosis (PET/CT) with gallium-68 gozetotide and therapy with pulvicto (['"’Lu]Lu-PSMA-617) of prostate
cancer via the PSMA target (upper left) overexpressed in cancer cells; both analogs are FDA approved and represent a
“theranostic pair” in prostate cancer treatment.

Other examples of molecular radiopharmaceuticals approved or in clinical trials, with their
biomolecular target and the types of cancers expressing those targets, are listed at the table below

(Table I1).
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Table I1. Examples of molecular radiopharmaceuticals with their biomolecular targets and the types of cancers
overexpressing these targets. The type of vector used in these molecular radiopharmaceuticals is given in parentheses

Radiopharmaceutical

Biomolecular target

Tumor types

["In]In-DTPA-trastuzumab
(antibody) (24)

HER-2
(transmembrane receptor)

breast, esophageal, lung,
cervical, endometrial and
ovarian cancer

[*In]In-octreotide
(peptide) (25)

somatostatin subtype 2 receptor
SST.R (GPCR¥*)

neuroendocrine, gastrointestinal,
pancreatic, breast, small-cell
lung cancer, non-Hodgkin
lymphoma, paraganglioma,
melanoma

[®Ga]Ga-NeoBOMB1
(peptide) (26)

gastrin-releasing peptide
receptor, GRPR (GPCR)

prostate, breast, pancreatic
cancer, small-cell lung,
gastrointestinal, colon cancer,
glioma

['"Lu]Lu-PSMA-617
(inhibitor,
small organic molecule) (17)

prostate-specific membrane
antigen, PSMA
(type II transmembrane
glycoprotein)

prostate cancer

*GPCR: G-protein coupled receptor

A wide variety of biomolecules may serve as targets for diagnostic and/or therapeutic purposes.

These biomolecules have to meet certain criteria (12,27) to become eligible targets. First, they have to
be overexpressed on tumor-sites, while being absent in measurable amounts in surrounding healthy
tissues. Second, they have to keep a stable and high expression throughout the propagation of the
disease. Third, they have to be easily accessed by the radiolabeled vectors. Thus, biomolecules with
high expression levels on the cell membrane of tumor-cells or cells in the tumor-microenvironment or

even on the epithelial cells of the vasculature of tumors are typically preferred. Some examples of

biomolecules, used as targets for molecular radiopharmaceuticals are:

* Enzymes located on the external part of the cell-membrane of tumor cells (e.g., PSMA — see

above)

* Enzymes located in tumor stroma (e.g., fibroblast activation protein — FAP ) (28).

* Transmembrane transporters (e.g., glucose transporters — GLUT (29))

* Cell-surface receptors (e.g., epidermal growth factor receptors — HER2, members of G-protein

coupled receptor (GPCR) superfamily — somatostatin subtype 2 receptor (SST-R), gastrin-
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releasing peptide receptor (GRPR), neurotensin receptor 1 (NTS;R), cholecystokinin subtype

2/gastrin receptor (CCK3R) etc. (see Table 12).

The nature of the target biomolecule guides the selection of wvector type. Thus,
GPCR-agonists/antagonists, enzyme-inhibitors, transporter substrates or even antibodies may be used
as targeting moieties (see below).

Amongst the biomolecules serving as targets, GPCRs are of particular interest. GPCRs are a
superfamily of cell-surface membrane receptors (>800 members) with high impact both for classical
pharmacology and for radiopharmacy. In fact, they represent the most frequently selected protein
family for drug development, with actually more than 50% (30,31) of registered drugs being designed
to directly or indirectly target a GPCR. Their structure consists of an extracellular N-terminal domain,
followed by seven transmembrane domains, linked with each other with three intra- and three
extracellular loops, ending at the C-terminal intracellular domain (Image 16). The N-terminus with the
extracellular loops contain amino acids essential for ligand recognition, while the seven transmembrane
domains form a binding pocket, where the ligand rests upon interacting with the receptor. This
interaction gives rise to conformational changes, that lead, in the case of agonists, to activation of the
G-protein heterotrimer by the receptor. In turn, the activated G-proteins stimulate various signaling

pathways, thus amplifying the extracellular signal (32—34).
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Image I6: Representation of the structure of GPCRs and their major signaling cascades. After agonist ligand — receptor
interaction on the four differed types of G proteins are activated, which subsequently interact with other intracellular
proteins. Gs activates AC while Gi inactivates it. PLC[: phospholipase Cf, AC: adenylyl cyclase, GBy: By sub-units of G
proteins, RhoEFG: guanine nucleotide exchange factors for small GTPases of the Rho family, cAMP: cyclic adenosine
monophosphate, RhoA: Transforming protein RhoA. Image from: https://encyclopedia.pub/entry/2907
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Design of molecular radiopharmaceuticals
There are some key steps that have to be tackled in the design of molecular

radiopharmaceuticals.

* The choice of a biomolecular target (as outlined above)

* Selection of vector (depending upon the target at hand)

* Selection of radionuclide, based on the intended use (diagnosis and/or therapy). For
radiopharmaceuticals utilizing radiometals, a suitable combination of chelating agent and
radiometal is preferrable

* The biological half-life of the radiolabeled vector has to match the half-life of the radionuclide.
For example, the combination of a slow circulating, slow tissue penetration vector (e.g.
antibody circulating for days in the blood) cannot be a perfect match to a fast-decaying
radionuclide (e.g. F-18 with a half-life of 1.83 h). By the time the radio-fluorinated antibody
reaches the target-antigen on tumor sites, radiofluorine will be long gone.

* Sufficient hydrophilicity is essential to ensure a fast-enough excretion of the radiolabeled vector
from the body preferably via the kidneys and not the hepatobiliary route, thereby minimizing
abdominal retention of radioactivity and enhancing image quality.

In order to achieve an optimal balance between the above attributes, a variety of vectors have
been made available in recent years, including peptides, antibodies and small organic molecules to

name some of the few (see below) (14,35).

Vector or targeting probe

The role of the vector or targeting probe is to seek and interact with a specific disease-
associated biomolecule, serving as the “target”. After labeling, the vector will guide the radionuclide to
the site(s) of the pathology with high specificity, without interfering with healthy tissues lacking target
expression. Radiolabeled vectors used for tumor theranostics (diagnosis or therapy) will seek the target
situated on cancer cells, tumor vasculature or peritumoral micro-environment (stroma). Chemically
and/or pharmacologically different entities may act as vectors. Thus, antibodies will seek antigens,
peptides their cognate GPCR, and small-organic molecules, like enzyme-inhibitors or non-peptide
GPCR-ligands, their enzymatic or GPCR target, respectively, all located on tumor-sites. Each of these
vectors displays inherent advantages and shortcomings that have to be considered for the intended

application:
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* Antibodies have high specificity for their target-antigen, but display slow blood and body
clearance. They cannot penetrate easily through tissues due to their bulky structure and they are
linked with high immunogenicity risks. Owing to their highly organized structure they are prone
to denaturation at high temperatures or harsh chemical conditions that interrupt their tertiary
structure, rendering them inactive. Furthermore, they are costly to produce and modify.

* Small organic molecules have faster blood clearance and good tissue penetration compared
with antibodies. They tend to be metabolically robust against proteases, non-immunogenic,
cheaper to produce and show high affinities for their target (e.g., receptors, enzymes etc.).
However, they often show sub-optimal target-selectivity and are prone to off-targeting
(31,36,37). Unlike antibodies they can tolerate harsh conditions in most cases.

The present work is focusing on peptide-based molecular radiopharmaceuticals, as radiometal
carriers to cancer sites. Such molecules can be divided into the following parts: the peptide moiety, the

linker, the bifunctional chelator and the radiometal (Image 17) (14,35).

Radiometal +
Peptide Linker Chelator

Image 17: Graphical representation of a peptide radioligand targeting a GPCR overexpressed on tumor cells
Peptides as vectors

Peptides are amino-acid polymers, typically containing up to 20-30 monomers linked to each
other by the so-called amide or peptide bonds. The majority of endogenous peptides are GPCR ligands,
exerting their biological function uponr binding to their target receptor with high affinities. In general,
peptides owing to their small size display very rapid body distribution, excellent tissue penetration after
iv injection and are not immunogenic. They serve as hormones, neurotransmitters and in general as

mediators of signaling between tissues, organs or cells.

In peptide radiopharmaceuticals for molecular targeting of human tumors, a chelator stably
binding the radiometal is typically covalently attached at their N-terminus, either directly or via a linker
(Image 17), away from the C-terminus. In most cases, the latter contains regions essential for the
receptor recognition and binding. Some additional advantages of peptides as vectors are the ease and

cost-effectiveness of synthesizing peptide analogs, especially when applying contemporary automated
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solid phase synthesis techniques and having available a wide range of new materials, protective groups
and solid supports. Their above-mentioned fast biodistribution and rapid background clearance,
minimizes the time needed to reach their biomolecular target on tumor sites, rendering them suitable
for use in combination with shorter-lived radionuclides, at least for diagnostic purposes. As a result,
radiation doses to healthy tissues and organs are minimized and hospital logistics with regards to

radiation hazards and waste management are simplified.

It should be noted that the action of native peptides is regulated by a variety of mechanisms and
mainly by the deployment of a special family of enzymes called proteases or peptidases, hydrolyzing
peptide-bonds and causing degradation of peptides in the biological milieu. Peptidases, are widely
distributed across the different compartments of the body, either associated with cells (intracellularly or
membrane bound) or released in biological fluids, such as the blood, the urine, or the cerebrospinal
fluid. This fact represents the major hurdle in the application of peptide radiopharmaceuticals in
oncology. Like native peptides, peptide radiopharmaceuticals are prone to degradation by omnipresent
peptidases after injection in the body, compromising diagnostic accuracy and therapeutic efficacy. A list

of GPCRs over-expressed in various human cancers is included in Table 12 (13,14,27,35,38).

Table I2. Endogenous peptides used as motifs for molecular radiopharmaceuticals with their native receptors and examples
of cancers overexpressing their cognate GPCR-targets (27).

Endogenous peptide Receptors Cancer types

colon, prostate, breast, pancreatic,

neurotensin (NT) neurotensin receptor 1 (NTS,R) small-cell lung cancer, Ewing
sarcoma
gastrin-releasing peptide receptor,
bombesin (BBN) / gastrin releasing prostate, breast, small-cell lung,
GRPR or bombesin subtype 2
peptide (GRP) gastrointestinal, colon cancer, glioma

receptor, BB,R

cholecystokinin subtype 2 receptor, | prostate, breast, pancreatic, colon,
gastrin / cholecystokinin (CCK) ]
or gastrin receptor, CCK,R gastric, small-cell lung cancer

neuroendocrine, gastrointestinal,

somatostatin subtype 2 receptor, | pancreatic, non-Hodgkin lymphoma,
somatostatin

SST,R paraganglioma, melanoma, breast,
small-cell lung cancer
glioblastoma, astrocytoma, medullary
substance P neurokinin subtype 1 receptor, NK;R

theroid, breast cancer
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Recent studies have shown that the enzymes playing a lead role in the rapid degradation of
peptide radioligands after injection in animals or patients, are neutral endopeptidase (NEP) in
combination or not with angiotensin converting enzyme (ACE), while the action of ubiquitous

aminopeptidases is inhibited by the radiometal-chelate attached at the N-terminus (39).

ACE, or peptidyl-dipeptidase A, is a zinc metallopeptidase belonging to the clan MA — family
M2 of metalloproteases with a molecular weight of 150 — 180 kDa (40). Three isoforms of the enzyme
have been isolated: a) somatic ACE, b) soluble ACE and c) germinal ACE. Somatic ACE consists of
two homologous domains, a C- and an N-terminal one, both demonstrating catalytic properties (41,42).
These two domains share a 60% homology, rising to 89% for a region of 40 amino acids essential for
their active sites, indicating the tandem duplication of an ancestral gene. Both active sites contain the
zinc binding motif histidine — glutamic acid — X — X — histidine (43). It is located at the extracellular
part of the plasma membrane. It has high expression in the brain, on vascular endothelial cells
especially in the lungs, on epithelial cells of the small intestine and the kidneys (44—47). The soluble
form, originates from the somatic by proteolytic cleavage of the C-terminus of the enzyme and it is
present in a variety of biological fluids, like blood serum, amniotic, seminal and cerebrospinal fluids
(48-51). ACE hydrolyzes a wide variety of substrates, but due to its capability to degrade and
consistently inactivate angiotensin I and bradykinin, it plays a significant role in blood pressure

regulation and water and salt balance (52).

Lisinopril
NH,
Os_OH
Q
(o)
o7 “OH

Image I8. (Left) Crystal structure of ACE in complex with the inhibitor lisinopril (right) chemical structure of lisinopril
(https://www.uniprot.org/uniprotkb/P12821/entry#structure)

NEP (CALLA or CD10) is also a zinc metallopeptidase and it belongs to clan MA — family
M13. It has a molecular weight of 85-110 kDa. It is a type II membrane protein located on the

extracellular part of the plasma membrane of cell (53-56). It acts as oligopeptidase, hydrolyzing
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peptides up to 40-50 amino-acids in length, with its efficacy declining with the increase in length of the
substrates (57). It has a histidine — glutamic acid — X — X — histidine in its active center (58,59), located
at the C-terminus, and it displays a broad substrate repertoire, represented by enkephalins, tachykinins
(like substance P), endothelins, bradykinin and the atrial natriuretic peptide family (57,58,60). It is
abundant in kidneys, liver, intestine, placenta, choroid plexus, on reticular cells, reproductive system, in

the lungs and anchored on epithelial cells of blood vessels(60—62).

Image 19. (Left) Crystal structure of NEP in complex with the natural inhibitor phosphoramidon
(https://www.uniprot.org/uniprotkb/P08473/entry#structure ) (right) chemical structure of phosphoramidon.

NEP, either alone or together with ACE, has been associated with poor stability of peptide
radioligands in the circulation, compromising efficient delivery of intact radiopeptide to tumor-sites
and thereby tumor uptake. In order to mitigate this problem, several strategies involving structural
modifications have been pursued in hunt of increased metabolic stability, such as amino-acid
replacements, reduction or methylation of peptide bonds, cyclization, or multimerization to name some
of the few. However, such changes have been often adopted at the cost of other important biological
properties of resulting radioligands, rendering this effort costly, time consuming and frequently
unsuccessful. Recently the use of specific NEP (+/-ACE) inhibitors has been shown to effectively
stabilize the peptide radioligands in situ in experimental animal models (39,63-67) and in man',

leading to drastic enhancement of tumor uptake (Image 110).

1 Valkema R. et al. EJINNMI, 2019;46 (Suppl 1), S701-2. DOLI: https://doi.org/10.1007/s00259-019-04486-2
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Image I10: In situ stabilization of peptide radioligands with the aid of peptidase inhibitor(s) leads to efficient delivery of the
radionuclide to tumor sites, enhancing tumor uptake and consequently diagnostic accuracy or therapeutic index

Linker

The role of the linker or spacer is to connect and at the same time separate the targeting moiety
with/from the radiometal-chelate. It is covalently attached usually at the N-terminus of the peptide
chain. Introduction of the linker may be elegantly operated to modulate several biological properties of
the peptide radioligand by incorporating charged residues, hydrophilic/lipophilic domains or even
branching for conveying additional functional capabilities to the final molecule, such as conjunction of
a dye (for optical imaging) or of another vector (e.g. PSMA-inhibitor and BBN analog heterodimers in
prostate cancer targeting). Some commonly used linkers are polyethylene-glycol moieties (PEG),
natural or unnatural amino acids or even polyamine chains. The linkers may also serve as
pharmacokinetic modifiers, achieving fine tuning of pharmacokinetic parameters, such as diffusion
capability, hydrophilicity, excretion route, or binding to plasma proteins. However, such interventions
may affect other important pharmacological properties, such as receptor binding affinity, or cell-uptake

and internalization rates and should be adopted with caution (18,35,68-70).
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Bifunctional chelator

The bifunctional chelator is covalently attached to the peptide vector either directly or via a
spacer (forming a peptide conjugate) and also stably binds the radiometal of choice (forming a
radiometal-chelate). There is a variety of chelators currently in use, either open-chain, macrocyclic, or
hybrid (13,35,71). The choice of chelator depends on the radiometal intended in each application and
dictates the labeling protocol. Open-chain chelators such as DTPA (diethylenetriaminepentaacetic acid)
are suitable for binding In-111 at room temperature, but tend to form weaker complexes with other
bi/trivalent metals (Image I11) (72,73). For stable binding of the latter, macrocyclics, such as DOTA or
NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and their derivatives, are preferred, because they
form more substitution-inert complexes with these radiometals. In this case however, for complex
formation the radiometal needs to master a higher energy barrier imposed by the rigid structure of the
chelator. Hence, unlike open-chain chelators, macrocyclics need elevated temperatures and prolonged
incubation times to get over the energy barrier and eventually bind the radiometal. For example, In-111
forms complexes at room temperature with the linear DTPA, but it needs 30 min incubation at 90 °C for

incorporation in macrocyclic DOTA (74,75).

Other important factors with impact on the formation and stability of the radiometal-chelate are
the size of the metal ion as well as its coordination number. Clearly, the ionic radius and the
coordination number of the radiometal need to match the size of the macrocyclic ring and the number
of its donor atoms. For instance, the bulky Lu-177 (ionic radius of 100 pm) with a coordination number
of 9, forms stable complexes with DOTA possessing a bigger ring and 8 donor atoms, but it can be
poorly bound by NOTA with a much smaller macrocyclic ring and 6 donor atoms only. On the other
hand, the macrocyclic ring of DOTA is too big for smaller radiometals, such as Ga-67/68 (ionic radius
of 76 pm, coordination number 6), resulting in loosely bound and substitution prone metal-chelate.
Instead such radiometals form more robust complexes with NOTA. Interestingly, In-111 (ionic radius
of 94 pm, coordination number 7 or 8) having an intermediate size can be bound to both chelators
under formation of complexes which turned out to be sufficiently stable in the biological milieu

(71,76).
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Image I11: Structures of commonly used bifunctional chelators; (A) open chain chelator DTPA
(diethylenetriaminepentaacetic acid) and its derivatives for stable binding of In-111, (B) the universal chelator DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), (C) NOTA chelator (1,4,7-triazacyclononane-1,4,7-triacetic acid)
and their derivatives used for stable binding of bi/trivalent radiometals, such as In-111, Lu-177 or Ga-67/68 (13).

In an effort to combine the benefits from both worlds (high substitution inertness of macrocyclic
chelates / ambient labeling temperatures needed for linear chelators) hybrid chelators have been
recently emerging. Such examples, are DATA®™ (6-amino-1,4-diazepine-triacetic acid) (Image 112)
used for stable binding of the PET radiometal Ga-68, or AAZTA® (6-amino-6-methylperhydro-1,4-
diazepinetetraacetic acid) suitable for binding the therapeutic radiometal Lu-177. They both contain
cyclic and linear parts, making them suitable to bind Ga™ (DATA®) or Lu*" (AAZTA®) under mild
conditions (77).
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N
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Image I12: Structure of the hybrid chelator DATA®™ and AAZTAS, used in combination with Ga-68 or Lu-177, respectively.
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The forming radiometal chelate may have great impact on the overall performance of the
peptide radioligand, affecting important biological responses, such as receptor affinity, cell uptake, in
vivo stability and overall pharmacokinetics. There are instances whereby the peptide analog after
labeling with different radiometals displayed quite different characteristics. For example, the affinity of
SB3 (DOTA-p-AMA-DIG-DPhe-GIn-Trp-Ala-Val-Gly-His-Leu-NHEt, AMA: 4-(aminomethyl)alanine,
DIG: diglycolic acid, Image I13) for GRPR, was altered after binding of different metals (SB3: ICs, =
4.6 + 0.4 nM, Ga-tagged: 1.7 + 0.03 nM, In-tagged: 2.2 + 0.2 nM and Lu-tagged: 4.28 + 0.33 nM and).
This pattern followed by the relative cell-uptake of the respective radioligands in PC-3 cells after 1 h
incubation at 37 °C ([*GalGa-SB3: 27.7 + 1.6 %, ['"In]In-SB3: 16.23 + 0.80 % and ["’Lu]Lu-SB3:
2.85 + 0.21 % uptake of the total added radioactivity). Their metabolic stability in mice peripheral
blood was also affected ([*Ga]Ga-SB3: >85% intact 5 min pi, [*"'In]In-SB3: 56 + 2 % intact and
["Lu]Lu-SB3: 54 + 7 % intact) revealing different propensity to proteolytic degradation by NEP. Most
importantly, the above in vitro performance in combination with the metabolic stability translated in
different uptake of the three radiopeptides in PC3 tumors in SCID mice 4 h pi ([¥Ga]Ga-SB3: 34 + 6.9
%IA/g (% injected activity / gram tissue), [""'In]In-SB3: 8.78 + 3.03 %IA/g and ["""Lu]Lu-SB3: 8.22 +
1.61 %IA/g). The above example, demonstrates beyond any doubt the impact of the radiometal-chelate
on the overall performance of the resulting [*Ga]Ga-/['"In]In-/["’Lu]Lu-radiopeptides, dictated by
differences in net charge, charge-density and charge-distribution, size and conformation of forming

radiometal-chelate (Image 113) (78,79).
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Image I13. (Top) structure of SB3 and (bottom) the metal complexes forming after binding Ga/In/Lu to DOTA
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Radiometal

The choice of the radiometal relies on two important factors. First, the decay properties should
be suitable for the desired application, especially the type and energy of emission and its half-life.
Thus, y or B* (positron) emitters are used in diagnostic imaging and [3° (electron) or a emitters for
therapy. Second, the availability (including availability in pharmaceutical grade), cost and logistics for

use in the clinic. Some prime examples of radiometals currently in use along with their decay

characteristics are listed in the table below (80-83).

Table I3: Radiometals of clinical interest

. . Emission .
Intended use Radiometal Hal- life (Ty) (energies, keV) Production
Tc-99m 6.01 h y (141) Mo-99/Te-99m
generator
SPECT Ga-67 78.26 h v (91, 93, 185, 296, cyclotron
388)
In-111 67.9h vy (172, 247) cyclotron
Sc-44 3.97h B (632) Ti-44/Sc-44 generator
PET Cu-64 12.7 h " (653) reactor
Ga-68 11h B (820, 1895) Ge-68/Ga-99
generator
Cu-67 61.83 h B (570) accelerator
Y-90 64.05h B (2270) Sr-90/Y-90 generator
Lu-177 6.65d B (174, 249, 385, 497) reactor
Therapy
Re-186 3.72d (306, 359) reactor
Re-188 17h B (729, 795) W-188/Re-188
generator
Ac-225 9.920d A(5.9351 Mev) | Th-229/Ac-225
generator

It should be noted that the coordination chemistry of the pre-eminent SPECT radionuclide Tc-
99m is quite different from most bi/trivalent radiometals used in nuclear medicine, requiring
completely different chelator types for stable binding. At this point it is worth noting that Tc-99m has
its own therapeutic counterparts, Re-186 and Re-188 (Table I1) and accordingly, the option of making

available Tc-99m/Re-186/188 theranostic pairs of radiopeptides in oncology in future is valid. Re
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belongs in the same group with Tc with the two metals exhibiting similar chemical properties. Re
however is positioned in period six under Tc, but due to the lanthanide contraction, it has a similar
atomic size with Tc. As a result, the two metals share a similar coordination chemistry. Given that the
present work is focused on Tc-99m labeled radiopeptides, a dedicated chapter follows, including a
more detailed introduction of technetium in medicine and in chemistry, with information on its

oxidation states and chelators.

Technetium and its role in nuclear medicine

Technetium (Tc) belongs to the transition metals, with atomic number forty-three. In the
periodic table of elements it is located in group sixteen and in period five, found beneath Manganese
(Mn) and above Rhenium (Re). It is the first artificial element, as its name implies («texvntog»,
meaning artificial in Greek) and it was isolated for the first time in 1937. Technetium is the lightest
element of the periodic table with all of its isotopes radioactive; the most commonly occurring isotope
is Tc-99, or else Tc-99g (ground state Tc-99). As all the transition metals, technetium exhibits various
oxidation states, ranging from -1 up to +7, with the most common ones being +4, +5 and +7. The most
stable oxidation states for it in aqueous solutions are either +7, as in pertechnetate (TcO4’), which is the
most prevalent form of Tc, or +4 in the form of TcO,, which is insoluble in water. For a few decades
technetium dominated the fields of nuclear medicine and radiopharmacy with its Tc-99m isotope (“m”

— metastable, indicates that the nucleus is in an excited state) (84,85).

One should also comment on the cost-effective and broad availability of Tc-99m in high purity
and high specific activity as [*™Tc]TcOy in a sterile and pyrogen free solution through commercial Mo-
99/Tc-99m generators (see next subchapter). This last technological breakthrough should be seen
together with the development and availability of the so called “technetium kits”, which are
formulations containing the pro-drug of the actual [*"Tc]Tc-radiopharmaceutical along with a
reductant and other excipients in a freeze-dried form. After “kit reconstitution”, in else addition of
generator eluate, the end-radiopharmaceutical should be ready to be iv injected to patients and
consequently, needs to be sterile and pyrogen free. Accordingly, the kits are manufactured abiding to
strict European or American Pharmacopoeia good manufacturing practice (GMP) guidelines.
Conveniently, kits can be stored for long periods of time in the clinic and can easily yield the desired
radiopharmaceutical any time upon demand by mere addition of generator eluate (10,11,86,87). The

above benefits, have established Tc-99m as the pre-eminent SPECT radionuclide. It is interesting to see
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that still today more than 80% diagnostic nuclear medicine tests worldwide are based on Tc-99m, well-
deserving its name as the “workhorse” of nuclear medicine. Examples of freeze-dried kits used with

Tc-99m in clinics are Ceretec® and TechneScan-MAG3® (“Radiopharmaceuticals”, Image 14).

The [**Mo]Mo/[**"Tc]Tc generator

The rationale behind commercial [*Mo]Mo/[*"Tc]Tc-generators is the exploitation of the B
decay of the long-lived “mother” Mo-99 (t;» = 66 h) to the significantly shorter-lived “daughter” Tc-
99m (t1» = 6 h), which further decays, after emission of a photon, to to the “pseudo”-stable Tc-99 or Tc-
99g (1, = 2.11x10° years to Ru-99) also known as “carrier technetium”. The difference in these half-
lives allows for “transient equilibrium” to occur, because after some time the growth of Tc-99m and its
decay reach equilibrium and thus, the amount of activity of the daughter closely matches that of the
mother. (Image I14). As long as the system is not disturbed mother and daughter remain in such
equilibrium. However, to obtain Tc-99m regularly and separated from the mother, the generator is

eluted and equilibrium needs about 24 h (approximately 4 daughter half-lives) to re-establish (88,89).

In a typical [**Mo]Mo/[*™Tc]Tc-generator, M0-99, in the form of [*Mo][MoO,]*, is adsorbed
on the alumina (Al,Os) column and the carrier free daughter Tc-99m accumulates in the form of TcOy,.
The latter possesing only one charge, is loosely bound on the alumina and it can be easily eluted in a
physiological saline solution, leaving behind the mother which is strongly retained due to its two
negative charges. This simple ion exchange system is encased into a hermetically closed plastic
housing, armored with sufficient lead shielding to protect users from radiation. Sterility and lack of
pyrogens in the eluate is further ensured by the use of a sterile and pyrogen free saline solution for
elution as well as a final passage through a 0.22 pm filter of the eluate at the outlet. Two major
contaminants are of critical importance: first, the unavoidable leakage of Mo0-99, which gets more
intense as the generator reaches its expiration date and second, the leakage of alumina traces,
potentially affecting labeling yields. Other metal contaminants often compromising the labeling process
can be introduced into the eluent from various metallic parts (e.g. needles). In order to minimize the
amount of trace metal impurities in the eluate, fractionated elution and discarding of the initial

fraction(s) may be helpful.

It should be emphasized that the option to acquire [*"Tc]TcOy - rich [*"Tc]Tc-generator eluate
at regular intervals is very useful in an operating radiopharmacy — nuclear medicine unit. A generator

can have an effective life-span of 2 weeks or more, although the activity of the mother continues to
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decrease as it decays and so less of the daughter radionuclide is available from the elution process.
Commercial generators have made Tc-99m world-widely available and affordable and thus quite

appealing for routine clinical use (85,88,89).
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Image I14: Top: Left — Decay of Mo-99 (“mother”) to Tc-99m (“daughter”), which further decays to the “pseudo-stable”
Tc-99(g). Right — Transient equilibrium scheme, showing Mo-99/Tc-99m/Tc ratios during the life and elution episodes of
the generator. Bottom: Diagram of a typical [*Mo]Mo/[*"Tc]Tc-generator, Image from:
https://humanhealth.iaea.org/HHW/Radiopharmacy/VirRad/Eluting_the Generator/Generator Module/Design_principles/
index.html
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A glimpse at technetium chemistry

Many attempts have been made for development of radiopharmaceuticals exploiting the
versatile redox and coordination chemistry of technetium. A wide spectrum of chelating systems have
been designed for stable binding the (radio)metal in different oxidation states. Technetium in the form
of TcO, in the generator eluate is found at oxidation state +7, unable to form complexes with a
chelator. For such purposes, it needs to be reduced to a lower oxidation state, with the most common
oxidation state typical in commercial radiopharmaceuticals being +5. In this state the chelator wraps
around a Tc*-core, usually either the mono-oxo (TcO®") or the trans-dioxo (trans-[Tc(O).]") (Image
I15). The coordination sphere of the radiometal is completed by 5 or 6 donor atoms (usually S, O and
N), yielding complexes adopting a square pyramidal or an octahedral geometry, respectively. Very
often these donor-atoms occupy the equatorial plane and belong to a tetradentate chelator (Image 116)

(13,38,90).

o)
g e
[Te™O)™ [Te*S(O),I"

Image I15. Structure of the mono- and trans-dioxo cores of Tc™®
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Image I16. Representative cyclic and open-chain chelators combined with the [TcO]** or trans-[Tc(O),]" Tc>*-cores (13)

In the present work, the N4 (6-carboxy-1,4,8,11-tetraazaundecane) was the bifunctional chelator
of choice. Acyclic tetraamines (including N4) form Tc complexes of an octahedral geometry, with the
two oxygens of a dioxo-core ([Tc(O):]") occupying the apical positions of the forming octahedron trans
to one another and the four nitrogen atoms wrapped around the core occupying the equatorial plane
(91,92). The net charge of the complex is +1 at pH 7 with Tc at the oxidation state of +5. The +1 charge
of the complex, in combination with the two apical oxygens, convey high hydrophilicity of the metal-
chelate and thus, [*™Tc]Tc-complexes with acyclic tetraamines were proposed as kidney perfusion

agents back in the 90’s (93).

Due to the two apical oxygen atoms of the trans-[Tc(O).]" core in the forming chelate, the
electron-deficiency of Tc™ are partially satisfied and accordingly, the electron-pairs from the four
nitrogen donor atoms of the tetraamine fully quench the electron demand of the radiometal, without the
need to strip them of their hydrogens. Moreover, Tc is hexa-coordinated, forming a strong, substitution-

inert complex in the biological milieu. Despite its robustness in physiological pH, the trans-
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[Tc(O)2(N4)]" complex decomposes in acidic pH after protonation of one of the two oxygens of the core

(91,92).

As already mentioned, in order to reduce Tc from +7 oxidation state (found in the generator
eluate) to +5 rendering the metal amenable to complex formation, a reducing agent is needed. The most
widely used reductant in commercial Tc-kits is stannous chloride (SnCl.), owing to its biocompatibility
and safety for iv injection to patients. It should be noted, that often Tc is further reduced to +4, where it
forms the so-called “reduced-hydrolyzed technetium”, TcO» x nH,0O, a common radiochemical impurity
during radiolabeling. In this state, Tc becomes unavailable for complex formation. The addition of a
“transfer or auxiliary” chelator rapidly forming a “loose” or “intermediate” complex with Tc has been
used as a means to stabilize the radiometal at oxidation state 5+, thereby preventing its further
reduction to 4+. Given that the forming intermediate complex is prone to transchelation in the presence
of the selected chelator under formation of the desired final complex, this strategy has been broadly
adopted in radiopharmaceutical design with a variety of transfer chelators, such citrate, tartrate, or

gluconate, being a common reagent in most freeze-dried kit formulations (94-96).

In the present work, citrate anions serve as the intermediate chelator, forming a weak Tc>'-
citrate complex after reduction of Tc’* in pertechnetate to Tc>" by SnCl,. This offers the time required
by the peptide-coupled N4 to replace the citrate and form the desired product trans-[Tc(O).(N4)]'-
peptide (Image I17). Based on the above, it is reasonable to assume that the labeling reaction mixture
of a Ny-carrying peptide with Tc-99m, may contain the following radiochemical impurities: Tc”* Oy,
Tc>"-citrate and reduced-hydrolyzed technetium Tc*'O,xnH20, which should be kept to the minimum

by optimizing the ratios of reactants and labeling conditions (e.g. pH, temperature and incubation

times).
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Image I17. Formation of the desired trans-[Tc(O)»(N4)]" complex using citrate as transfer chelator
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PC diagnostic imaging: current status

In the last few decades, improvements of imaging technologies, such as CT, MRI and
ultrasound imaging (UI), have helped clinicians in the detection of PC. Despite their high spatial
resolution, these techniques lack diagnostic accuracy or specificity, mainly because they do not provide
functional or biochemical information about the disease. Eventually, biopsies are required to
unequivocally confirm diagnosis, but they represent an invasive and time-demanding procedure which
is highly dependent on sample collection and linked with much patient discomfort. On the other hand,
non-invasive nuclear medicine modalities such as PET or SPECT, offer an alternative diagnostic tool
likely to deliver vital functional and biochemical information. Indeed, high precision tumor
visualization can be achieved when suitably tailored radiolabeled probes are administered to patients,
which will seek and specifically interact with PC-located target-biomolecules. Furthermore, when the
above-mentioned modalities are combined with high resolution CT or MRI, diagnostic accuracy is

drastically enhanced (8,9).

For example, PET and PET/CT imaging with ["*F]FDG (fluorodeoxyglucose) reveals locations
of increased metabolic rates, including metabolically active tumor lesions. However, [**F]FDG is not a
tumor-selective radiopharmaceutical, lacking the ability to distinguish between PC and chronic
pancreatitis or to visualize metabolically “silent” cancer sites. Another example is the visualization of
NETs in the pancreas, expressing the SST,R. This type of tumors can be visualized with radiolabeled
somatostatin analogs, such as Octreoscan (['"In]In-octreotide, octreotide: DTPA-DPhe-c[Cys-Phe-
DTrp-Lys-Thr-Cys]-Thr-OH; Table I1) in combination with SPECT or SPECT/CT. However,
pancreatic NETSs represent only 5% of all PC cases (74,97-99).

Hence, it is evident, that there is an urgent clinical need for new radiolabeled probes capable of
providing reliable diagnosis for the rest 95% of PC cases accurately, fast and non-invasively.
Accordingly, new biomolecules with high incidence and high density of expression in human PDAC,

are currently considered as potential targets for development of new diagnostic radiopharmaceuticals.
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NTS;R as a biomolecular target for PC imaging

As already discussed, sufficient expression levels of the target-biomolecule on the sites of the
pathology is a major requirement for the efficacy of any molecular radiopharmaceutical. In the case of
PDAC, the biomolecule serving as the target should be selectively expressed on tumor cells, but not in
healthy pancreas or in the inflammatory pancreatic tissue of chronic pancreatitis (PT). Such target-
candidate is actually the NTS;R, overexpressed in 95% of human PDAC cases, but not in samples from
patients with chronic PT or healthy pancreas (Images I17 and I18). This finding in combination with
the availability of native peptide ligands, as well as synthetic peptide analogs with high receptor
affinity, render NTS;R a promising biomolecular target for radiopharmaceutical development (100—
102).

Image I17: (A) and (B) haematoxylin-eosin stained sections Arrowheads: tumor duct-like structures, asterisks: non-
neoplastic pancreatic acini; (C) and (D) autoradiograms with ['**I]I-[Tyr*]-NT. Arrowheads: NTS;Rs in the tumor ducts.
Asterisks: NTS1R-free pancreatic acini. (E) and (F) autoradiograms with [***I]I-[Tyr*]-NT (in the presence of 10 M NT)
(100)
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Image I18: Healthy human pancreatic tissue (A—C) and in chronic PT (D-F). (A) & (D) Haematoxylin-eosin-stained
sections showing pancreatic acini (Ac), pancreatic ducts (arrowheads), and pancreatic islets (arrows). (B) & (E)
Autoradiograms showing total binding of ["*IJI-[Tyr’]-NT. (C) & (F) Autoradiograms showing non-specific binding of
["*I-[Tyr’]-NT (in the presence of 10 M NT) (100).

NTS;R-directed peptide radiopharmaceuticals can be suitably designed to carry y or positron
emitters on PDAC lesions with a high specificity for diagnostic imaging with SPECT or SPECT/CT
and PET or PET/CT, respectively. The visualization of the primary tumor and any existing metastases
will allow to determine if the disease is still localized or has already spread in the body as well as to
establish the exact position of the lesions. This information can be then elegantly exploited by the
oncologist on several levels: i) for guided biopsy and guided surgery, ii) for therapy decision-making
depending upon disease progress and dissemination, iii) for planning of radionuclide therapy with the
peptide radiopharmaceutical carrying instead a beta or an alpha emitter to pathological sites, according
to an integrated theranostic “patient adopted” approach. Furthermore, diagnostic imaging will enable
reliable dosimetric calculations prior to radionuclide therapy. Eventually, it will allow non-invasive
monitoring of therapeutic responses during radionuclide therapy, chemotherapy etc. Thus, ineffective
and patient debilitating therapies can be recognized as such at an early stage and timely discontinued.
In conclusion, nuclear medicine diagnostics using suitable NTS;R-targeting peptide radioligands may
turn out to be instrumental in establishing the onset, staging and progress of PDAC in a unique and
non-invasive manner. They may become essential as well for decision-making with regards to therapy

planning and for the assessment of therapeutic efficacy.
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Neurotensin and its receptors

Neurotensin  (NT, pyroGlu'-Leu*-Tyr’-Glu*-Asn®>-Lys®-Pro’-Arg®-Arg’-Pro'-Tyr'!-Ile'*-Leu"-
OH) is a thirteen amino acid peptide, first isolated from bovine hypothalami. It has a high degree of
preservation across species and it acts as neurotransmitter / neuromodulator both in the central nervous
system (CNS) and in the periphery. The smallest fragment of NT that retains its biological function is
NT(8-13) (Arg®-Arg’-Pro'’-Tyr"'-Ile*-Leu'>-OH), a six amino acid-long peptide located at the carboxyl
terminus of the native NT (Image I19). Both of these peptides exert their functions by binding to three

different receptors and triggering second message intracellular cascades (103,104).
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Image I19: Structure of native NT and its C-terminal hexapeptide fragment NT(8-13).
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Two neurotensin receptors, belong to the superfamily of GPCRs and they are known as NTS ;R
(Image 120) and neurotensin receptor 2 (NTS;R). Both of these receptors are located on the cell
membrane and they have the characteristic serpentine structure of the GPCRs (see subchapter
“Molecular radiopharmaceuticals”). Upon activation of the receptor by an agonist, a G-protein is
activated and gives rise of the second message intracellular cascade. The major signaling pathway for
both NTS;R and NTS;R starts with the activation of Gq protein, which activates phospholipase C and
the production of IP3 (inositol trisphosphate), triggering the increase of intracellular concentration of

Ca*. Although these two receptors share a 60% homology, they differ in their body distribution and
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role. Thus, the NTS;R is physiologically expressed throughout the CNS and in the intestines and has a
neuroleptic-like action. NTS;R is expressed predominantly in the CNS, functioning mainly as

antinociceptive and inducing hypothermia (103-108).
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Image I20: Sequence and structure of NTS;R.

The third neurotensin receptor, is a type I sortilin-like receptor, known as neurotensin receptor 3
(NTS;3R). It has a single transmembrane domain and is located mostly on intracellular membranes. The
sortilin-like family of receptors has a cysteine-rich extracellular domain and a short intracellular one
that transduces signals for fast internalization of the receptor. Despite the fast internalization of the
receptor, the number of NTS;Rs on the outer cell membrane seems to be constant (around 10% of the
whole receptor population), even after its activation by NT. Due to its wide distribution to most tissues
of the body and its predominantly intracellular location, the NTS;R is not of any interest as a

radiopharmaceutical target (107,109,110).

Therefore, only the NTS;R is of interest for oncological applications amongst the three
neurotensin receptor subtypes, owing to its overexpression in PDAC as well as in other human
malignancies (Table I2). Various efforts to obtain clinically relevant NT-based radioligands for PDAC

theranostics have been made thus far, but success has been limited mainly due to their metabolic

instability (see below).

39



Enzymatic degradation of NT

It is common for peptides which act as neurotransmitters, neuromodulators or hormones to have
their function regulated by inherent mechanisms, preventing the over-stimulation of their cognate-
receptors. The methods involved include: a) the re-uptake of the excreted peptides, b) desensitization of
their receptors and c) peptide degradation by peptidases. Peptidases represent a major class of
proteolytic enzymes breaking down peptide bonds and can be further divided into metal-based and non-
metal-based. Metalloproteases (or metallopeptidases) are using metal ions as part of their catalytic
center, while non-metalloproteases are not. Peptidases, like most enzymes, exhibit a variety in their
tissue distribution patterns. Some members are localized in specific tissues, organs or cell
compartments, while others are abundantly present or even excreted into the bloodstream (“Peptides as

vectors”).

NT and its NT(8-13) fragment share this metabolic fate, undergoing degradation by peptidases
in the biological milieu. It should be noted however that despite the significant number of peptidases
potentially participating in the degradation of NT and are expected to degrade NT(8-13)-based
radiopharmaceuticals as well, only a few have been identified thus far: a) NEP b) ACE, c) neurolysin
(NL) and d) thimet oligopeptidase (TOP). The individual cleavage sites of these enzymes on the NT(8-
13) chain are: Pro'’-Tyr" and Tyr"'-Ile** for NEP, Tyr"-Ile'* for ACE, Arg®-Arg® for TOP and Pro'’-Tyr"
for NL.

It is reasonable to assume that in the brief period of time that a NT(8-13)-based radioligand
reaches the tumor after entering the bloodstream only the peptidases coming in contact with it can exert
their proteolytic action. Consequently, TOP and NL can be ruled out, since they are located
intracellularly. On the other hand, ACE is abundantly present in the blood solute as well as in several
tissues, such as the lungs, kidneys, GI. Likewise, NEP is omnipresent in the body, found anchored on
the epithelial cells of the blood vessels and major organs, such as liver, intestines, kidneys, in high local
concentrations. Thus, NT-based radiotracers will be inevitably exposed to the proteolytic action of both
ACE and NEP on their way to the tumor-situated NTS;R target. Indeed, these two peptidases
drastically compromise the efficient delivery of intact radiolabeled NT-based peptides to tumor sites

(39,52,118,119,58,111-117).
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Enhancing peptide stability

As already discussed (in “Peptides as vectors”), two major routes have been pursued for the
stabilization of peptide analogs in the body and can be adopted as well for stabilizing NT(8-13) derived
radioligands. The first involves key-structural changes in the peptide chain and the second concerns the
transient in situ stabilization of the peptide with the aid of suitable NEP and ACE inhibitors (39,63,65).

Both strategies have their own advantages and disadvantages.

The use of inhibitors is probably the fastest way to go, at least at the developmental and
preclinical level. Considering the fact that both NEP and ACE involved in the degradation of NT(8-13)
based radioligands, play a significant role in human disease, there is a plethora of inhibitors available.
Interestingly, FDA and EMA-approved inhibitors for NEP and ACE are already in clinical use, since
those enzymes are part of the mechanism regulating blood pressure (120-123). Thus, Entresto® (Image
I21) (62—64) and Lisinopril (Image I8) (124—126) are two prime examples of registered and prescribed
antihypertensive drugs, inhibiting NEP and ACE, respectively. Despite the accumulating evidence on
the effectiveness and ease of this approach both in animal models (63—67) and in preliminary proof-of-
principal clinical trials, abiding to strict guidelines and approval by the appropriate authorities need to

be acquired prior to entering broad clinical practice.

Sacubitril (AHU-377) Sacubitrilat (LBQ657)
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Image 121: Structure of Sacubitril (one of the two active substances of Entresto®) in vivo releasing the potent NEP inhibitor
sacubitrilat

On the other hand, the structural modification approach is aiming at making the peptide per se
more resilient to degradation. It is more time-, cost- and resources-demanding, but it offers the
possibility to yield analogs with improved inherent characteristics. There are quite a few examples of
structural modifications on the native NT(8-13) motif aiming to increase metabolic stability. One of the

modifications resulting in drastic increase of stability is the exchange of Ile'? with tert-isoleucine (Tle),
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an unnatural amino acid. Other changes that had a lesser impact, are the exchange of Tyr' into
dimethyl-tyrosine (DMT) or Arg®® into Lys (127-135). Despite the fact that these substitutions resulted
in increased stability, they had negative effects on other characteristics of resulting radioligands. For
instance, Tle" to Ile'* substitution led to a considerable decrease of radioligand cell uptake (65). On the
other hand, Lys®’/Arg®® replacement was associated with unfavorably prolonged retention of the
radiotracers in the kidneys (55,57,75,76). Last but not least, DMT"/Tyr" leads to inferior affinity for
NTS:R (136,137). Other modifications were directed at the cleavable peptide bonds, as for example the
reduction (e.g. Arg®-Arg’), or methylation of selected peptide bond(s) or bond substitutions with
unnatural non-biodegradable isosteres (triazoles) (138,139). The results from these interventions turned
out to negatively affect pharmacokinetics, since they either compromised tumor uptake, or unfavorably
led to higher background radioactivity levels, especially in critical organs, like the kidneys. Other
worth-mentioning structural modifications involve the C-terminus elongation of the peptide sequence,
that in some cases led to increased stability while retaining receptor affinity. On the other hand, the
exchange of Leu' by unnatural amino acids, such as B-amino acids, or silicon-containing atoms (like
trimethylsylil-alanine, TMSA) was attempted as well. It is interesting to note, that TMSA had the
unique effect of increasing receptor affinity and internalization rates while further reducing the

metabolic stability of resulting radioligands (137,139,140).

Contulakin - G

0
OH NH, HO

Image 122:Structure of contulakin-G, an invertebrate counterpart of NT (left) isolated from the venom of the predatory cone
snail Conus geographus endemic in coral reefs of the Pacific (right)

Moreover, there are examples of metabolically stable NT-like peptides taken from nature, such
as contulakin-G, a natural occurring NT-like analog product isolated from Conus geographus venom
(Image 122). This peptide contains a branched segment at position 10 (corresponding to position 7 of
human NT) carrying oligosaccharides (141,142). By exploiting the already enhanced stability and

bioavailability of contulakin-G and the fact that the introduction of lipid acids is known to increase
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stability by binding to albumin in the blood stream (143-145), new lipid acid-containing NT analogs
were synthesized (146). These lipid acid-modified analogs exhibited improved bioavailability and
affinity for NTS;R. Alternative substitution, of the oligosaccharides by poly-amine chains also yielded
analogs with improved properties. However, their increased blood brain barrier (BBB) penetration
represents a drawback for nuclear medicine purposes (147). Furthermore, the presence of primary

amine residues in the peptide-chain was shown to be linked with unfavorable kidney uptake (132).
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Aim of the present work

The present work has been focused on the design and evaluation of new radiopharmaceuticals
for imaging of PC, and especially PDAC. In order to exploit the reported overexpression of NTS;R in
PDAC, new NTS;R-targeting radiopeptides were designed as molecular diagnostic tools for SPECT
and SPECT/CT instrumentation. For this purpose, the hexapeptide fragment at the C-terminus of NT,
NT(8-13), was chosen as a template for radiotracer design. By conjugation of the bifunctional acyclic
tetraamine N, chelator at the N-terminus, labeling with the pre-eminent SPECT radionuclide Tc-99m
could be achieved. The choice of the radionuclide was based on the wide availability, good logistics

and optimal nuclear characteristics of Tc-99m.

Special emphasis was given on the in vivo metabolic stability and optimal pharmacokinetics of

resulting radiopeptides. To achieve these goals, two major approaches were explored:

First, in situ inhibition of NEP and/or ACE was adopted as a means to improve the metabolic
stability and overall performance of “revisited” and novel [*™Tc]Tc-radiotracers. These two enzymes
have been reported to degrade NT, NT(8-13) and their analogs. Hence, increased stability and improved
tumor uptake was anticipated for NT(8-13)-based radiotracers after their inactivation by administration
of suitable inhibitors, such as PA / Entresto® for NEP and Lis for ACE. Entresto® was preferred over
PA, because it is a registered anti-hypertensive drug already in clinical use (the same applies for Lis).
This fact is expected to facilitate the clinical translation the in situ inhibition approach with regards to

biosafety regulations and guidelines (63,65,67).

Second, structural changes were introduced on the NT(8-13) motif, aiming to improve the
metabolic stability and in vivo performance of the new radiotracers as such, or in combination with the
peptidase inhibitors. These modifications fall into two categories: (a) Amino-acid substitution and
elongation at the C-terminus of the N4-Gly-NT(8-13) template, (b) Introduction of lateral groups at the
g-amino group after substitution Lys’/Gly’, comprising of an albumin binding domain (ABD) and/or a

polyethyleneglycol (PEGXx) residue.

The first modifications were based on reports claiming increased resistance of related peptides
against ACE with little to non-hindrance on NTS;R binding (148). Accordingly, two new analogs were
designed, DT7, whereby the C-terminus of the N4-Gly-NT(8-13) template was elongated by a D-

asparagine residue, after position 13, and DT13, in which Leu" was substituted by (S)-p*hLeu.
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The next modifications, aimed to increase metabolic stability and tumor targeting of related

radioligands via the introduction side chains, with or without of albumin binding capabilities. However,

selecting the position of branching in the N4,-Gly-NT(8-13) template represents a crucial step forward

for the success of this approach. Interestingly, relevant information could be retrieved from literature

concerning the design of new painkillers based on contulakin-G, an invertebrate counterpart of NT.

One of the reported compounds derivatized with a pendant palmitoyl group could retain high affinity

for NTS;R and at the same time displayed high bioavailability. Based on this information, a small

library of radiotracers was designed by introducing a palmitoyl group (1st generation — DT8) (142,146)

or other side-chains with altered albumin binding capabilities and/or length (DT9, DT10 and DT11)

first:

To efficiently assess the above-described approaches, a few major goals needed to be addressed

Re-evaluation of previously reported analogs (DT1,5,6) (131,132), both in vitro and in vivo, to
reveal potential benefits on metabolic stability and overall performance during in situ NEP/ACE
inhibition. Furthermore, selection of a reference compound to serve as the standard for

evaluating new strategies, experimental models and analogs.

Establishing a new reliable and convenient cell and animal PC model as a basis to compare all
the above-mentioned approaches. New data need to be correlated with the previously reported
results obtained from colon adenocarcinoma WiDr cell and tumor models. Four different PC

cell lines were tested for that purpose (63,65).

Synthesis and evaluation of novel radiotracers on the newly established cell and animal PC

models of PC.

Comparison of novel analogs with the reference compound without or after administration of

NEP and/or ACE inhibitors.
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Materials and Methods

Peptides and reagents

All chemicals were of reagent grade and were used without further purification. NT (pyroGlu-
Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH) was purchased from Bachem (Bubendorf,
Switzerland). Entresto® was sourced from a local pharmacy. Lisinopril (Lis, [N2-[(S)-1-carboxy-3-
phenylpropyl]-L-lysyl-L-proline) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Phosphoramidon (PA, N-(a-1-rhamnopyranosyl-oxyhydroxyphosphinyl)-L-leucyl-L-tryptophan
disodium dihydrate) was provided from PeptaNova GmbH (Sandhausen, Germany). The series of
NT(8-13) analogs, code-named as Demotensin X (DTx where X: 1, 5 - 11, 13) were synthesized by
PiChem (Graz, Austria).

Radionuclides
e Tc-99m: in the form of [*"Tc]NaTcO, was acquired after elution of a [*Mo]Mo/[*"Tc]Tc-

generator (Ultra-Technekow V4 Generator) from Curium Pharma (Petten, The Netherlands)

* 1-125: in the form of [***I]Nal in a 0.1 M NaOH solution was acquired carrier-free from Perkin

Elmer (Massachusetts, USA).

Radiolabeling and quality control
Lyophilized peptide analogs DTx (x: 1, 5 — 11, 13) dissolved in HPLC-grade water (1 mM, 50

uL aliquots were stored at -20 °C in Eppendorf protein LoBind vials) were used for labeling.

[**"Tc]Tc labeling

The procedure was performed in an Eppendorf protein LoBind vial containing phosphate buffer
(0.5 M, pH 11.5, 50 uL). The addition of [*"Tc]NaTcO, eluate (420 uL, 370-550 MBq) was followed
by sodium citrate (0.1 M, 5 uL), the peptide stock solution (15 ul, 15 nmol) and a freshly prepared
SnCl; solution in ethanol (10 uL, 10 ug). The mixture was left to react for 30 min at room temperature.

Then the pH was adjusted to 7 with the addition of HCI (0.1 M).
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Quality control of [**™Tc]Tc-radiotracers
For the quality control of the forming radiotracers after labeling both reversed-phase high
performance liquid chromatography (RP-HPLC) and instant thin-layer chromatography (iTLC) were

used.

For HPLC analyses, a Waters Chromatograph equipped with a 600 E multi-solvent delivery
system and coupled to a 2998 photodiode array UV-detector (Waters, Vienna, Austria) and a Gabi
gamma detector (Raytest RSM Analytische Instrumente GmbH, Straubenhardt, Germany). Data
processing was performed via the Empower Software (Waters, Milford, MA, USA). A Symmetry
Shield RP-18 (5 pm, 3.9 mm % 150 mm) column was used; for the elution a flow rate of 1 mL/min was
used, applying a linear gradient system, A/B — 100/0 to A/B — 60/40 in 20 min (solvent A: 0.1%

aqueous trifluoroacetic acid, TFA; solvent B: acetonitrile, MeCN).

For iTLC analyses, 3 mm strips of Whatman chromatography paper (GE Healthcare, Chicago,
IL, USA) were used. They were left to develop up to 10 cm from the application point. For the
detection of the reduced hydrolyzed technetium ([*"Tc]TcO, x nH,O, remaining at the application
point) a mixture of ammonium acetate (5 M) and methanol 1:1 (v/v) was used. For the detection of
pertechnetate ([*™Tc]TcOy4, migrating to the solvent front) acetone was used as a mobile phase. Then
the strips were cut into pieces and their activity was measured with an automated multi-sample well-
type y-counter with a Nal(Tl) 3” crystal (Canberra Packard CobraTM Quantum U5003/1, Auto-

Gamma(R) 5000-series counting system).

Preparation of ['®1]I-Tyr®-NT

In an Eppendorf protein LoBind vial, containing sodium phosphate buffer (10 mM, pH 7.4), we
added 1 nmol NT (1 mM, dissolved in HPLC grade water), ['**I]Nal (0.5 nmol, 1 mCi) and chloramine-
T (16 nmol). The mixture was left to react for 1 min at room temperature. After the incubation, Na,S>O¢

(16 nmol) and bovine serum albumin (BSA, 50 ug) were added to the mixture to stop the reaction.

For the separation of ["*I]I-Tyr’-NT from the mixture RP-HPLC was used, with a two step
elution gradient. For the first step a gradient starting at 90% A / 10% B and linearly reaching at 70% A /
30% B over 28 min, while for the second step the ratios reached at 65% A / 35% B over 20 min. The

retention times (tz) for the two mono-iodinated compounds were: [**I]I-Tyr®-NT, 36 min; [**I]I-Tyr’-
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NT, 37 min and the bis-radioiodinated compound, 40-41 min, allowing for collection of the [**I]I-Tyr’-

NT product only in excellent purity and at specific activity of ~81.4 GBq / umol.

Cell culture

Five different human cell lines were used in the present thesis: i) the colon adenocarcinoma
WiDr cell line and the four PDAC cell lines ii) AsPC-1 (ascite metastasis), iii) MiaPaca-2 (epithelial),
iv) PANC-1 (epithelial) and v) CAPAN-1 (epithelial). WiDr cells were purchased from LGC
Promochem (Teddington, UK) and the pancreatic cell lines from LGC Standards GmbH (Wesel,

Germany).

The cells were expanded and maintained in 75 cm? filter capped flasks, at 37 °C and an
atmosphere of 5% CO, and 95% humidity in a Heal Force SMART CELL HF-90 incubator. The culture
media used were from Gibco BRL, Life technologies (Grand Island, NY, USA) and the supplements
from Biochrom KG Seromed (Berlin, Germany). For WiDr cells McCoy’s medium was used. AsPC-1
cells were grown in Roswell Park Memorial Institute-1640 medium (RPMI). For the rest of the cell
lines Dulbecco’s Modified Eagle’s Medium (DMEM) was used. All media contained GlutMAX-I and
were supplemented with 10% v/v fetal bovine serum (FBS), 100 U/mL penicillin and 100 ug/mL

streptomycin.

The cell cultures were reduced at a ratio of 1:3 — 1:5 when their confluence was reaching 80-
90% by treatment with a Trypsin/EDTA (0.05% / 0.02% w/v) solution. Trypsin was inactivated with the
addition of complete medium. When not in culture, cells were preserved in cryovials in a liquid
nitrogen tank, in freezing medium (complete growth medium supplemented with of 10% v/v dimethyl

sulfoxide (DMSO)).

Competition binding

Membrane isolation

When cultured cells reached 80-90% confluency, they were scraped from the bottom of the
flasks using a cell-scraper. Resuspended cells were then collected in 50 mL tubes and centrifuged at
2000 g for 10 min in a Hettich UNIVERSAL 320 R centrifuge (Tuttlingen, Germany). The supernatant
was discarded and the cells were washed with 40 mL of PBS buffer (pH 7.4) and re-centrifuged at 2000
g for 10 min. Then the cells were resuspended in cold (4 °C) Tris/EDTA buffer (Tris 10 mM, EDTA 0.1
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mM, pH 7.4). The cell suspension was homogenized at 4 °C using a Bioblock Scientific homogeniser
over ice. The homogenate was then centrifuged at 5000 g for 20 min at 4 °C and the supernatant, which
contained the cell membranes, was collected. Next, the supernatant was centrifuged at 26000 rpm —
45000 g for 20 min at 4 °C, on a Beckman Coulter, Optimal L-90K ultracentrifuge equipped with a
50.2TT head. The supernatant was discarded and the pellet was resuspended in cold Tris/EDTA buffer,
100 uL per flask used, divided into aliquotes in 1.5 mL Eppendorf tubes and stored at -80 °C until used.

Membrane test

¢ Binding Buffer e Washing Buffer
o 50 mM HEPES o 10 mM HEPES
o 5.5 mM MgCl, o 150 mM NaCl
o 0.1 mg/mL bacitracin o pH74

o 1% w/v BSA
o pH7.4
A solution of NT(8-13) (10° M) was prepared by dissolving a NT(8-13) stock solution (1 mM)
in binding buffer (Cold). Also a solution of ["*I]I-Tyr>-NT was prepared by diluting the stock solution
in binding buffer aiming for ~40000 cpm per 70 ul (corresponding to a concentration of 214 pM)
(HOT). A set of triplicates, was prepared for each membrane concentration by mixing 30 uL of Cold or
binding buffer, with 70 uL. of HOT in 200 uL of each membrane concentration in binding buffer. All
solutions were kept on ice. After 1 h incubation at 22 °C under constant steering in an Incubator-Orbital
Shaker (MPM Instr. Srl, Italy), the reaction was stopped by dilution with ice cold washing buffer.
Samples were then aspirated on a 48-sample Brandel Cell Harvester (Adi Hassel Ingenieur Biiro,
Munich, Germany), through Whatman GF/B filters presoaked in binding buffer. After a couple of
washes with cold washing buffer, the filters were dried over vacuum and the parts corresponding to
each sample were cut and placed in 5 mL RIA tubes. The radioactivity of the tubes was measured in the
y-counter. The concentration corresponding to a maximum of 10% non-specific binding (with the
addition of Cold) over the total binding (with the addition of binding buffer) was chosen as the amount

of membranes used in the competition binding assays that followed.
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Competition binding assays

A series of dilutions ranging from 10" — 10° M of the peptide under evaluation was prepared
and kept on ice. A freshly prepared solution of [***I]I-Tyr’-NT (~40000 cpm per 70 uL, 214 pM — HOT)
was also kept on ice. In each series of RIA tube, 30 uL of the corresponding concentration of Cold was
added with 70 uL. of HOT solution and 200 ul. of membrane homogenate in binding buffer. The
samples were incubated at 22 °C for 1 h under constant steering. The binding reaction was terminated
by addition of washing buffer (4 °C) and aspiration of the samples on the Brandel Cell Harvester loaded
with fiber glass filters presoaked in binding buffer. The activity of the filters was measured on the y-
counter. The inhibition curves were plotted and the half maximal inhibitory concentration (ICs) values
were calculated with GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA), applying a
nonlinear one-site model. Results for each compound are given as mean + standard deviation of at least

three independent repetitions of the experiment performed in triplicate.

Cell uptake assays

In order to assess the cell-binding and internalization kinetics of the compound under
investigation, approximately 1x10° cells were seeded per well of a 6-well plate and incubated
overnight. The following day, the cells were washed twice with culture medium supplemented with 1%
FBS (internalization medium or IM) at 4 °C. Then 1200 uL. of IM at 37 °C were added per well,
followed by 150 uL of radiolabeled compound solution, corresponding to 250 fmol peptide, and either
150 uL IM (total series) or NT (10° M in IM, non-specific series). The cells were incubated at 37 °C.

At specific time points, the plates were removed from the incubator and placed on ice to stop
the internalization process. The supernatant was collected in RIA tubes and the cells were washed with
1 mL of phosphate buffer saline (PBS, pH 7.4) supplemented with 0.5% w/v BSA (IPBS) at 4 °C. The
washings were collected and the cells were incubated twice with 600 uL of acid glycine buffer (50 mM
glycine, 0.1 M NaCl, pH 2.8) for 5 min each time; the supernatants, corresponding to the membrane
bound fraction (MB), were collected. After a wash with 1 mL of ice cold IPBS, the cells were lysed
with 600 uL 1 M NaOH and the lysate was collected; this step was repeated once more and the
collected lysates combined — internalized fraction. The sample radioactivity was measured on the y-

counter.

Overall, three fractions were collected per well (supernatant, MB and internalized). Each

fraction was expressed as a percentage of the initial activity added per well. By subtracting the non-
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specific fractions (in the presence of 1 uM NT) from the respective total fractions (whereby only IM
was added), the specific MB and internalization fractions could be calculated. Each assay was

performed at least three times in triplicate. The results were expressed as mean + standard deviation.

Albumin binding assays (149-151)

In 6-well plates 1200 uL. HBS-BSA (HEPES buffered saline: NaCl 150 mM, HEPES 20 mM,
pH 7.4, supplemented with 0.5% w/v BSA) were added, followed by 150 uL radiopeptide solution in
HBS (250 fmol peptide) and 150 ul. of HBS-BSA or Ibuprofen (22.2 mg/ml) in HBS with Vi = 1.5
mL. After incubation for 30 min at 37 °C, the supernatant was discarded, the wells were treated twice
with 600 uL 1 M NaOH and the liquid was collected. The sample radioactivity was measured on the y-
counter and was expressed as percentage of the activity added per well. The difference between the
samples after treatment with NaOH for the different peptides provides a qualitative evaluation of their
affinity for BSA. All experiments were performed at least three times in triplicate and the results were

expressed as mean * standard deviation.

Animal studies

In vivo stability

For the assessment of the in vivo stability of test radioligands healthy Swiss Albino mice
(SAMs) were purchased from NCSR “Demokritos” animal house. The animals were housed in
appropriate facilities with 12 h day/night cycles and were provided with chow food and drinking water

ad libitum.

After an acclimatization period, the animals were divided randomly into groups of three. Mice
in the control groups received no treatment, while the other groups were treated with either a NEP-
inhibitor, (PA or Entresto®) and /or an ACE-inhibitor (Lis), as shown in the Table below. Radiotracers
were administered via the tail vein in a physiological saline solution (200 uL, 3 nmol of peptide). Five
minutes after iv injection the animals were euthanized and blood was collected in ice-cold Eppendorf

vials containing 20 uL. of EDTA solution (0.1 mM).

Blood samples were centrifuged for 10 min at 5000 rpm at 4 °C and the serum was collected in
new tubes and diluted with an equal volume of MeCN. After a brief mixing, the samples were

centrifuged at 15000 rpm for 10 min at 4 °C. The supernatant was transferred into glass vials and the
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samples were concentrated to approximately 100 uL using mild heating under a gentle nitrogen gas
stream. Then the samples were diluted in 300-350 uL. physiological saline and filtered through a Millex
GV filter (0.22 pm, 13 mm diameter, Millipore, Milford, CT, USA).

Aliquots of the filtrate were analyzed by radio-HPLC, on a reversed-phase Waters Symmetry
Shield RP18 column (5 pm, 3.9 mm % 20 mm). The flow rate was adjusted at 1 mL/min and the ratio
A/B for the solvents (pg 47) started at 0% B and increased by 1% per min. The peak corresponding to
the intact radiotracer was determined by coinjection of aliquots of the labeling solution; coelution

confirmed intact radiopeptide retention times (tg).

Route of

Inhibitor Amount (ug, *mg) administration Time of administration
PA / Lis / PA+Lis 300 /200 / 300+200 iv co-administered
Entresto® 12* per os 30 min in advance

Biodistribution experiments

The severe combined immunodeficiency mice (SCID) used in biodistribution experiments were
purchased from the NCSR “Demokritos” animal house. After an acclimatization period, six weeks-old
animals were subcutaneously implanted in the right flank with 150 ul. suspension of cells in sterile
PBS under aseptic conditions. The cell suspensions used for tumor induction per animal were: (i)
WiDr: 18x10° cells, (ii) AsPC-1: 5x10° cells, (iii) MiaPaca-2: 3x10° cells. After 3 — 4 weeks well-
palpable xenografts developed at the implantation sites in the majority (~90%) of the animals
(corresponding to approximately 100 ug tumor mass). During this period, animals were housed in
licensed facilities under aseptic conditions, controlled temperature and humidity, 12 h day/night cycles

and were provided with sterilized bedding, chow food and drinking water ad libitum.

On the day of the experiment, the animals were divided randomly in groups of four. Each group
was assigned a time interval as well as a treatment. In all groups animals received a bolus injection of a

physiological saline solution of the radiopeptide (100 uL,, 3 pmol) under evaluation via the tail vein.

Control groups received 100 ul physiological saline, while the others received one or a
combination of inhibitors, as described above in the in vivo stability sergment. In an additional group,
animals received an excess of NT (100 ug) along with the corresponding inhibitor(s) and the

radiotracer, to assess NTS;R-specificity of tumor uptake (block-group).
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At predetermined time intervals the animals were euthanized and weighted. Their blood, organs
and selected tissue samples as well as the implanted tumors were collected, weighted and their
radioactivity was measured on the y-counter together with proper standards of the injected activity.
Results were calculated as percentage of injected activity per gram of tissue (%IA/g) and presented as
mean * standard deviation. For statistics, a Two-way ANOVA with Tukey’s post hoc analysis was

performed using GraphPad Prism 6.

Imaging studies

For SPECT/CT imaging, animals bearing WiDr or AsPC-1 xenografts were used. Each animal
received [*"Tc]Tc-DT1 or [*™Tc]Tc-DT10 iv corresponding to ~50 MBq activity and 1.5 nmol of total
peptide. The peptidase inhibitors PA+Lis were co-administered iv with the radiotracer, while Entresto®
was given po 30 min in advance of radiotracer injection. The animals were euthanized 3 or 4 pi and
SPECT/CT images were acquired, in collaboration with BIOEMTECH (Lefkippos Attica Technology

Park, Attica, Greece).

Authorization of facilities and protocols

All experiments involving the use of radioactive solutions were performed by trained and
authorized personnel behind sufficient shielding, in compliance to European radiation-safety guidelines
and under supervision by the Greek Atomic Energy Commission. License number of the authorized

laboratories: A/435/17092/2019.

The animals were housed in proper facilities supervised by the local authorities and they
complied with the European legislation concerning laboratory animal welfare. Animal facility number:

EL 25 BIOexp 021.

The protocols of the experimental procedures concerning animal-use were monitored and
licensed by the local bioethics committee and were approved by the Department of Agriculture and
Veterinary Service of the Prefecture of Athens, in accordance to the European legislation. The license
number for in vivo stability protocol was #1609, 24-04-2019, while for the biodistribution protocol was

#1610, 24-04-2019.
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Results
As previously outlined (Aim, pgs 21 — 22), the aim of the current work was to develop and
evaluate [*™Tc]Tc-radiotracers targeting NTS;R as radiopharmaceutical candidates in the diagnostic

imaging of PDAC with SPECT or SPECT/CT.

In this perspective two major routes were pursued. The first one concerned the in vivo
stabilization of previously reported analogs, by in situ inhibition of NEP and/or ACE, aiming to
improve their biological profile. The second one involved structural modifications on the [Gly”]NT(8-
13) motif to yield new improved analogs. The impact of NEP and/or ACE inhibition on the profile of
the new structurally modified analogs was evaluated as well. The results from this extensive study are

presented in the following sections.

The first part is dedicated on efforts towards establishing a reference compound as base-line for
evaluating the in situ stabilization approach and/or the profile of new analogs. It also includes all
relevant steps followed for selecting a suitable NTS;R-positive PC cell line and setting up reliable and
practically convenient in vitro (cell assays) and in vivo (tumor bearing mice for biodistribution and
imaging studies) models. To that purpose, the previously reported DT1, DT5 and DT6-based
radioligands were “revisited” (65,131,132), first using the NTS;R-positive colon adenocarcinoma WiDr
cell line and then applying a NTS;R-expressing pancreatic cell line; the latter was chosen after
comparing four commercially available ones (63). The second part summarizes the results obtained
from the evaluation of newly designed [*"Tc]Tc-NT(8-13) tracers, following two different
modification approaches in the peptide sequence. The biological profiles of these analogs were tested in
NTS;R-positive pancreatic cancer AsPC-1 cell models in comparison with the radiopeptide selected as

reference.

NEP/ACE-inhibition approaches to improve the profile of
reported [*"Tc]Tc-DTx (x =1, 5, 6)

Previous studies have demonstrated a stepwise increase of metabolic stability in vitro for the
three NT(8-13)-based tracers, shown in Image 6. Going from [*™Tc]Tc-DT1 (N4,-Gly-Arg-Arg-Pro-Tyr-
Ile-Leu-OH) to [*™Tc]Tc-DT5 (N4-BAla-Arg-Dab-Pro-Tyr-Ile-Leu-OH) the BAla’/Gly’ and Dab?/Arg’
substitutions led to increased resistance to proteases both in murine plasma and kidney homogenates,

which was further enhanced by Tle'*/Ile' exchange in [*™Tc]Tc-DT6 (N,-BAla-Arg-Dab-Pro-Tyr-Tle-
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Leu-OH). The effects of these modifications on cell-uptake, in vivo stability and other important
biological features were tested against NEP and/or ACE inhibition strategies, adopted to improve

metabolic stability as well as the pharmacokinetic profiles in tumor-bearing mice (131,132).
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Image 1: Structure of DT1, DT5 ([BAla’,Dab®]DT1) and DT6 ([BAla’,Dab’, Tle'*]DT1)

Labeling

Labeling of DT1, DTS5 and DT6 with Tc-99m was performed after short incubation of the
peptides with [*™Tc]TcO, generator eluate and the reducing agent SnCl, in the presence of citrate
anions in alkaline pH; molar activities of 20 — 40 MBg/nmol of peptide were achieved (M+Ms, pgs. 23
— 24). Potential radiochemical impurities that could be present in the final mixture are the uncomplexed
[*"Tc]TcOy, [®"Tc]Tc-citrate and any forming [*"Tc]TcO, x nH,O. The first two can be easily
detected via radio-HPLC and iTLC, but the reduced polymeric [*"Tc]TcO, x nH,O sticks to the
column and cannot be detected and quantified by HPLC, but instead can be detected by iTLC ( M&Ms,
pg:47). Quality control of the labeled products by combined iTLC and HPLC confirmed radiochemical

yields exceeding 98% and radiochemical purities greater than 99%. No further purification was
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performed for the following biological experiments and analysis of all used solutions were made before

and after the complition of the experiments (Appendix, Images A2, A7 & A11, pgs: 92, 95 & 99).

Cell uptake

We first compared the cell uptake and internalization capabilities of [*™Tc]Tc-DT1, [*"Tc]Tc-
DT5 and [*™Tc]Tc-DT6 in WiDr cells, which have served as the evaluation cell line in the past
(131,132). However, in these previous reports the internalization and membrane bound fractions were
calculated as percentage of the cell associated activity. Consequently, a direct comparison of the cell
uptake across the analogs was not feasible and thus, the impact of the structural modifications made
could not be properly assessed either. By expressing the membrane bound and internalized fractions as
percentage of the total added radioactivity per well in this study, the impact of the structural
modifications between [*"Tc]Tc-DT1 and [*"Tc]Tc-DT5 or [*™Tc]Te-DT6 became clearly visible. As
demonstrated in Image 2 and summarized in Table 1, a great difference (p < 0.0001) could be shown

across analogs after 1 h incubation at 37 °C in WiDr cells.
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Image 2: Schematic representation of the cell uptake of radiotracers after 1 h incubation at 37 °C in WiDr cells, the dotted —
gray part of the bars corresponds to the internalized, while the white part of the bar corresponds to the membrane bound

fractions. Results are expressed as percentage of the total added radioactivity per well (mean + sd), **** indicate a p value
<0.0001).
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Table 1: NTS;R-specific cell uptake of [*™Tc]Tc-DT1, [*"Tc]Tc-DT5 and [*™Tc]Tc-DTS in WiDr cells after 1 h incubation
at 37 °C; values are expressed as % of total added activity per well, mean + sd, with number of wells shown in parentheses

Analog Internalized (%) Membrane Bound (%) Total Uptake (%)
[*™Tc]-DT1 6.85 £ 2.09 (42) 3.27 £ 1.16 (42) 10.12 + 2.29 (42)
[*™Tc]-DT5 3.23+0.33(18) 0.49 £ 0.09 (18) 3.72 £ 0.32 (18)
[*™Tc]-DT6 0.81 + 0.36 (18) 0.19 + 0.09 (18) 1.00 £ 0.40 (18)

In vivo stability — The impact of NEP/ACE-inhibition

The metabolic stability of the three radiotracers in the bloodstream of mice, was compared at 5
min pi. In addition, the effects of treating the mice with NEP and/or ACE inhibitors (PA and Lis,
respectively) were evaluated as well. As we can see in the control groups in Table 2, the Tle"-modified
[*"Tc]Tc-DT6 displayed significantly higher stability in peripheral mice blood compared with the two
Ile"-containing [*"Tc]Tc-DT1 and [*"Tc]Tc-DT5, which were rapidly degraded ([*™Tc]Tc-DT1 /
[*™Tc]Tc-DT5 vs. [*"Tc]Te-DT6 — p < 0.0001). For both [*™Tc]Tc-DT1 and [*™Tc]Tc-DT5 the use of
either PA or Lis alone had little to no effect on metabolic stability. In contrast, [*™Tc]Tc-DT6 could be
fully stabilized by PA alone (control vs. PA — p <0.001). Only the combined administration of PA and
Lis led to sufficient stabilization of [*™Tc]Tc-DT1 and [*™Tc]Tc-DT5 (control vs. Lis+PA — p < 0.001).
These results imply that Ile' to Tle'-modification was effective in stabilizing [*™Tc]Tc-DT6 against
ACE in mice circulation. Representative radiochromatograms of this study are presented in the

Appendix (Image A11, pg 98).

Table 2: In vivo stability of [*™Tc]Tc-DT1, [*™Tc]Tc-DT5 and [*™Tc]Tc-DT6, in mice blood at 5 min pi; values represent %
intact radioligand detected in the blood samples and are given as mean + sd, with number of repetitions shown in

parentheses.
Group [*"Tc]Te-DT1 [*"Tc]Tc-DT5 [*"Tc]Tc-DT6
Control 1.8+£0.8(4) 1.2+0.2(3) 53.7+1.9(2)
Lis 18.8 £ 2.5 (3) 28.7+ 3.6 (3)
PA 28.2+3.5(3) 154 +£5.1(2) 89.3+6.7 (2)
Lis+PA 72.3+3.2(4) 79.0 £ 1.7 (2)

57



Biodistribution in WiDr tumor-bearing mice

The biodistribution profiles of [*"Tc]Tc-DT1, [*™Tc]Tc-DT5 and [*™Tc]Tc-DT6 were evaluated
in SCID mice bearing WiDr xenografts at 4 h pi. Two animal groups for each radiotracer were used for
comparison, a control group that received no treatment and a group that was treated with the
combination of PA+Lis. Extensive tables with the biodistribution results (expressed as %IA/g, mean +
sd, n = 4) for each radioligand are listed in the Appendix (Tables Al, A4 & A5, pgs: 94, 97 & 99),

while representative data is summarized in Image 3.

All three compounds demonstrated a fast washout from the background, including the NTS;R-
rich intestines. The tumor uptake for the control groups was very low, ranging between 0.2 — 1 %IA/g.
Radioactivity cleared mainly via the kidneys and the urinary tract, differing in kidney retention across
analogs, being low for [*"Tc]Tc-DT1 (1.80 + 0.14 %IA/g) and moderate for the other two compounds
(8.63 + 1.60 and 6.09 + 1.15 %IA/g for [*™Tc]Tc-DT5 and [*™Tc]Tc-DT6, respectively).

After treatment of mice with the PA+Lis combination, tumor values significantly increased.
Thus, for [*™Tc]Tc-DT1 it reached 9.60 + 3.62 %IA/g (p < 0.0001 vs. control) and for [*™Tc]Tc-DT5
increased to 12.29 + 2.73 %IA/g (p < 0.0001 vs. control). Interestingly, the most stable Tle'*-modified
analog, [*"Tc]Tc-DT6, reached a tumor uptake of 3.50 + 0.34 %IA/g only, most probably as a result of

its slower internalization in the WiDr cells, observed in vitro.

Treatment of mice with the inhibitors resulted in a notable increase of kidney uptake for both
[*®™Tc]Tc-DT5 and [*™Tc]Tc-DT6, (16.62 + 1.63 %IA/g and 14.61 + 3.16 %IA/g, respectively),
assigned to the free primary amine group of Dab®. These results could be visualized for [*"Tc]Tc-DT1

by SPECT/CT (Image 4).
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Image 3: Comparative biodistribution of [*"Tc]Tc-DT1, [**Tc]Tc-DT5 and [*Tc]Tc-DT6 in SCID mice bearing WiDr

xenografts at 4 h pi, selectively included here for Ki: kidneys, In: Intestines and Tu: WiDr tumors; data is provided as %IA/g
values and represents the mean + sd, n = 4. White: [*"Tc]Tc-DT1, white — dotted: [*Tc]Tc-DT1 + PA + Lis, gray:

[*™Tc]Tc-DT5, gray — dotted: [*™Tc]Tc-DT5 + PA + Lis, black: [®"Tc]Tc-DT6, black — dotted: [*™Tc]Tc-DT6 + PA + Lis.
Only statistically significant differences across groups are shown (p<0.0001, ****)

Image 4: SPECT/CT image of SCID mice bearing WiDr xenografts at 3 h pi of [*™Tc]Tc-DT1. (Left) control mouse,
(Right) mouse after coinjection of [*"Tc]Tc-DT1with a combination of PA + Lis. Red circles indicate xenograft sites.
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Summary

The above three bioconjugates had similar sub-nM affinities for NTS;R (ICso, DT1: 0.14 + 0.02
nM, DT5: 0.03 £ 0.01 nM and DT6: 0.08 + 0.02 nM) (131,132,152), as previously reported. However,
the newly acquired data from the present study demonstrated that fast cell internalization and in vivo
metabolic stability of radioligands are equally important prerequisites for effective tumor targeting. It
was clearly shown that such parameters were directly affected by the structural interventions performed

on the [®"Tc]Tc-DT1 motif.

Specifically, it was shown that double RAla’/Gly” and Dab®/Arg’ replacement failed to improve
the in vivo stability and led to impaired uptake of [*"Tc]Tc-DT5 in WiDr cells. Additional Tle'*/Ile"
substitution, although greatly improving the in vivo metabolic stability, further compromised the cell
uptake of [*"Tc]Tc-DT6, resulting in sub-optimal tumor uptake in mice. Notably, Dab®/Arg’
replacement in both [*Tc]Tc-DT5 and [*™Tc]Tc-DT6 led to unfavorable increase of kidney values,

which was associated with the free primary amine of Dab.

In contrast, in situ NEP and/or ACE inhibition turned out to be a very effective strategy to
improve the in vivo stability and the overall pharmacokinetic profile of the radiotracers, especially of
the unmodified [*™Tc]Tc-DT1. The latter displayed a superior tumor uptake and faster body clearance
among this group of analogs when administered in combination with the NEP-inhibitor PA and the

ACE-inhibitor Lis.

Two major hurdles need to be addressed prior to translating these results in the clinic. Firstly,
the replacement of the non-registered PA by a clinically approved alternative NEP inhibitor will
facilitate the safe application of this concept in patients. For this purpose, the switch to the registered
anti-hypertensive drug Entresto® was subsequently adopted in this work. Administered per os the drug
releases in vivo the potent NEP-inhibitor sacubitrilat. The second hurdle is associated with the cases of
angioedema reported during the application of dual NEP and ACE inhibitors in the clinic. To address
this challenge, a combination of smart structural interventions and the use of a single inhibitor was

explored, as presented in the following chapters (65).

In search of a preclinical NTS;R-positive model for PC
The next objective was to translate the results described above from the colon adenocarcinoma

WiDr-based model to a reliable PC model. The latter should be expressing the NTS;R-target in
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sufficient density, but at the same time remain practically convenient for both in vitro and in vivo
evaluation of new radiotracers. Further important factors should be also taken into account, such as cell
culture doubling times and times required for tumor growth after inoculation of mice. Four different
human pancreatic cancer cell lines were selected for evaluation according to the above-set criteria,

namely AsPC-1, CAPAN-1, MiaPaca-2 and PANC-1 cells (M+Ms, pg. 48).

Cell uptake

The NTS;R-specific cell uptake of [*"Tc]Tc-DT1 was tested head-to-head in the four PC cell
lines, as an indication of their relative NTS;R-expression levels. As detailed in the previous chapter,
cell uptake in vitro had a great impact on tumor uptake in the animals and was considered to be

essential for assessing the impact of structural modifications across radiotracers.

As evident from the cell uptake (Images 5 and 6) these values for [*"Tc]Tc-DT1 turned out to
be statistically different across cell lines. Specifically, [*™Tc]Tc-DT1 displayed the greatest uptake in
AsPC-1 cells, reaching 15.2 + 2.6 % of added radioactivity, with PANC-1 being next in rank (8.1 + 2.8
%, p < 0.0001), followed by MiaPaca-2 (2.7 + 0.3 %, p < 0.0001) and CAPAN-1 (0.4 + 0.1 %, p <
0.0001) at 1 h incubation, reaching a plateau thereafter. In all cases, the majority of the activity taken

up by the cells was located intracellularly, consistent with an NTS;R-agonist profile.

By comparing [*"Tc]Tc-DT1 and [*"Tc]Tc-DTS in AsPC-1 cells (Image 7) the same trend was
observed as in WiDr cells, with [*™Tc]Tc-DT5 having significantly lower cell-uptake (8.4 + 0.8%)
compared with [*"Tc]Tc-DT1 (15.2 + 2.6%, p < 0.0001).
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Image 5: Comparative NTS;R-specific cell uptake of [*™Tc]Tc-DT1 after 1 h incubation at 37 °C in various pancreatic cell
lines with values expressed as % of total-added activity per well; the dotted — gray porsion corresponds to internalized,
while the white bar corresponds to membrane bound radioactivity (****, p < 0.0001).
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Image 6: Comparative NTS;R-specific time-dependent cell uptake of [*"Tc]Tc-DT1 after incubation at 37 °C with various
pancreatic cell lines, expressed as % of total-added activity per well; solid lines: internalized, dotted lines: membrane bound
radioactivity. Red: AsPC-1, green: Panc-1, blue: MiaPaca-2.
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Image 7: Comparison of NTS;R-specific cell uptake of [*"Tc]Tc-DT1 and [*™Tc]Tc-DTS5 after 1 h incubation at 37 °C with
AsPC-1 cells, with values expressed as % of total-added activity per well; dotted — gray bar section corresponds to
internalized, while the white bar section corresponds to membrane bound radioactivity (****, p < 0.0001).

In vivo stability

Aiming to facilitate the clinical translation of the protease-inhibition concept in future,
Entresto® replaced the previously used NEP inhibitor PA in all following studies. The registered drug
was administered per os in healthy mice 30 min prior to the radioligand injection, alone or with Lis-
coinjection. Blood collected 5 min pi was analyzed by HPLC for detecting potential formation of

radiometabolites. Results are summarized in Table 3, while representative radiochromatograms can be

found in the Appendix (Image A3 pg 93 & Image A8 pg. 96).

Table 3: In vivo stability results of [*™Tc]Tc-DT1 and [*"Tc]Tc-DT5 in healthy mice 5 min pi without or after treatment
with Entresto®, Lis, or their combination, expressed as % intact radioligand; values are given as mean =+ sd, with number of
repetitions shown in parentheses.

Group [®¥"Tc]Tc-DT1 [®¥™Tc]Tc-DT5
Control 1.8+ 0.8 (4) 1.2+ 0.2 (3)
Lis 18.8 + 2.5 (3) 28.7 + 3.6 (3)
Entresto® 5.5+3.9(5) 2.0+ 0.6 (3)
Entresto® + Lis 63.8+7.5(3) 70.2+4.9 (3)

Despite the fact that both PA and Entresto® were used for NEP inhibition, a statistically

significant difference was apparent between the animal groups treated with either. Specifically,
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[*™Tc]Tc-DT1 remained 5.5 + 3.9 % intact in the Entresro® group while in the PA group this value was
28.2 + 3.5 % (Table 2) (p < 0.001). The same trend could be seen for [*™Tc]Tc-DT5 with values at 2.0
+ 0.6 % intact for the Entresto® group and 15.4 + 5.1 % intact for the PA (p < 0.01). In contrast, the
mice groups treated with either the PA+Lis or the Entresto®+Lis combination, showed no difference in
the stability of either radiotracer. The observed difference between PA and Entresto can be attributed to
the ability of PA in higher concentrations to inhibit ACE as well although in a lesser extent (153). This
fact turns out to be significant considering the synergistic role of these proteases in the degradation of

NT and its analogs.

Biodistribution

In order to assess the tumorgenicity of AsPC-1 cells in SCID mice, animals were inoculated
subcutaneously in their flanks with a AsPC-1 cell suspension and monitored for tumor development.
After 3-4 weeks, well palpable tumors were evident at the inoculation site in the majority of animals
and the biodistribution profile of [*™Tc]Tc-DT1 was assessed, without or after mice treatment with the

Entresto®+Lis combination.

As shown in Table A2 (pg 94, Appendix) and Image 8, a fast washout of the radioligand was
evident from the background via the kidneys and the urinary tract. As depicted in Image 8, at 4 h pi
tumor uptake drastically increased from 1.25 + 0.14 %IA/g, in controls to 7.05 + 0.80 %IA/g in the
Entresto®+Lis animal group (p < 0.0001). These values are in correlation with those found for the WiDr
xenografts both in controls and in mice receiving the PA+Lis combination (1.80 = 0.14 %IA/g and
12.29 + 2.73 %IA/g, respectively; Image 3). However, AsPC-1 tumor values were consistently lower to

those in WiDr tumors, probably implying a lower NTS;R-expression in the AsPC-1 xenografts.

Uptake in the NTS;R-rich mice intestines remained rather low in both groups (control: 0.65 +
0.04 %IA/g, Entresto®+Lis: 2.13 + 0.24 %IA/g). Renal uptake on the other hand was not affected by
the use of inhibitors (control: 4.18 + 3.80 %IA/g, Entresto®+Lis: 6.81 + 1.74 %IA/g; p > 0.05),
resulting in an overall improvement of pharmacokinetics during NEP and ACE inhibition and
consistent with the improvement observed in WiDr tumor-bearing mice treated with the PA+Lis

combination.
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Image 8: Biodistribution of [*"Tc]Tc-DT1 in SCID mice bearing AsPC-1 xenografts at 4 h pi selectively shown for Ki:
kidneys, In: Intestines and Tu: AsPC-1 tumors; data is provided as %IA/g and represents mean + sd, n = 4; black: blocked,
white: control, chequered: Entresto®+Lis (*, p < 0.05 ; **** p < (.0001)

Summary
The uptake of [*"Tc]Tc-DT1 in AsPC-1 and WiDr cells (in vitro) and their uptake in the

respective xenografts (in vivo) were found to be comparable. In addition, the tumor growth rates of
both AsPC-1 and WiDr tumors were within the same time-span, ranging between 3 and 4 weeks. It is
therefore evident that the AsPC-1 cell-based model is a reliable and practically convenient PC model

for the preclinical evaluation of NTS;R-targeting radioligands.

On the other hand, the use of Entresto® was proven equally efficient with PA for in situ
inhibition of NEP. The minor differences on the stability of the peptides between the animals
administered with PA and Entresto could be attributed to differences across animals, the fluctuation in
their body weights, differences in absorption and bioavailability between iv and per os administration,
as well as the fact that PA is not absolutely selective for NEP, displaying also partial ACE inhibitory
capabilities. Then again, only with the combined use of Entresto®+Lis, a sufficient stability was

achieved (63).
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Structural interventions - Introducing new [*"Tc]Tc-DTx analogs
The next objective of the current work has been the introduction of novel [*"Tc]Tc-DTx
analogs, aiming at improved metabolic stability and enhanced tumor targeting efficacy, either when
administered alone or with the aid of a single registered inhibitor. For such purposes, two distinct
approaches were adopted. The first concerned the introduction of structural changes at the C-terminus
of [*™Tc]Tc-DT1, which served as a template, while the second involved the incorporation of a pendant
albumin binding domain (ABD) and/or PEGX group at the e-amino group of a Lys’ residue. [*™Tc]Tc-
DT1 served as the standard in the evaluation of the new radiotracers, since it displayed high metabolic
stability, AsPC-1 tumor targeting efficacy and excellent pharmacokinetics in mice during combined

NEP and ACE inhibition.

Elongation | C-terminal modifications as a means to increase in
vivo stability: [*™Tc]Tc-DTx, x =7, 13

The first structural changes tested were the elongation of the DT1 by incorporation a D-
asparagine (DT7) after position 13 and the exchange of leucine at position 13 by (S)-B*hLeu (DT13)
(Image 9) (137,140). It is well known that the introduction of D-amino acids in a peptide chain often
induces changes in the 3D conformation. Such alterations may lead to steric hindrance in the docking
of peptides in the active center of degrading proteases, thereby resulting in metabolic stability
improvements. However, these changes may inadvertently affect receptor affinity as well. The D-Asn'*-
elongation of NT(8-13) analogs was previously shown to be well tolerated by the NTS;R with related

analogs retaining high receptor affinity.

Likewise, it is well established that $-amino acids increase the metabolic stability of peptides,
since B-amide bonds can hardly be cleaved by proteolytic enzymes (154—156). In fact, only a handful
of proteases in nature are capable of degrading peptide bonds containing -amino acid residues. It was
previously shown that B*hLeu"/Leu"-substituted NT(8-13) analogs retained binding affinity for
NTS;R, while their stability in blood serum increased in vitro, indicating an increased resistance to

ACE (137,140).
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Image 9: Structure of DT7 (N4-Gly-Arg-Arg-Pro-Tyr-Ile-Leu-D-Asn-OH) and DT13 (N4-Gly-Arg-Arg-Pro-Tyr-Ile-B*hLeu-
OH)

Labeling

The Tc-99m labeling procedure for DT7 and DT13 was performed, as previously described
(pgs. 23 — 24). After a short incubation in ambient temperature with the generator eluate, SnCl, as a
reducing agent in alkaline pH, molecular activities of 20 — 40 MBg/nmol were acquired. The iTLC and
HPLC controls indicated yields >98% and radiochemical purity >99% (Appendix, Images A14 & A28,
pgs 99 & 109).

Binding affinity of DT7 and DT13 for NTS;:R

The ICs values for these analogs were determined by competition binding assays against ['*I]I-
Tyr’-NT on NTS;R-positive WiDr cell membranes. An ICs, of 29.05 + 4.11 nM (n=4) was determined
for DT7, while an ICs of 0.63 + 0.05 nM (n=3) was calculated for DT13 (representative displacement
curves included in Image 10). This finding demonstrates that the B*hLeu"/Leu" substitution was much

better tolerated by the NTS;R, in comparison with the D-Asn'*-elongation.
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Image 10: Representative curves of ['*I]I-Tyr’-NT displacement from NTS;R sites on WiDr cell membranes by increasing
concentrations of DT7 (solid line) or DT13 (dotted line).

Cell uptake of [*"Tc]Tc-DT7 & [*"Tc]Tc-DT13

The cell uptake of both radioligands was tested by 1 h incubation at 37 °C in AsPC-1 cells.
Despite the fair to excellent affinity of the non-metalated analogs for NTS R, neither of the respective
[*™Tc]Tc-radiotracers exceeded a specific cell uptake of 1% of added radioactivity. In fact, [*™Tc]Tc-
DT7 achieved only 0.3 + 0.13 % cell uptake and [*"Tc]Tc-DT13 hardly reached the 0.6 + 0.20 %
value (Image 11).

1.0

0.8

% of added radioactivity

Image 11: Cell uptake of [*"Tc]Tc-DT7 and [*™Tc]Tc-DT13 after 1 h incubation at 37 °C in AsPC-1 cells; the dotted — gray
bars correspond to internalized radioactivity, while white bars correspond to the membrane bound radioactivity.
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In vivo stability

Both [*"Tc]Tc-DT7 and [*"Tc]Tc-DT13 displayed significantly higher stability (Table 4) in
mice blood at 5 min pi in comparison with [*™Tc]Tc-DT1 (1.8 + 0.8 % intact, Table 3), with 26.91 +
0.19 % intact (p<0.001) and 22.03 + 2.86 % intact (p < 0.05) peptide detected intact, respectively. With
Entresto® the percentage of intact radioligand increased to 56.61 + 7.93% for [*"Tc]Tc-DT7 (p <
0.0001 vs. control) and 62.05 + 11.36 % intact for [*™Tc]Tc-DT13 (p < 0.0001 vs. control). The use of
Entresto®+Lis did not alter these values (60.23 + 11.82 % intact and 62.80 + 4.87% intact,
respectively). Notably, [*™Tc]Tc-DT1 reached similar levels only after applying the combination of
NEP and ACE inhibitors. These results are a strong indication that both [*™Tc]Tc-DT7 and [*™Tc]Tc-
DT13 are resistant to ACE, in accordance with findings reported in literature for similarly C-terminal

modified NT analogs (137,140).

Table 4: In vivo stability of [*"Tc]Tc-DT7 and [*™Tc]Tc-DT13 in healthy mice at 5 min pi, without or after treatment with
NEP and/or ACE inhibitors, expressed as % intact radioligand; values are given as mean + sd, with number of repetitions
shown in parentheses.

Group [¥"Tc]Te-DT7 [¥"Tc]Te-DT13

Control 26.91 + 1.91 (3) 22.03 + 2.86 (2)

Lis 26.20 + 0.83 (2)

Entresto 56.61 + 7.93 (6) 62.05 + 11.36 (2)

Entresto+Lis 60.23 + 11.82 (2) 62.80 + 4.87 (2)
Summary

Both C-terminal modified peptide analogs displayed an high NTS;R affinity and enhanced
degradation resistance against ACE, as expected from previous reports for similar NT(8-13) analogs.
Once again, it was evident that high receptor affinities do not directly imply optimal kinetics with
regards to cell uptake, as previously reported for [*"Tc]Tc-DT6 (Appendix, Table A5, pg 99) (65).
Therefore, despite the increased in vivo stability and the low ICss, the biodistribution profile of these

peptide radioligands was not assessed in animals bearing AsPC-1 xenografts.
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Lys’-Branching as a means to increase in vivo stability, 1
Generation: A fatty acid group - [*"Tc]Tc-DT8

Contulakin-G is a 16-mer invertebrate counterpart of mammal NT, carrying a saccharide residue
at Thr'® (Image I12), corresponding to Pro’ in the native NT sequence. Several synthetic analogs of
contulakin-G have been developed after replacement of the Thr'’-attached saccharide by other chemical
entities, including a palmitic acid coupled to e-amino group of a Lys residue (141,142,146).
Incorporation of fatty acids on peptides has been reported to result in increased in vivo stability, higher
bioavailability and prolonged circulation time of resulting analogs (118,143,144). These attractive
features have been attributed to binding of palmitic acid to albumin, the most abundant blood protein.
Albumin exhibits an approximately 16 h-long half-life in the circulation and a biological half-life of
12-19 days (157,158). It binds fatty acid-modified peptides and slowly releases them in circulation. In
this way, it acts as a natural reservoir that increases the residence time of the peptides in the blood

stream. It is hypothesized that it may also protect related analogs from degrading peptidases (157-160).

Studies on contulakin-G and related analogs have demonstrated that bulky branches, such as
palmitoyl acid at position 10, can be well tolerated by the NTS;R. Hence, it is reasonable to assume
that they will be likewise tolerated at the corresponding position 7 of the DT1 motif. Accordingly, DT8
was designed based on the DT1-template after replacement of Gly’ by Lys’, and coupling of a

palmitoyl residue at the e-amine (Image 12).
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Image 12: Structure of DT8 (N,-Lys(palmitoyl)-Arg-Arg-Pro-Tyr-Ile-Leu-OH)
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Labeling

The above mentioned labeling protocol was applied for DT8. After labeling, molar activities of
20 — 40 MBg/nmol of peptide were achieved. Quality control labeling yields >98% and radiochemical
purity >99% (Appendix, Image A17, pg. 101).

Binding affinity of DT8 for NTS;R

Despite the bulkiness of the pendant palmitoyl group, DT8 displayed high affinity for NTS;R.
During competition binding assays against ['*I]I-Tyr>-NT, it displayed an ICs, of 0.89 + 0.70 nM (n=4)
(Image 13). This fact is concordant with the well-tolerated modification at the corresponding position

10 of contulakin-G and position 7 of NT.
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Image 13: Representative curve of ["*I]I-Tyr’-NT displacement from NTS;R on WiDr cell membranes by increasing
concentrations of DT8

Cell uptake of [*"Tc]Tc-DT8

Time-dependent cell uptake of [*™Tc]Tc-DT8 was assessed in AsPC-1 cells at 37 °C, including
four time points (15 min, 30 min, 60 min and 120 min). For all time points the majority of cell-
associated activity was intracellularly located. Cell uptake reached 16.53 + 1.12% of added activity at 1
h incubation and it further increased to 21.71 + 0.91% of added activity at 120 min (Image 14). In
contrast, [*"Tc]Tc-DT1 reached a plateau after 1 h with cell uptake reaching 15.2 + 2.6% of added

radioactivity.
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Image 14: Comparative time-dependent cell uptake of [*"Tc]Tc-DT1 (red lines) and [*™Tc]Tc-DT8 (blue lines) during
incubation with AsPC-1 cells at 37 °C; solid lines: internalized radioactivity, dotted lines: membrane bound radioactivity.

In vivo stability

As illustrated in Image 15, [*"Tc]Tc-DT8 displayed excellent in vivo stability, remaining
practically intact in mice blood at 5 min pi. The percentage of the intact peptide in the blood of control
mice was 98.06 + 1.18 % (n=3), being indistinguishable from the values acquired from mice treated

with either Entresto® (98.06 + 1.18 %, n=3; p > 0.05) or Lis (98.06 + 1.18 %, n=3; p>0.05;).

Relative activity

0 10 20 30 40
Time (min)
Image 15: Representative radiochromatograms for the in vivo stability of [**™Tc]Tc-DT8 in peripheral mice blood at 5 min

pi, without or during NEP or ACE inhibition.; black — dotted line: control, black — solid line: treatment with Lis, gray —
dotted line: treatment with Entresto®.
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Biodistribution

The biodistribution profile [*™Tc]Tc-DT8 was assessed at 4 and 24 h pi; earlier time points were
not considered in view of the prolonged blood clearance anticipated for the radiotracer. As shown in
Table A6 (Appendix, pg. 102) and Image 16, [®™Tc]Tc-DT8 showed good uptake and fair retention in
the implanted AsPC-1 tumors (6.15 + 0.92 %IA/g at 4 h and 3.32 £ 0.35 %IA/g at 24 h pi).

However, it displayed a very unfavorable pharmacokinetic profile with persistently high
background radioactivity levels up to 24 h pi. Thus, kidney values ranged from 9.42 + 1.18 %IA/g at 4
h to 3.81 + 0.54% IA/g at 24 h, intestinal uptake reached 13.03 + 4.6%IA/g at 4 h decreasing to 4.26 +
0.61%IA/g at 24 h and liver uptake reached as high as 29.56 + 3.77%IA/g at 4 h to decline to 12.93 +
1.66 %IA/g at 24 h. The high blood radioactivity levels, originating from the extensive binding of the
palmitoyl residue to albumin, in combination with its high lipophilicity, seem to be the main causes for

the extremely high radioactivity background.
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Image 16: Biodistribution data of [*"Tc]Tc-DT8 in SCID mice bearing AsPC-1 xenografts, selectively presented for Bl:
blood, Li: liver, Ki: kidneys, In: intestines and. Tu: AsPC-1 tumors; data is provided as %IA/g and represents mean + sd, n =
4; black: blocked — 4 h pi, white: control — 4 h pi, dotted: control — 24 h pi (*,p < 0.05; **, p <0.01; *** p < 0.001; **** p

<0.0001).
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Summary

The palmitoylated [*"Tc]Tc-DT8 displayed high cell uptake in vitro as well as high proteolytic
resistance and prolonged circulation times in vivo. Notably, uptake in AsPC-1 tumors at 4 h pi was
comparable with that of the [*"Tc]Tc-DT1 in mice treated with the Entresto®+Lis combination (6.15 +
0.92 %IA/g vs. 7.05 + 0.80 %IA/g, p > 0.05; Appendix, Tables A2, pg 94 & A6, pg 102).
Unfortunately, the unfavorably high background levels following radioligand injection in tumor-
bearing mice, compromised these positive results. The observed profile turned out to be drastically
different to that of the rapidly clearing [*™"Tc]Tc-DT1, either when administered alone or with the
Entresto®+Lis combination. Extremely elevated liver and intestinal radioactivity levels indicate a high
percentage of hepatobiliary excretion for [*"Tc]Tc-DT8 as opposed to [*"Tc]Tc-DT1, which was

predominantly excreted through the kidneys and the urinary tract.

These findings lead to a few important conclusions. First of all, the branching approach at the e-
Lys’, even in the case of a lengthy chain as in DT8, was well tolerated by the NTS;R, as originally
anticipated. Accordingly, the affinity of DT8 for NTS;R as well as the in vitro uptake of [*"Tc]Tc-DT8
in AsPC-1 cells were well preserved compared with [*™Tc]Tc-DT1. Furthermore, [*"Tc]Tc-DT8 was
found to be stable in peripheral mice blood, as initially hypothesized. It remains to be established if this
stabilization was related to persistent binding to blood albumin or it was a result of steric interference
by the bulky palmitoyl arm, hindering docking of [*™Tc]Tc-DT8 to the active center of NEP and/or
ACE.

On the other hand, the pharmacokinetic profile of [*"Tc]Tc-DT8 turned out to be far from ideal,
with a high background and not a totally NTS;R-dependent tumor uptake (159,161,162). These results
can be associated with an unfavorably high affinity of the palmitoyl group for the albumin in the blood
stream, combined with its high lipophilicity. Therefore, it is reasonable to assume that the introduction
of pendant groups with different lipophilicity, size and albumin binding capabilities compared with the

palmitoyl residue may lead to improved radioligands.
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2"! Generation: ABD/PEG pendant groups - [*"Tc]Tc-DTx, x=
9,10,11
Three more Lys’-branched analogs were designed based on [*"Tc]Tc-DT8 findings, by

attaching three different pendant groups at the e-amine of Lys’ instead of the palmitic acid.

In DT9, a 4-(4-methylphenyl)butyric acid (MPBA) moiety was coupled (Image 17), which is an
ABD with a lower affinity to albumin than palmitic acid (163,164). For DT10 a PEG4 (165) linker was
introduced between the e-amine of Lys’ and MPBA (Image 17), in order to keep the length of the
pendant group as close as possible to that of the palmitic acid, while increasing its hydrophilicity over
DT8 & DT9. Finally, an ABD was altogether omitted in DT11 and a methyl-PEG 5-CH,-COOH (from
here on PEG6) arm was coupled at the e-amine of Lys’ (Image 17), in order to distinguish potential
stabilization effects arising by steric hindrance of docking of the resulting radioligand to NEP and/or

ACE active center(s), not related to albumin binding (165).
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Image 17: Structure of DT9 (N,-Lys(MPBA)-Arg-Arg-Pro-Tyr-Ile-Leu-OH), DT10 (N4-Lys(PEG4-MPBA)-Arg-Arg-Pro-
Tyr-Tle-Leu-OH) and DT11 (Ns-Lys(CO-CH,-PEG5-Met)-Arg-Arg-Pro-Tyr-Ile-Leu-OH)
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Labeling

Labeling of DT9, DT10 and DT11 with Tc-99m followed the same procedure. Quality control
demonstrated, less than 2% radiochemical impurities consisting of [*"Tc]Tc-citrate, [*™Tc]TcO, and
[*®™Tc]TcO, x nH,0 and a radiochemical purity greater than 99% (Images A20, A23 and A26 at pgs:
103, 105 and 107, Appendix).

Binding affinities of DTx (x =9, 10, 11) for NTS:R

As shown from the curves of ["*I]I-Tyr’-NT displacement from NTS;R sites in WiDr cell
membranes (Image 18), all three new compounds displayed high affinity for NTS;R. Specifically, DT9
exhibited an ICs, of 0.06 + 0.03 nM (n =3), DT10 of 0.08 + 0.05 nM (n = 3) and DT11 of 0.10 + 0.03
nM (n = 3).
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Image 18: Representative displacement curves of ['*I]I-Tyr’-NT from NTS;R sites on WiDr cell membranes by increasing
concentrations of: DT9 (solid line), DT10 (dashed line) and DT11 (dotted line).

Cell uptake of [**"Tc]Tc-DTx (x = 9, 10, 11) in AsPC-1 cells

Time-dependent cell uptake curves of the three new Lys’-modified radioligands and [*™Tc]Tc-
DT1 in AsPC-1 cells are included in Image 19. A comparable behavior was observed for [*™Tc]Tc-
DT1, [*"Tc]Tc-DT9 and [*"Tc]Tc-DT10 (p > 0.05 across analogs), while [*"Tc]Tc-DT11 showed
lower uptake (p < 0.0001). After 1 h, all radiotracers reached a plateau and at the 2 h interval the values
remained more or less the same (p > 0.5 between 1 and 2 h for all four compounds). The predominant

part of the cell associated activity was internalized as consistent with an agonist profile.
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Image 19: Comparative cell-uptake curves over time for [*™Tc]Tc-DT1 (red lines), [*™Tc]Tc-DT9 (blue lines), [*"Tc]Tc-
DT10 (green lines) and [*™Tc]Tc-DT11 (black lines) during incubation at 37 °C with AsPC-1 cells; solid lines: internalized,
dotted lines: membrane bound radioactivity

Albumin binding of [*"Tc]Tc-DTx (x = 9, 10, 11)

As shown in Image 20, [*™Tc]Tc-DT1 had negligible albumin uptake in this assay with 0.98 +
0.15 %, followed by [*™Tc]Tc-DT11 with 3.88 + 0.50 %, as expected due to the lack of ABD groups in
their structure. The two compounds with the ABD-domain at Lys’, [*Tc]Tc-DT9 and [*™Tc]Tc-DT10,
displayed clear binding to albumin. Notably, binding to albumin could be significantly reduced by
ibuprofen, a compound previously reported for its high albumin affinity (166-168). [*"Tc]Tc-DT9 had
an albumin binding of 23.42 + 1.49 %, which dropped to 5.48 + 0.44 % by ibuprofen. In the case of
[*"Tc]Tc-DT10 albumin binding reached the highest value of 41.18 + 2.66 %, declining to 12.81 +
4.51 % with the addition of ibuprofen. These results indicate that the PEG4 spacer positioned between
Lys” and MPBA relieved some of the steric restrictions imposed by the peptide backbone of the

conjugate to albumin binding.
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Image 20: Comparative albumin binding of [*™Tc]Tc-DT1 (solid black bars), [*™Tc]Tc-DT9 (white bars), [*™Tc]Tc-DT10
(chequered bars) and [*"Tc]Tc-DT11 (dashed bars) (****, p < 0.0001; ns: non-significant, p > 0.05)

In vivo stability of [**"Tc]Tc-DTx (x = 9, 10, 11)

The impact of different type side-chains introduced at Lys’ on the in vivo stability of resulting
radioligands was studied in mice blood samples collected 5 min pi, as summarized in Table 5.
[*"Tc]Tc-DT9 turned out to be the most degradation-prone radiotracer with only 5.09 + 0.89 %
detected intact in peripheral mice blood (p > 0.05 vs. [*"Tc]Tc-DT1), while [*"Tc]Tc-DT10 showed
the highest stability with 56.56 + 5.19 % found intact (p < 0.0001 vs. [*"Tc]Tc-DT1). [*™Tc]Tc-DT11
displayed an intermediate stability with 35.65 + 5 % remaining intact (p < 0.0001 vs. [*™Tc]Tc-DT1).
With the use of Entresto®, stability was increased to 5.15 + 1.58 % (p > 0.05 vs. control), 76.98 + 3.31
(p < 0.0001 vs. control) and 58.69 + 7.17 % (p < 0.0001 vs. control) for the three respective
radiotracers. In the Lis treated groups, [*"Tc]Tc-DT9 remained up to 37.14 + 6.49 % intact (p < 0.0001
vs. control), [*"Tc]Tc-DT10 increased slightly to 66.89 + 1.24% (p > 0.05 vs. control) and [*™Tc]Tc-
DT11 to 42.63 £ 2.79 % (p > 0.05 vs. control). Notably, in the groups receiving the combination of
inhibitors, all three radioligands demonstrated maximum stability, with the respective values being
68.02 + 3.01 % (p < 0.0001 vs. control), 86.33 £ 1.94 % (p < 0.0001 vs. control) and 73.98 + 4.93 % (p

<0.0001 vs. control) intact.

These results, once more confirm the major role of two peptidases, NEP and ACE, in the in vivo
degradation of [*™Tc]Tc-DT9, [*"Tc]Tc-DT10 and [*™Tc]Tc-DT11. Furthermore, it is evident that two

key factors contribute to their partial stabilization in circulation. First, the steric effect of the pendant
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groups at Lys’ for the approaching enzymes and second the affinity of those side-chains for albumin.
Their combination in [*"Tc]Tc-DT10 could produce the best outcome in terms of stabilization.
Interestingly, [*"Tc]Tc-DT10, with the PEG4-MPBA branch, displayed the highest albumin binding
(Image 20), and was the most stable member in this small library of analogs. It remained equally stable
during single treatment with Entresto® with [*"Tc]Tc-DT9 & [*"Tc]Tc-DT11 treated with the
NEP/ACE — inhibitor combination (p > 0.05). Another interesting finding is a strong impact of the non-
albumin binding PEG6 group on the observed resistance of [*™Tc]Tc-DT11 to ACE (42.63 + 2.79%
intact in the Lis group vs. 35.65 £ 5% intact in controls, p > 0.05). In contrast, the strong stabilization
effect of Lis-treatment was evident in the case of the ABD-carrying [*"Tc]Tc-DT9 (37.14 +6.49 %
intact in the Lis group vs. 5.09 + 0.89 % intact in controls, p < 0.0001), revealing the impact of steric

factors in the observed higher stability of [*™Tc]Tc-DT11 against ACE.

Table 5: In vivo stability of [*™Tc]Tc-DT9, [*Tc]Tc-DT10 and [*™Tc]Tc-DT11 in the blood of healthy mice 5 min pi
without or after treatment of animals with NEP and/or ACE inhibitor(s); values correspond to percentage of intact
radioligand and are the mean + sd, with number of experiments shown in parentheses.

Group [*¥"Tc]Tc-DT9 [®™Tc]Tc-DT10 [®"Tc]Tc-DT11
Control 5.09 + 0.89 (3) 56.56 + 5.19 (3) 35.65 + 5 (3)
Entresto 5.15+ 1.58 (3) 76.98 + 3.31 (3) 58.69 £ 7.17 (3)

Lis 37.14 +6.49 (3) 66.89 + 1.24 (3) 42.63 +2.79 (3)
Entresto®+Lis 68.02 + 3.01 (3) 86.33 £ 1.94 (3) 73.98 + 4.93 (3)

Biodistribution of [*™Tc]Tc-DTx (x = 9, 10, 11) in AsPC-1 tumor-bearing
mice

The biodistribution profile of the three new radioligands was assessed both at 4 h and 24 h pi
taking into account the anticipated prolonged circulation times of [*"Tc]Tc-DT9 and [*™Tc]Tc-DT10
due to their albumin binding capabilities (Image 20). It should be noted that for [*™Tc]Tc-DT10 only
Entresto® was administered in the animals, based on findings from the stability study. Comparable
stabilization levels could be achieved for [*"Tc]Tc-DT9 and [*"Tc]Tc-DT11 only by the combination
of inhibitors and therefore, the latter stabilization option was adopted for the two radiotracers. As
shown in Tables A7, A8 & A9 (Appendix, pgs: 104, 106 & 108) and Image 21, the three analogs
displayed higher uptake in the AsPC-1 tumors at 4 h pi in comparison with [*™Tc]Tc-DT1 in the
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control groups ([*™Tc]Tc-DT9 — 2.5 + 0.6 %IA/g, p < 0.0001; [*™Tc]Tc-DT10 — 4.49 + 0.37 %IA/g, p
< 0.0001, [*"Tc]Tc-DT11 — 3.63 + 0.42 %IA/g, p < 0.0001). With the administration of the inhibitor(s)
those values increased to 5.03 + 0.47 %IA/g, p < 0.0001; 6.14 + 0.08 %IA/g, p < 0.0001; and 4.48 +
1.23 %IA/g, p > 0.05, vs. the corresponding controls. Tumor values substantially declined at 24 h pi for
both control and inhibitor(s)-treated groups. For the control groups the values were 0.47 + 0.06 %IA/g
for [*™Tc]Tc-DTY, 1.87 + 0.07 %IA/g for [*"Tc]Tc-DT10 and 1.74 + 0.20% [A/g for [*"Tc]Tc-DT11,
reaching to 1.71 + 0.28 %IA/g, 2.96 + 0.63 %IA/g and 2.47 + 0.57 %IA/g in the treated groups,
respectively. We observe that [*"Tc]Tc-DT10 displayed a superior tumor targeting both in controls and
in the single inhibitor-treated animals compared to [*"Tc]Tc-DT9 and [*™Tc]Tc-DT11, even when the

latter were treated with both inhibitors.

All three radiopeptides displayed a faster clearance from the background in comparison with
[*™Tc]Tc-DT8, both in the control groups and the treated groups. In the 4 h control group [*™Tc]Tc-
DT9 displayed, 3.27 + 0.53 %IA/g liver uptake (p < 0.0001), 5.79 + 0.63 %IA/g kidney uptake (p <
0.0001) and 2.34 + 0.39 %IA/g uptake in the intestines (p < 0.0001), while in the inhibitor-treated
mice, these values were 2.00 + 0.21 %IA/g (p < 0.001), 4.38 + 0.81 %IA/g (p < 0.0001) and 2.49 +
0.16 % IA/g (p < 0.0001), respectively. [*"Tc]Tc-DT10 displayed lower liver (1.19 + 0.18 %IA/g —
control, p < 0.0001; 1.28 + 0.08 %IA/g — Entresto®, p < 0.0001) and kidney uptake (3.11 + 0.32 %IA/g
— control, p < 0.0001; 3.57 + 0.36% IA/g — Entresto®, p < 0.0001), with similar values in intestines
(1.89 + 0.18 %IA/g — control, p < 0.0001; 2.61 + 0.2% IA/g — Entresto®, p < 0.0001). Last, [*™Tc]Tc-
DT11 displayed similar clearance pattern with [*"Tc]Tc-DT10, with the liver (0.26 + 0.04 %IA/g —
control, p > 0.05; 1.04 + 0.31 %IA/g — Entresto®+Lis, p > 0.05) and intestinal (2.44 + 0.51 %IA/g —
control, p > 0.05; 6.92 + 2.55 %IA/g — Entresto®+Lis, p > 0.05) uptake found on the same level with
[*™Tc]Tc-DT10. In contrast, kidney values in controls at 4 h pi were at 2.44 + 0.51 %IA/g (p > 0.05),
while in the Entresto® +Lis treated group they increased to 6.92 + 2.55 %IA/g (p < 0.0001), being
statistically different from the values of [*™Tc]Tc-DT10 in the Entresto® treated group at 4 h pi. All
three compounds were cleared from the background at 24 h pi with the uptake values for liver, kidney
and intestines dropping below 1 % IA/g. These results could be visualized by SPECT/CT for [*™Tc]Tc-
DT10 (Image 22) and for [*"Tc]Tc-DT1 (Image 23) at 4 h pi.
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Image 21: Biodistribution of [*™Tc]Tc-DT9 (up-left), [*"Tc]Tc-DT10 (up-right) and [*™Tc]Tc-DT11 (bottom - center) in
SCID mice bearing AsPC-1 xenografts, selectively for Bl: blood, Li: liver, Ki: kidneys, In: intestines and. Tu: AsPC-1

tumor; data is expressed as %IA/g and represents the mean + sd, n = 4. Black bars: blocked 4 h pi, white bars: control 4 h pi,
dashed bars: Entresto®+Lis 4 h pi (only Entresto® for [*"Tc]Tc-DT10), gray bars: control 24 h pi, chequered bars:

Entresto®+Lis treated 24 h pi (only Entresto® for [*™Tc]Tc-DT10) (ns: non-significant, p > 0.05; *, p < 0.05; **, p < 0.01;
p y g p p p
*k% p <0.001; **** p <0.0001).
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Image 22: SPECT/CT image of [*"Tc]Tc-DT10 in SCID mice bearing AsPC-1 xenografts, 4 h pi. From left to right: block,
control and Entresto® treated mouse (block: mouse treated with excess NT and Entresto®). Red circles indicate xenograft
sites.

Image 23: SPECT/CT image of [*™Tc]Tc-DT1 in SCID mice bearing AsPC-1 xenografts, 4 h pi. From left to right: block,
control and Entresto®+Lis mouse (block: mouse treated with excess NT and Entresto®+Lis). Red circles indicate xenograft
sites.
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Summary

Three new compounds, each with a different ABD/PEGx pendant group attached to the e-amine
of Lys’ introduced in the DT1 motif were developed and evaluated. Specifically, DT9 carried the ABD-
moiety MPBA. For DT10 a PEG4 spacer was introduced between Lys’ and MPBA, while in DT11 a
non-albumin binding PEG6 group was attached. As reported in the preceding section, such
modifications could be well tolerated by the NTS;R, even in the case of bulky substituents (e.g. the
palmitoyl-group in [*"Tc]Tc-DT8). Indeed, such compounds (e.g. DT8) were shown to retain high
NTS;R affinity and the corresponding [*"Tc]Tc-radioligands (e.g. [*"Tc]Tc-DT8) to show high cell
uptake capability in AsPC-1 cells.

At the molecular level, the three new analogs displayed comparable sub-nanomolar affinity for
NTS;R, confirming the suitability of position Lys’ for introduction of bulky-chain groups. In a head-to-
head comparison in AsPC-1 cells, [*"Tc]Tc-DT9 and [*™Tc]Tc-DT10 displayed comparable cell uptake
with [*"Tc]Tc-DT1, while the PEG6-containing [*™Tc]Tc-DT11 exhibited slightly lower values. Their
rank of albumin binding capabilities was as expected. Thus, the non-ABD-carrying [*™Tc]Tc-DT11
showed similar values with the unmodified [*"Tc]Tc-DT1. On the other hand, the MPBA-containing
[*™Tc]Tc-DT9 and [*™Tc]Tc-DT10 showed high albumin binding. The presence of the PEG4 linker in
[*™Tc]Tc-DT10 resulted in almost twice as high the uptake of [*"Tc]Tc-DT9, probably due to steric

factors.

In mice peripheral blood, [*™Tc]Tc-DT9 displayed similar stability with [*"Tc]Tc-DT1, despite
its higher binding to albumin, thereby emphasizing the impact of steric factors in the radioligand
resistance against NEP and/or ACE. On the other hand, both [*"Tc]Tc-DT10 and [*"Tc]Tc-DT11,
showed notably higher stability, which further indicates that both albumin binding and steric hindrance
towards the involved peptidases play a synergistic roll in the extent of their in vivo degradation. Of
particular interest is the fact that in all instances [*Tc]Tc-DT10 displayed superior stability over the
other two radioligands. Notably, [*"Tc]Tc-DT10, after single treatment with Entresto®, reached

comparable stability values to [*"Tc]Tc-DT9 or [*"Tc]Tc-DT11, during treatment with Entresto®+Lis.

In mice bearing NTS;R-positive AsPC-1 xenografts, all three compounds displayed higher
tumor uptake in comparison with [*"Tc]Tc-DT1 in the control groups, a finding attributed to their
increased stability. Notably, [*™Tc]Tc-DT10 outperformed [*"Tc]Tc-DT9 and [*"Tc]Tc-DT11,

reaching superior tumor uptake across all groups, even after treatment of animals with inhibitors.
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Likewise, [*"Tc]Tc-DT10 by far outperformed [*™Tc]Tc-DT8 in terms of background clearance.
Interestingly, [*™Tc]Tc-DT11 demonstrated the fastest blood clearance among the Lys’ branched

analogs, due to little to non-binding to albumin and its higher hydrophilicity.
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Discussion

As outlined in the chapter “Aim of the present work” the main objective of the current work
was the evaluation of new analogs and strategies in the diagnostic imaging of PC, using SPECT and
SPECT/CT modalities. In order to achieve this goal, the over-expression of NTS;R in the majority of
PDAC cases was exploited and Tc-99m labeled radiopeptides based on NT(8-13) and conjugated with

an open-chain tetraamine chelator were developed and evaluated.

Two major routes, as well as their combination were explored. Firstly, potential improvements
in the performance of previously reported NT(8-13) [*™Tc]Tc-radiopeptides were investigated adopting
in situ inhibition of NEP and/or ACE methods through the administration of selective, potent and
reversible peptidase-inhibitors (39,67). Secondly, key structural changes were introduced aiming to
improve the in vivo stability and overall pharmacokinetics of the new analogs. Such structural changes
can be subdivided into two categories: (1) C-terminal modification/elongation (140,148) and (2)

branching via the e-amino group of a Lys’ residue, carrying the tetraamine chelator at its a-amino
group.

Some major objectives had to be tackled in order to efficiently assess the above-mentioned

approaches.

* First the in vitro and in vivo re-evaluation of previously reported analogs was undertaken in
order to reveal potential benefits during in situ inhibition of NEP and/or ACE. Accordingly, a
reference compound/methodology could be selected to serve as a baseline in any further
assessments. By a head-to-head comparison of [*"Tc]Tc-DT1, [*™Tc]Tc-DT5 and [*™Tc]Tc-
DT6 in colon adenocarcinoma WiDr cells and animal models adopting NEP/ACE inhibition
modes (NEP-inhibitor PA, or the ACE-inhibitor Lis, a registered antihypertensive drug), some

conclusions could be drawn:

* The substitutions introduced into the motive of DT1 thus resulting DT5 ([pAla’,Dab’]DT1) and
DT6 ([BAla’,Dab’Tle'*]DT1), especially the Tle'*/Ile’® replacement, were successful in
improving the radioligand in vivo stability in mice peripheral blood. However, these
modifications were at the cost of cell uptake in vitro, eventually resulting in poor tumor uptake

in vivo (in mice bearing WiDr xenografts).
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* The free primary amine of Dab resulted in unfavorably high kidney uptake and retention of
[*"Tc]Tc-DT5 and [*™Tc]Tc-DT6. On the other hand, all animal groups which received
[*™Tc]Tc-DT1 displayed a much faster clearance from the background with significant lower

kidney values in comparison with the two Dab’-modified radiotracers.

* The unmodified [*™Tc]Tc-DT1 displayed the highest cell uptake in vitro. Nevertheless, the
corresponding tumor values were low in vivo, at least in the control groups. This finding is
attributed to its fast degradation by both NEP and ACE, resulting in only 1.8 + 0.8 % radiotracer
remaining intact 5 min pi in healthy mice. After treatment of the animals with the combination
of PA+Lis stability drastically increased to 72.3 + 3.2 % in peripheral mice blood and tumor
values went up to 9.60 + 3.62 %IA/g at 4 h pi in tumor beraing mice, the highest observed

values amongst all analogs and groups tested herein.

* In situ inhibition of NEP and/or ACE may represent a valid strategy to improve the

pharmacokinetic profile of already reported biodegradable radiotracers based on NT(8-13).

According to the above, [*™Tc]Tc-DT1 was chosen as the reference compound under NEP and

ACE inhibition during the in vivo assessments for the rest of this work (65).

For the establishment of a convenient and reliable cell and animal model to assess new
strategies and compounds for PC, four different PC cell lines were initially tested in vitro. The cell
uptake rate for all four was directly compared with that of [*™Tc]Tc-DT1 (63). It was demonstrated that
the highest cell-uptake values were reached in AsPC-1 cells (15.2 + 2.6 %), which were comparable to
those in WiDr cells (10.12 + 2.29). The radiotracer showed stepwise declining values in PANC-1,
MiaPaca-2 and CAPAN-1 cells. Tested for tumorigenicity in SCID mice, AsPC-1 cells were found to
produce well-palpable tumors in a time span of 3-4 weeks post implantation, a period comparable with
the one required for WiDr tumor induction. During biodistribution of [*"Tc]Tc-DT1 in SCID mice
bearing AsPC-1 xenografts, the radiotracer displayed a similar profile to the one shown in WiDr tumor-
bearing mice. Uptake in AsPC-1 tumors (7.05 £ 0.80 %IA/g) under combined NEP and ACE inhibition,
in Entresto®+Lis treated mice, were comparable (although slightly inferior) to the uptake in WiDr
tumors in mice treated with PA+Lis (9.60 + 3.62 %IA/g). Hence, AsPC-1 cells turned out to be a
convenient and reliable NTS;R-positive cell model of PC. Moreover, the switch from PA to the
registered antihypertensive drug Entresto® was shown to be successful in NEP-inhibition, in support of

the clinical translation of the in situ NEP and/or ACE inhibition approach (63,65,67). It should be noted
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however that cases of angioedema have been reported in patients receiving dual NEP/ACE-inhibitors

(121).

In the next steps, new [*"Tc]Tc-DT1 mimics were developed adopting two sets of structural
changes and evaluated in AsPC-1 cell and animal models vs. [*"Tc]Tc-DT1, without or during NEP

and/or ACE inhibition with Entresto® and Lis, repectively.

First, the C-terminal modification was pursued via either C-terminal elongation of the peptide
chain by D-Asn at position 14 (DT7), or the f°hLeu'/Leu" substitution (DT13) (140,148). As expected
from similar analogs, these modifications were well tolerated by NTS;R with both analogs retaining
high receptor affinities (DT7: ICs= 29.05 £ 4.11 nM; DT13: ICs= 0.63 £ 0.05 nM). Furthermore, the
respective [*"Tc]Tc-radiotracers turned out to be more stable against ACE, although only the
combination of Entresto®+Lis led to their full stabilization. Unfortunately, these changes compromised
the uptake of both [*"Tc]Tc-DT7 and [*"Tc]Tc-DT13 in AsPC-1 cells, with uptake values not
exceeding 1 % of added radioactivity. Hence, the biodistribution profile of neither radiotracer was
tested in mice bearing AsPC-1 xenografts, since low in vitro cell uptake was previously shown to be

associated with low tumor values in vivo.

The next structural intervention approach, involved analogs having different pendant groups
attached to the e-amino group of Lys that substitute the Gly’ in the DT1 motif. The first such group was
a palmitoyl side chain (DT8), mimicking analogs related to contulakin—-G which showed increased
degradation resistance and bioavailability (141,142,146). In accordance to this hypothesis, DT8
displayed an excellent receptor affinity (ICsp= 0.89 + 0.70 nM) and the resulting [*™Tc]Tc-radiotracer a
cell uptake (16.53 + 1.12% at 1 h) exceeding that of [*™Tc]Tc-DT1 (15.2 + 2.6 % at 1 h) in AsPC-1
cells. In vivo [*™Tc]Tc-DT8 was stable in peripheral mice blood and achieved high uptake and retention
in AsPC-1 tumors in mice (6.15 £ 0.92 %IA/g at 4 h and 3.32 + 0.35 %IA/g at 24 h pi). However,
[*"Tc]Tc-DT8 displayed unfavorably high background radioactivity levels. Very high values were
found in kidneys, liver and intestines, while the tumor uptake per se was not fully NTS;R-specific
(159,161,162) (Table A6, pg. 102, Appendix). Palmitic acid is certainly very lipophilic and has a very
high binding affinity for albumin, the most abundant protein in blood (159,160). As a result, [*™Tc]Tc-
DT8 exhibited prolonged residence in mice circulation with the radioactivity slowly sequestered from

blood following the albumin-excretion route.
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Three new radiotracers were eventually developed carrying ABD or non-ABD pendant groups
on Lys’. Two analogs contained MPBA(163,164) either directly (DT9), or via a PEG4-linker (DT10).
MPBA was chosen as an ABD moiety with a significantly lower affinity for albumin in comparison
with palmitic acid. The non-ABD pendant group attached to Lys’ was PEG6 (DT11), to closer imitate
the length of palmitic acid in DT8, but not its excessive lipophilicity or albumin biding capacity. In this
way, steric parameters in the interaction of the resulting radiotracer with the active center of NEP or
ACE became more evident. All three analogs, despite the bulky side-chains at Lys’, retained very high
affinity for NTS;R (DT9: ICs= 0.06 + 0.03 nM; DT10: ICs,= 0.08 + 0.05 nM; DT11: ICs,= 0.10 + 0.03
nM). The respective [*"Tc]Tc-DT9 and [*"Tc]Tc-DT10 radioligands were taken up in AsPC-1 cells
equally well with [*"Tc]Tc-DT1, with [*"Tc]DT11 however showing somewhat lower uptake (Image
21, pg 53, Results). The latter finding is in agreement with previous reports on the negative effect of
increasing PEG-chain length on the cell uptake of PEG-carrying radiotracers (169-172) Concerning
albumin binding capabilities, [*"Tc]Tc-DT9 and [*™Tc]Tc-DT10 displayed the highest binding to
albumin (23.42 + 1.49 % and 41.18 + 2.66 %, respectively). This binding could be significantly
reduced with the addition of ibuprofen, a widely used pain-killer with high albumin affinity (166—-168).
In contrast, [*™Tc]Tc-DT11 showed much lower binding to albumin (3.88 + 0.50 %), which was found
closer to the binding of [*"Tc]Tc-DT1 (0.98 + 0.15 %), a finding expected for compounds lacking
ABD residues.

During in vivo stability measurements, [*"Tc]Tc-DT9 showed little to no-resistance to either
NEP or ACE (5.09 + 0.89 % intact at 5 min pi), unlike [*"Tc]DT10 and [*"Tc]DT11 which displayed
drastically higher stability ([*™Tc]Tc-DT10: 56.56 + 5.19 % intact; [*"Tc]Tc-DT11: 35.65 + 5 %
intact). All three radiotracers though reached their maximum stability with the combination of
Entresto®+Lis (68.02 + 3.01 % intact, 86.33 + 1.94 % intact and 73.98 + 4.93 % intact, respectively).
Interestingly, [*™Tc]Tc-DT10 during Entresto® treatment (66.89 + 1.24 %) achieved stability levels
similar to [*™Tc]Tc-DT9 or [*™Tc]Tc-DT11 during treatment with the Entresto®+Lis combination. The
biodistribution profile of all three radiopeptides was subsequently investigated in SCID mice bearing
AsPC-1 xenografts to relate in vitro data and in vivo stability results with tumor uptake and
pharmacokinetics. Tumor uptake in control groups of all radiotracers were superior to [*™Tc]Tc-DT1,
with [*™Tc]Tc-DT10 achieving the highest uptake in the AsPC-1 tumors (4.49 + 0.37 %IA/g at 4 h pi).
They all showed a faster clearance from the background in comparison with [*™Tc]Tc-DT8. In

particular, they displayed a similar background pattern with [*™Tc]Tc-DT1. Interestingly, [*™Tc]Tc-
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DT10 even during treatment with Entresto® or [*"Tc]Tc-DT9 and [*"Tc]Tc-DT11 during treatment
with the Entresto®+Lis, demonstrated equally rapid clearance from the background. Moreover, it
became evident that [*™Tc]Tc-DT10 outperformed all other radiotracers tested in the present work, in
terms of AsPC-1 tumor targeting capabilities and background clearance while reaching its maximum
efficacy during treatment with Entresto®. This result, is significant by setting any concerns about
angioedema at rest, concerns associated with the occurrence of angiodema after application of dual

NEP/ACE inhibitors in human (121).

It is necessary at this point to make a comparison between [*™Tc]Tc-DT10 and other reported
NTS;R-targeting radiotracers. First in line for comparison is [*"Tc]Tc-NT-XI ((NaHis)Ac-Lys-(¢CH,-
NH)-Arg-Pro-Tyr-Tle-Leu) (Image D1) , a doubly stabilized NT(8-13) analog, with a plasma half-life
of 21 days in vitro, which underwent pilot clinical trials in a small number of PDAC patients (129).
Despite a high affinity for NTS;R (Kp= 0.5 £ 0.3 nM) in HT-29 cell membranes, its biodistribution
profile was far from optimal, with high kidney retention (10.1 + 2.6 %IA/g at 3 h pi, 6.2 + 0.7 %IA/g at
24 h pi) and rather low tumor uptake (1.7 = 1.0 %IA/g at 3 h pi and 1.4 + 0.2 %IA/g at 24 h pi) in
female CD1 nude mice with HT-29 xenografts. After changing the chelator to DTPA (Image D1) and
labeling with In-111, the affinity dropped (K= 8.11 + 1.03 nM) and the kidney and tumor values
dropped as well in the same animal model (3.90 £ 0.59 %IA/g and 0.52 + 0.23 %IA/g, respectively, at 1
h pi) (173).
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Image D1. Structures of NaHIS-NT-XI, DTPA-NT-XI (DTPA-NT-20.3), DOTA-NT-20.3 and DOTA-3BP-227

Another NT(6-13)-based radiotracer, ["'In]In-DTPA-NT-20.3 (Ac-Lys(DTPA)-Pro-Arg-Nme-
Arg-Pro-Tyr-Tle-Leu) (Image D1) (173), clearly displayed a higher affinity for NTS;R in comparison
with the above two analogs (2.24 + 0.21 nM). The radiopeptide was found to remain 26.5% (26 — 27%)
intact at 15 min pi in BALB/c mice. During biodistribution in CD1 nude mice bearing HT-29
xenografts, values reported for tumors were up to 4.85 + 0.25 %IA/g at 3 h pi in the best case or 2.0 +
0.4 %IA/g in another report, dropping to 0.86 + 0.07 %IA/g at 24 h pi. Kidney values were 2.38 + 0.21
[A/g or 7 + 2 %IA/g at 3 h pi, dropping to 1.9 £+ 0.3 %IA/g at 24 h pi. By switching the chelator to
DOTA (Image D1) (174), the ["In]In-tagged DOTA-analog displayed fair NTS;R-affinity in assays
with living HT-29 cells (ICs, = 15 + 1 nM). The respective ["'In]In-DOTA-radiotracer injected in
BALB/c mice remained 22 + 1 % intact in circulation at 15 min pi. Tumor and kidney values were at
2.5+ 0.2 %IA/g and 4.9 £ 0.4 %IA/g, respectively, at 3 h pi declining to 1.9 £+ 0.2 %IA/g and 5.2 + 0.5
%IA/g, respectively, at 24 h pi, in female CD1 nude mice bearing HT-29 xenografts.

Very recently NTS;R-direceted radioligands based on small organic NTS;R-antagonists have
been emerging as theranostic radiopharmaceutical candidates of human PC. Such is 3BP-227 (Image
D1), with ['"Lu]Lu-3BP-227 already in clinical trials for metastatic PDAC therapy (175,176). The

biodistribution profile of ['"'In]In-3BP-227 was preclinically assessed in female nude mice bearing HT-
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29 tumors. Tumor values reached 7.49 + 2.94 %IA/g at 3 h pi dropping to 2.32 + 1.28 %IA/g at 24 h pi,
while kidney values were 2.49 + 0.42 %IA/g at 3 h pi and declining as low as 1.37 + 0.67 %IA/g at 24
h pi (177).

A few important points have to be taken into account before drawing solid conclusions from the
comparison of the above reported data against the findings of the present work: first, the phenotype
differences across different strains and genders of mice and second the varying NTS;R-expression
levels across cell lines and tumors thereof. In the present study, [*"Tc]Tc-DT1 displayed higher uptake
in WiDr tumors in vivo during combined NEP+ACE inhibition than in the AsPC-1 implants. It should
be noted that WiDr cells derive from HT-29 cells (178) and accordingly, [*™Tc]Tc-DT10 could show
higher uptake in HT-29 tumors anyway. In view of that, it could be concluded that [*™Tc]Tc-DT10
outperformed any of the aforementioned peptide radiotracers in their NTS;R-positive tumor targeting
capabilities, while showing lower kidney retention even during treatment with Entresto® (129,173,174).
In comparison with [""'In]In-3BP-227 (177), [*"Tc]Tc-DT10 displayed similar tumor uptake at 4 h pi
after treatment of the mice with Entresto®, while at 24 h pi similar values were observed with
[®™Tc]Tc-DT10, even in the control group. When comparing the kidney retention of the two
radiotracers, similar renal values could be observed at 3 and 4 h pi, respectively. During treatment with
Entresto®, renal values for [*"Tc]Tc-DT10 were slightly higher, while at 24 h pi ['"'In]In-3BP-227
displayed higher retention than [*™Tc]Tc-DT10 in both control and Entresto®-treated groups. Despite
the similar performance of [''In]In-3BP-227 and [*™Tc]Tc-DT10, the latter has some attributes that
render it more appealing for broader clinical use, such as: the high availability of Tc-99m via
commercial M0-99/Tc-99m generators, the faster and cheaper synthesis of a peptide-conjugate vs. a
small organic molecule conjugate as well as the lower chances of a peptide analog for off-targeting.
Some could nevertheless raise the argument of the higher inherent biosafety of antagonists over
agonists, but all the clinical data acquired thus far for NT(8-13)-based radiotracers have shown their

excellent tolerability and safety after administration to patients (152,175,179,180).
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Appendix

Data for [**"Tc]Tc-DT1
Labeling & QC
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Image Al: Representative chromatogram of DT1 - quality control (QC) after labeling; photometric trace at UV 220 nm.
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Image A2: Representative radiochromatogram of [*™Tc]Tc-DT1 - QC after labeling; gamma trace
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In vivo stability

Relative radioactivity
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Image A3: Representative radiochromatograms for the in vivo stability of [*"Tc]Tc-DT1: blood samples from healthy mice
at 5 min pi. Dashed — black line: control, solid — black line: PA, dashed — gray: Lis, solid — gray line: PA+Lis.

Relative radioactivity

0 10 20 30
Time (min)

Image A4: Representative radiochromatograms for the in vivo stability of [*"Tc]Tc-DT1: blood samples from healthy mice
5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Lis, solid — gray line: Entresto®+Lis.
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Biodistribution tables

Table A1: Biodistribution results of [*™Tc]Tc-DT1 in male SCID mice bearing WiDr xenografts at 4 h pi. Results are
expressed as %IA/g and represent the mean values + sd (n = 4). The animals in Block were administered with an excess of
NT and the combination of PA + Lis.

Tissue Control PA Lis PA + Lis Block
Blood 0.15+0.01 0.12 +0.03 0.10 £ 0.01 0.13 +0.06 0.07 £ 0.02
Liver 0.42 £ 0.02 0.47 £ 0.05 0.39 £ 0.05 0.58 £ 0.12 0.42 £ 0.02
Heart 0.08 + 0.00 0.10 £ 0.02 0.08 + 0.02 0.10 £ 0.02 0.05 +0.01
Kidneys 1.80 £ 0.14 2.26 £ 0.30 2.24 +0.34 3.61+0.93 2.89 + 0.56
Stomach 1.89 + 0.26 1.39 +0.12 1.18 £ 0.22 1.39 +0.73 0.90 £ 0.25
Intestines 1.30 £ 0.26 2.91 +£0.30 1.72 £0.29 2.96 +1.02 0.43+0.14
Spleen 0.26 + 0.06 0.56 +0.13 0.32 £ 0.07 1.01 +0.30 0.43+0.14
Muscle 0.03 £0.01 0.05+0.03 0.03 +0.01 0.07 £ 0.06 0.26 £ 0.02
Lungs 0.23 £0.01 0.42 +0.06 0.19 +£0.02 0.67 +0.08 0.23 +£0.10
Pancreas 0.08 £ 0.01 0.10 £ 0.02 0.06 £ 0.01 0.12 £ 0.02 0.04 £ 0.01
Tumor 1.20 £ 0.21 458 +0.47 1.60 + 0.47 9.60 + 3.62 0.23 +0.09

Table A2: Biodistribution results of [*™Tc]Tc-DT1 in male SCID mice bearing AsPC-1 xenografts at 4 and 24 h pi. Results
are expressed as %IA/g and represent mean values + sd (n = 4). EL stands for Entresto®+Lis. The animals in Block were
administered with an excess of NT and the combination of Entresto®+Lis.

Tissue 4h 4h+EL 24 h 24 h + EL 4 h Block
Blood 0.07 £0.01 0.08 £ 0.02 0.08 + 0.07 0.07 £0.01 0.09 £ 0.01
Liver 0.44 £ 0.05 0.67 +0.06 0.17 £ 0.01 0.4 £0.07 0.055 + 0.06
Heart 0.08 £0.01 0.11 £ 0.02 0.08 £ 0.05 0.14 £0.04 0.18 £0.11
Kidneys 4.18 £ 3.80 6.81+1.74 0.58 £ 0.1 1.46 £ 0.07 415+ 1.75
Stomach 0.48 £ 0.26 0.57+£0.14 0.44 + 0.46 0.28 £ 0.02 2.75+1.63
Intestines  0.65 + 0.04 2.13+0.24 0.34 +0.08 1.04 £ 0.09 1.07 £ 0.01
Spleen 0.22 £0.05 0.58 £ 0.35 0.25+0.21 0.55+0.21 0.31 £ 0.07
Muscle 0.03 +£0.01 0.06 +0.03 0.06 +0.05 0.06 +0.02 0.07 £ 0.06
Lungs 0.18 £0.03 0.62 £ 0.35 0.12 £ 0.08 0.31 £0.03 0.41 +£ 0.07
Pancreas 0.05+0.01 0.10 £ 0.01 0.08 + 0.07 0.10 £ 0.01 0.08 +0.00
Tumor 1.25+£0.14 7.05 £ 0.80 0.71+0.1 2.43 £ 0.37 0.74 £ 0.01

Table A3: Biodistribution results of [*™Tc]Tc-DT1 in male SCID mice bearing MiaPaca-2 xenografts at 4 h pi during
treatment with the Entresto®+Lis combination. Results are expressed as %IA/g and represent mean values + sd (n = 4).

Tissue 4h+EL
Blood 0.06 £ 0.01
Liver 0.57 £ 0.04
Heart 0.08 £ 0.02
Kidneys 5.86 + 0.14
Stomach 0.37 + 0.05
Intestines 2.43+0.6
Spleen 0.49 £0.03
Muscle 0.03 +£0.01
Lungs 0.43 £ 0.04
Pancreas 0.1 +0.02
Tumor 1.97 +£0.25
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Data for [**"Tc]Tc-DT5

Labeling & QC
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Image A6: Representative chromatogram of DT5 - QC after labeling; photometric trace at UV 220 nm.
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Image A7: Representative radiochromatogram of [*"Tc]Tc-DT5 - QC after labeling; radiometric trace.
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In vivo stability
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Image A8: Representative radiochromatograms for the in vivo stability of [*"Tc]Tc-DT5: blood samples from healthy mice
5 min pi. Dashed — black line: control, solid — black line: PA, dashed — gray: Lis, solid — gray line: PA+Lis.
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Image A9: Representative radiochromatograms for the in vivo stability of [*"Tc]Tc-DT5: blood samples from healthy mice
5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Lis, solid — gray line: Entresto®+Lis.
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Biodistribution tables

Table A4: Biodistribution results of [*™Tc]Tc-DT5 in male SCID mice bearing WiDr xenografts at 4 h pi. Reuslts are
expressed as %IA/g and represent mean values + sd (n = 4). The animals in Block were treated with excess NT and the PA +
Lis combination

Tissue Control PA + Lis Block
Blood 0.45+£0.16 0.41 +0.12
Liver 0.90 £ 0.20 1.12 £0.27
Heart 0.16 £ 0.04 0.22 £0.05
Kidneys 8.63+1.8 16.62 £ 1.63
Stomach 2.00 £0.35 2.02 £ 0.37
Intestines 2.90 +0.28 4.30 + 0.52 0.42 +0.01
Spleen 0.31 £0.09 0.86 £ 0.07
Muscle 0.07 £0.02 0.11 £0.16
Lungs 0.43+£0.10 1.10 £ 0.16
Pancreas 0.16 + 0.04 0.29 + 0.03
Tumor 0.88 £ 0.08 12.29 +2.73 0.13+0.01

Data for [*™Tc]Tc-DT6

Labeling & QC

0.010° -100.00
] -80.00

-0.010° -

-0.020- 6000 2
) 1 i |
T _0.030° - 3

] 4000 O

-0.040° - 2

-0.0504 -20.00

-0.060+

] -0.00
000 200 400 600 800 1000 1200  14.00
Minutes

Image A10: Representative chromatogram of DT6 - QC after labeling; photometric trace at UV 220 nm.
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Image A11: Representative radiochromatogram of [*™Tc]Tc-DT6 - QC after labeling; radiometric trace.
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Image A12: Representative radiochromatograms for the in vivo stability of [**"Tc]Tc-DT6: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: PA
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Biodistribution tables

Table A5: Biodistribution results of [*™Tc]Tc-DT6 in male SCID mice bearing WiDr xenografts at 4 h pi. Results are
expressed as %IA/g and represent mean values + sd (n = 4). The animals in Block were treated with excess NT and the PA +

Lis combination.

Tissue Control PA Lis PA + Lis Block
Blood 0.10 £ 0.06 0.10 £ 0.03 0.08 + 0.03 0.09 + 0.00 0.11 +0.09
Liver 0.34 £ 0.07 0.42 +0.05 0.28 £ 0.01 0.45 + 0.07 0.36 + 0.06
Heart 0.08 £ 0.02 0.12 +0.03 0.07 £ 0.02 0.10 £ 0.02 0.09 + 0.04
Kidneys 6.09 +1.15 11.14 + 3.87 6.24 + 1.56 14.61 + 3.16 10.83 + 3.26
Stomach 0.44 +£0.11 0.87 £0.22 0.62 +0.22 0.89 £ 0.16 0.93+0.30
Intestines 1.61 £ 0.55 2.52 +£0.40 1.46 + 0.32 2.81 +£0.32 0.46 +0.21
Spleen 0.64 £ 0.14 1.71 £ 0.26 0.75+0.09 1.84 £0.28 0.48 £ 0.16
Muscle 0.04 +0.03 0.05 +0.02 0.03 +£0.01 0.09 + 0.06 0.03 +0.01
Lungs 0.22 £ 0.06 1.26 + 0.15 0.19+0.03 1.27 £0.02 0.54 + 0.07
Pancreas 0.10 £ 0.04 0.14 £ 0.02 0.07 £0.01 0.16 £ 0.02 0.07 £ 0.04
Tumor 1.68 £ 0.28 3.89 +0.71 2.15+0.43 3.50 £ 0.34 0.38 + 0.15

Data for [*™Tc]Tc-DT7
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Image A13: Representative chromatogram of DT7 - QC after labeling; photometric trace at UV 220 nm.
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Image A14: Representative radiochromatogram of [*™Tc]Tc-DT7 - QC after labeling; radiometric trace.
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Image A15: Representative radiochromatograms for the in vivo stability of [**"Tc]Tc-DT7: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Entresto®+Lis.
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Data for [*™Tc]Tc-DT8
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Image A16: Representative chromatogram of DT8 - QC after labeling; photometric trace at UV 220 nm.
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Image A17: Representative radiochromatogram of [*"Tc]Tc-DT8 - QC after labeling; radiometric trace.
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Image A18: Representative radiochromatograms for the in vivo stability of [*™Tc]Tc-DT8: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Entresto®+Lis.

Biodistribution tables

Table A6: Biodistribution results of [*™Tc]Tc-DT8 in male SCID mice bearing AsPC-1 xenografts at 4 and 24 h pi. Results
are expressed as %IA/g and represent mean values + sd (n = 4). The animals in Block were treated with excess NT and the

Entresto®+Lis combination. EL: Entresto®+Lis.

Tissue 4 h 4h+EL 24 h 24 h +EL 4 h Block
Blood 4.63 +£0.55 432 +0.42 0.68 £0.18 0.70 £ 0.06 4.25 + 0.37
Liver 29.56 + 3.77 28.42 +2.48 12.93 +1.66 16.96 + 0.94 30.93 +4.25
Heart 3.12+0.43 2.85+2.48 0.64 £0.11 0.71 £ 0.06 2.79 £ 0.47
Kidneys 9.53+1.18 9.15 £ 0.62 3.81 +0.54 4,63 +£0.15 8.56 + 0.87
Stomach 3.09 £ 1.06 2.27 £0.38 1.73 £ 0.50 1.56 £ 0.31 2.06 £ 0.47
Intestines  13.02 + 4.60 7.90 + 0.88 426 £ 0.61 5.37 + 1.61 6.27 +0.72
Spleen 6.82 +1.11 5.47 +0.47 3.42 +0.54 4.47 +0.83 6.18 £ 1.37
Muscle 0.93+0.13 0.81 £0.04 0.22 £0.02 0.24 £ 0.01 0.82+0.11
Lungs 8.80 + 1.42 7.61 +0.64 3.42 + 0.67 3.62 +0.94 8.46 £ 1.26
Pancreas 2.10 £0.30 1.85+0.18 0.75+£0.17 0.80 + 0.07 1.84 £ 0.41
Brain 0.20 £ 0.04 0.18 £0.02 0.14 £ 0.03 0.16 £ 0.01 0.14 £0.01
Tumor 6.15 + 0.92 5.24 +0.27 3.32 +0.35 2.84 £0.43 3.68 + 0.92
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Data for [*™Tc]Tc-DT9
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Image A19: Representative chromatogram of DT9 - QC after labeling; photometric trace at UV 220 nm.
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Image A20: Representative radiochromatogram of [*"Tc]Tc-DT9 - QC after labeling; photometric trace at UV 220 nm.
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Image A21: Representative chromatograms for the in vivo stability of [*™Tc]Tc-DT9: blood samples from healthy mice 5
min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Entresto®+Lis.

Biodistribution table

Table A7: Biodistribution results of [*™Tc]Tc-DT9 in male SCID mice bearing AsPC-1 xenografts both at 4 and 24 h pi.
Results are expressed as %IA/g and represent mean values + sd (n = 4). The animals in Block were treated with excess NT
and the Entresto®+Lis combination, EL: Entresto®+Lis

Tissue 4 h 4h+EL 24 h 24 h +EL 4 h Block
Blood 3.46 £ 0.60 1.20 £ 0.26 0.04 £0.01 0.05+£0.01 0.82+£0.25
Liver 3.27 £ 0.53 2.00 £0.20 0.29 £ 0.02 0.38 + 0.04 1.77 £0.21
Heart 1.12+0.31 0.43 £0.07 0.04 £0.01 0.04 £ 0.01 0.28 £ 0.06
Kidneys 5.79 + 0.63 4,38 +0.81 0.36 £ 0.03 0.45 £ 0.07 3.93+1.25
Stomach 1.03 +0.29 0.90 £ 0.34 0.17 £ 0.04 0.11 £0.03 0.43+£0.12
Intestines 2.34 £ 0.39 2.49 £ 0.16 0.24 £ 0.04 0.51 £ 0.04 1.04 £ 0.10
Spleen 0.65+0.11 1.10+0.22 0.10 £ 0.02 0.26 £ 0.03 0.66 £ 0.08
Muscle 0.37 £0.05 0.16 £ 0.04 0.01 £0.01 0.02 £ 0.01 0.13 £ 0.04
Lungs 2.15+£0.25 1.30 £ 0.48 0.16 £ 0.03 0.18 £ 0.04 0.84 £0.17
Pancreas 0.51 +£0.11 0.30 £ 0.16 0.02 £ 0.00 0.03 £ 0.01 0.20 £ 0.03
Tumor 2.49 + 0.60 5.03 +0.47 0.47 £ 0.06 1.71+0.28 1.60 £ 0.67
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Data for [*™Tc]Tc-DT10
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Image A22: Representative chromatogram of DT10 - QC after labeling; photometric trace at UV 220 nm.
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Image A23: Representative radiochromatogram of [*™Tc]Tc-DT10 - QC after labeling; radiometric trace.
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Image A24: Representative radiochromatograms for the in vivo stability of [*™Tc]Tc-DT10: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Lis, solid — gray line:
Entresto®+Lis

Biodistribution table

Table A8: Biodistribution results of [*™Tc]Tc-DT10 in male SCID mice bearing AsPC-1 xenografts at 4 and 24 h pi. Data is
expressed as %IA/g and represent mean values + sd (n = 4).The animals in Block were treated with excess NT and the

Entresto®+Lis combination, EL: Entresto®+Lis.

Tissue 4h 4 h + Entresto® 24 h 24 h +Entresto® 4 h Block
Blood 0.99 £ 0.35 0.93+0.12 0.07 £0.01 0.08 £ 0.01 0.081 +£0.29
Liver 1.19+£0.18 1.27 £ 0.08 0.31 +0.02 0.35 + 0.05 0.31 +0.02
Heart 0.39 +£0.10 0.34 £ 0.06 0.04 £ 0.01 0.08 £ 0.02 0.04 +0.01
Kidneys 3.11 +£0.32 3.57+0.36 0.62 + 0.06 0.80 + 0.05 0.62 + 0.06
Stomach 0.71 £0.09 0.63+0.13 0.19 +£0.02 0.16 £ 0.04 0.19 +0.02
Intestines 1.89 £ 0.18 2.61+0.20 0.50 + 0.04 0.69 + 0.09 0.50 + 0.04
Spleen 0.85 + 0.06 1.37+0.18 0.44 +£0.14 0.60 + 0.09 0.44 +£0.14
Muscle 0.14 + 0.04 0.17+0.01 0.03 + 0.01 0.04 + 0.00 0.03 +0.01
Lungs 0.86 + 0.21 1.23 +0.15 0.18 £ 0.03 0.34 £ 0.06 0.18 £ 0.03
Pancreas 0.25 + 0.04 0.33 + 0.06 0.07 £ 0.02 0.08 + 0.02 0.07 £ 0.02
Tumor 4.48 + 0.37 6.14 + 0.08 1.87 £ 0.07 2.96 + 0.63 1.87 + 0.07
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Data for [*"Tc]Tc-DT11
Labeling & QC
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Image A25: Representative chromatogram of DT11 QC after labeling; photometric trace at UV 220 nm.
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Image A26: Representative radiochromatogram of [*™Tc]Tc-DT11 - QC after labeling; radiometric trace.
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Image A27: Representative radiochromatograms for the in vivo stability of [**"Tc]Tc-DT11: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Lis, solid — gray line:
Entresto®+Lis

Biodistribution tables

Table A9: Biodistribution results of [*"Tc]Tc-DT11 in male SCID mice bearing AsPC-1 xenografts at 4 and 24 h pi. Results
are expressed as %IA/g and represent mean values + sd (n = 4).The animals in Block were treated with excess NT and the

Entresto®+Lis combination, EL: Entresto®+Lis.

Tissue 4h 4h+EL 24 h 24 h +EL 4 h Block
Blood 0.05 + 0.01 0.06 +£0.01 0.05+£0.01 0.07 £ 0.02 0.06 +£0.02
Liver 0.26 £ 0.04 1.04 + 0.31 0.11 £0.00 0.41 +£0.11 0.79 + 0.38
Heart 0.05 + 0.01 0.09 £ 0.02 0.05 £ 0.04 0.06 + 0.02 0.05 +0.02
Kidneys 2.43 £ 0.51 6.92 + 2.55 0.68 +0.10 0.83 £0.20 3.11+1.29
Stomach 0.19 £ 0.05 0.36 £ 0.06 0.08 £0.01 0.14 + 0.07 0.28 £0.17
Intestines 1.12+0.17 2.12 £ 0.62 0.40 £ 0.03 0.55 + 0.09 141 +1.04
Spleen 0.28 + 0.02 2.23+0.81 0.20 £ 0.03 0.97 +£0.30 1.01 £ 0.68
Muscle 0.03 £ 0.00 0.06 £ 0.02 0.03 £0.01 0.04 £ 0.01 0.02 £ 0.02
Lungs 0.12 +£0.00 0.65 +0.15 0.08 £0.01 0.26 £ 0.02 0.35+0.12
Pancreas 0.06 = 0.00 0.12 £ 0.02 0.05 +0.01 0.06 £ 0.01 0.08 + 0.04
Tumor 3.63 +0.42 448 +1.23 1.74 £ 0.20 2.47 £ 0.57 0.56 +0.18
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Data for [*™Tc]Tc-DT13
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Image A28: Representative radiochromatogram of [*"Tc]Tc-DT13 - QC after labeling; radiometric trace.
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Image A29: Representative radiochromatograms for the in vivo stability of [**"Tc]Tc-DT13: blood samples from healthy
mice 5 min pi. Dashed — black line: control, solid — black line: Entresto®, dashed — gray: Lis, solid — gray line:
Entresto®+Lis.
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Abstract: Neurotensin subtype 1 receptors (NTS1R) represent attractive molecular targets for directing
radiolabeled neurotensin (NT) analogs to tumor lesions for diagnostic and therapeutic purposes.
This approach has been largely undermined by the rapid in vivo degradation of linear NT-based
radioligands. Herein, we aim to increase the tumor targeting of three *™Tc-labeled NT analogs by
the in-situ inhibition of two key proteases involved in their catabolism. DT1 ([N4-Gly” INT(7-13)),
DT5 ([N-BAla’,Dab’INT(7-13)), and DT6 ([N4-BAla’,Dab’, Tle!?]]NT(7-13)) were labeled with ™ Tc.
Their profiles were investigated in NTS1R-positive colon adenocarcinoma WiDr cells and mice treated
or not with the neprilysin (NEP)-inhibitor phosphoramidon (PA) and/or the angiotensin converting
enzyme (ACE)-inhibitor lisinopril (Lis). Structural modifications led to the partial stabilization
of #MTc-DT6 in peripheral mice blood (55.1 + 3.9% intact), whereas *™Tc-DT1 and **™Tc-DT5
were totally degraded within 5 min. Coinjection of PA and/or Lis significantly stabilized all three
analogs, leading to a remarkable enhancement of tumor uptake for *™Tc-DT1 and *™Tc-DT5,
but was less effective in the case of poorly internalizing **™Tc-DT6. In conclusion, NEP and/or ACE
inhibition represents a powerful tool to improve tumor targeting and the overall pharmacokinetics
of NT-based radioligands, and warrants further validation in the field of NTS1R-targeted tumor
imaging and therapy.

Keywords: neurotensin; neurotensin subtype 1 receptor; *™Tc-radiotracer; tumor targeting;
protease-inhibition; neprilysin-inhibitor; angiotensin-converting enzyme-inhibitor

1. Introduction

Recent advances in nuclear medicine include personalized treatment of cancer patients,
whereby molecular probes are administered to deliver diagnostic or therapeutic radionuclides to cancer
cells with high specificity. For example, peptide analogs may be used as carriers of gamma (**™Tc, 1'1In)
or positron emitters (*3Ga, #Cu) for diagnostic single photon emission computed tomography (SPECT)
or positron emission tomography (PET) imaging to identify patients eligible for radionuclide therapy.
Therapy per se is then operated by the peptide analog carrying the respective therapeutic radionuclide
(abeta, 177Lu, 7Y, Auger electron, Mn or an alpha emitter, 225A¢) to upload cytotoxic radiation doses
selectively to tumor lesions [1-5]. The rationale of this integrated “theranostic” approach relies on
the overexpression of the target biomolecule in cancer cells while healthy surrounding tissues remain
devoid of target expression [6].
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Accordingly, the neurotensin subtype 1 receptor (NTS1R) [7,8] has been regarded as an attractive
molecular target for such purposes owing to its high density expression in many human cancers [9,10].
Thus, high NTSIR expression has been documented in pancreatic ductal adenocarcinoma [11-13],
Ewing’s sarcoma [14], colon carcinoma [15], prostate [16] and breast cancer [17], as well as other cancer
types [18]. This finding offers the opportunity to develop theranostic NTS1R-directed radioligands based
on the native tridecapeptide neurotensin (NT) for oncological applications. In recent years, many such
analogs have been developed, whereby the C-terminal hexapeptide NT(8-13) representing the shortest
fragment retaining full binding affinity for the NTSIR [19], served as motif. Several metal-chelators
were coupled to its N-terminus, either directly or via different linkers, to accommodate a variety of
clinical relevant radiometals [20-29].

Preclinical evaluation of resulting radiotracers revealed their propensity to proteolytic degradation,
impairing their tumor targeting in animal models. Further NTS1R-directed radiotracers were designed
by structural changes in the NT(8-13) motif, such as key-amino acid substitutions and/or manipulation
of peptide bonds, like reduction, methylation or introduction of triazoles, aiming to metabolic
stability improvements [30-34]. It should be noted however that radioligand stability was assessed
mainly by the in vitro incubation of analogs in mice or human serum and not in vivo. Furthermore,
these structural interventions often led to suboptimal pharmacokinetics, especially with regards to
unfavorable increases of kidney uptake. Eventually, three NTS1R-radioligands were selected for
clinical validation, but the overall results in patients turned out to be disappointing presumably as a
result of fast in vivo catabolism [35-37].

Three cleavage sites have been identified in NT and NT(8-13), including the Arg8-Arg” bond,
the Pro'?-Tyr!! bond and the Tyr!!-Ile!> bond. A number of proteases have been shown to participate
in the fast in-vivo catabolism of these peptides and their analogs. Thus, the angiotensin converting
enzyme (ACE) is involved in the rapid cleavage of the Tyr!!-Tle!> bond, whereas neprilysin (NEP)
cleaves both the Pro!%-Tyr!! and the Tyr!!-Ile'?> bonds [38-42]. It should be noted that NEP is an
ectoenzyme present in high densities in many body tissues including vasculature epithelial cells [43,44].
Given that in plasma and serum NEP is practically absent, its impact on NTS1R-radioligand stability
cannot be reliably assessed by in vitro incubation studies in the abovementioned biological fluids but
should rather be conducted in vivo [33].

We have recently proposed a new strategy to improve the metabolic stability and hence the tumor
targeting of radioligands from several peptide families via in situ inhibition of key-proteases involved
in their catabolism. Protease-inhibition may be achieved by the co-administration of selected inhibitors
together with the biodegradable radiopeptide and has led to marked enhancement of tumor uptake in
animal models and most importantly also in human [45-49].

We have decided to explore the efficacy of this promising strategy for the first time in the
field of NTS1R-radiopeptides. For this purpose, herein, we compare the biological profile of three
acyclic tetraamine-coupled NT(7-13) analogs suitable for labeling with the SPECT radionuclide
PmTe (Figure 1), namely DT1 ([N4-Gly’INT(7-13)), DT5 ([Ng-BAla’,Dab’INT(7-13)), and DT6
([N4-ﬁAla7,Dab9,Tle12]]NT(7-13)). Although the synthesis and biological data for these analogs
in NTS1R-expressing cells and animal models were previously reported [23,24], in the present study,
we mainly focus on the impact of in situ NEP and/or ACE inhibition on the in vivo stability and
pharmacokinetic profile of these structurally related analogs. Protease inhibition has been achieved
by treatment of mice with the NEP-inhibitor phosphoramidon (PA) [50] and/or the ACE inhibitor
lisinopril (Lis) [51]. Findings from this study are discussed in relation to structural modifications of the
NT(8-13) motif.
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Figure 1. Structure of DT1 (n = 1, Gly; R! = (CH,)3-NH-C=NH-NH,, Arg; R? = CH(CH;3)CH,CHj,
Ile); DT5 (n = 2, fAla; R! = (CH,),-NH,, Dab; R?> = CH(CH3)CH,CHj, Ile) and DT6 (n = 2, BAla;
R! = (CH,),-NH,, Dab; R? = C(CH3)3, Tle); arrows indicate peptidase cleavage sites, . EC
3.4.24.15, gray: EC 3.4.24.16, blue: NEP and red: ACE.

2. Materials and Methods

2.1. Peptide Analogs — Protease Inhibitors

The DT1 (N4-Gly-Arg-Arg-Pro-Tyr-Ile-Leu-OH, N4 = 6-(carboxy)-1,4,8,11-tetraazaundecane), DT5
(N4-pAla-Arg-Dab-Pro-Tyr-Ile-Leu-OH) and DT6 (N4-fAla-Arg-Dab-Pro-Tyr-Tle-Leu-OH) peptide
conjugates (Figure 1) synthesized on the solid support as previously reported [23,24] were provided by
PiChem (Graz, Austria). Neurotensin (NT = Pyr-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH)
was purchased from Bachem (Bubendorf, Switzerland). The NEP-inhibitor PA (phosphoramidon disodium
dehydrate, N-(«x-rhamnopyranosyloxy-hydroxyphosphinyl)-L-leucyl-L -tryptophan x 2Na x 2H,0)
was obtained from PeptaNova GmbH (Sandhausen, Germany) and the ACE-inhibitor Lis
(lisinopril dehydrate, ((S)1-1-[N2-(1-carboxy-3-phenylpropyl)-lysyl-proline dehydrate, MK 521) from
Sigma-Aldrich (St. Louis, MO, USA).

Preparation and Quality Control of *™Tc-DT1, #™Tc-DT5 and *™Tc-DT6

Each of lyophilized DT1, DT5 or DT6 was dissolved in HPLC-grade H,O (2 mg/mL) and 50 puL
aliquots thereof were stored in Eppendorf Protein LoBind tubes at —20 °C. Labeling with *™Tc was
conducted in an Eppendorf vial, wherein the following solutions were consecutively added: i) 0.5 M
phosphate buffer pH 11.5 (50 uL), ii) 0.1 M sodium citrate (5 nL), iii) [#MTc]NaTcOy generator eluate
(415 mL, 300-500 MBg; Ultra-Technekow™ V4 Generator, Curium Pharma), iv) peptide conjugate stock
solution (15 pL, 15 nmol) and v) freshly made SnCl; solution in EtOH (30 pug, 15 uL). After reaction for
30 min at ambient temperature, the pH was brought to ~7 by adding 1 M HC1 (10 uL).

Reversed-phase HPLC was performed on a Waters Chromatograph based on a 600E multisolvent
delivery system coupled to a Waters 2998 photodiode array detector and a Gabi gamma-detector (Raytest,
RSM Analytische Instrumente GmbH, Straubenhardt, Germany). Data processing and chromatography
were controlled by the Empower Software (Waters, Vienna, Austria). For quality control aliquots of
the radiolabeling solution a Symmetry Shield RP18 cartridge column (5 um, 3.9 x 20 mm, Waters)
was used for analyses. Solutes were eluted with 0.1% TFA/MeCN applying a linear gradient starting
from 0% MeCN and a 2% increase per min at 1 mL/min flow rate (system 1). TLC analysis was
additionally performed on Whatman 3 mm chromatography paper strips (GE Healthcare, Chicago,
IL, USA), developed up to 10 cm from the origin with 5 M ammonium acetate/MeOH 1/1 (v/v) for
9mT0, x nH,0, or acetone for ™ TcO,~ detection [23,24]. The radiochemical labeling yield exceeded
98% and the radiochemical purity was >99%. Samples of *™Tc-DT1, *™Tc-DT5 and *™Tc-DT6 were
tested before and after the end of biological experiments.

Allmanipulations with beta and gamma emitting radionuclides and their solutions were performed
by trained and authorized personnel behind suitable shielding in licensed laboratories in compliance
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to European radiation-safety guidelines and supervised by the Greek Atomic Energy Commission
(license # A/435/17092/2019).

2.2. In Vitro Assays

2.2.1. Cell Lines and Culture

Human colorectal adenocarcinoma WiDr cells (LGC Promochem, Teddington, UK) expressing
the human NTSIR [52] were cultured in McCoy’s GLUTAMAX-I (Gibco BRL, Life Technologies,
Grand Island, NY, USA) supplemented by 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pug/mL streptomycin (all from Biochrom KG Seromed, Berlin, Germany). Cells were kept
in a controlled humidified atmosphere containing 5% CO, at 37 °C. Passages were performed every
4-5 days using a trypsin/EDTA (0.05%/0.02% w/v) solution.

2.2.2. Internalization Assay in WiDr Cells

The overall cell association-internalization of **™Te-DT1, ™ Te-DT5 and **™Te-DT6 was assessed
in confluent WiDr cells. Briefly, the cells were seeded in six-well plates (~1 x 10° cells per well) 24 h
before the experiment. Each of ™ Tc-DT1, ™ Tc-DT5 and ™ Tc-DT6 (approximately 150,000 cpm,
250 fmol total peptide in 150 uL of 0.5% BSA/PBS) was added alone (total) or in the presence of 1 uM
NT (non-specific). Cells were incubated at 37 °C for 1 h and incubation was interrupted by placing
the plates on ice, removing the supernatants and rapid rinsing with ice-cold 0.5% BSA/PBS. Cells
were then treated 2 X 5 min with acid wash bulffer (2 X 0.6 mL, 50 mM glycine buffer, pH 2.8, 0.1 M
NaCl) at room temperature and supernatants were collected (membrane-bound fraction). After rinsing
with 1 mL chilled 0.5% BSA/PBS, cells were lyzed by treatment with 1 N NaOH (2 x 0.6 mL) and
lysates were collected (internalized fraction). Sample radioactivity was measured in the y-counter
(an automated well-type gamma counter with a Nal(T1) 3"’ crystal, Canberra Packard Auto-Gamma
5000 series instrument) and total cell-associated (internalized + membrane bound) radioactivity was
determined vs. total added activity. Results represent the average values + sd of 3 experiments
in triplicate.

2.3. Animal Studies

All animal studies were performed in compliance to European guidelines in supervised and
licensed facilities (EL 25 BIO 021), whereas the study protocols were approved by the Department
of Agriculture and Veterinary Service of the Prefecture of Athens (protocol numbers # 1609 for the
stability studies and # 1610 for biodistribution and imaging studies).

2.3.1. In Vivo Stability Tests

For stability experiments, healthy male Swiss albino mice (30 + 5 g, NCSR “Demokritos” Animal
House Facility) were used. Each radioligand, 9mT DT, PMTe-DT5, or PMTe-DT6, was injected as a
100 pL bolus (50-60 MBq, 3 nmol total peptide in vehicle: saline/EtOH 9/1 v/v) in the tail vein together
with vehicle (100 pL; control) or with i) a phosphoramidon (PA)-solution (100 pL injection solution
containing 300 ug PA), ii) a Lis solution (100 puL injection solution containing 200 pg Lis), or iii) a
solution of both inhibitors (100 uL injection solution containing 300 pug PA plus 200 ug Lis). Animals
were euthanized and blood (0.5-1 mL) was directly withdrawn from the heart and transferred in
a pre-chilled EDTA-containing Eppendorf tube on ice. Blood samples were centrifuged for 10 min
at 2000x g/4 °C and plasma was collected. After addition of an equal volume of ice-cold MeCN
the mixture was centrifuged for 10 min at 15,000 g and 4 °C. The supernatant was concentrated
under a Np-flux at 40 °C to 0.05-0.1 mL, diluted with saline (0.4 mL), filtered through a 0.22 pm
Millex GV filter (Millipore, Milford, MA, USA) and analyzed by RP-HPLC. The Symmetry Shield
RP18 (5 pm, 3.9 mm X 20 mm) column was eluted at a flow rate of 1.0 mL/min applying a linear
gradient starting with 0% B at 0 min and reaching to 30% B in 30 min; A = 0.1 % TFA in water and
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B = MeCN (system 2). The tr of the intact radiopeptide was determined by coinjection with the
respective P Tc-DT1, ™ Tc-DT5, or #™Tc-DT6 reference in the HPLC.

2.3.2. Induction of WiDr Xenografts in Mice

A suspension containing freshly harvested human WiDr cells (150 uL of a 1.8 x 107 cells) was
subcutaneously injected in the flanks of male severe combined immune deficiency (SCID) mice (20 +3 g,
six weeks of age at the day of arrival, NCSR “Demokritos” Animal House Facility). The animals were
kept under aseptic conditions and 3 weeks later developed well-palpable tumors (100-300 mg) at the
inoculation sites.

2.3.3. Biodistribution of *™Tc-Radiotracers in WiDr Xenograft-Bearing SCID Mice

For the biodistribution study, animals in groups of 4 received via the tail vein a 100 pL bolus of
9IMTe-DT1, PMTe-DT5 or ™ Tc-DT6 (180-230 kBgq, corresponding to 10 pmol total peptide) co-injected
either with injection solution (100 pL; control) or i) a PA-solution (PMTe-DT1 and P™Te-DT6),
or ii) a Lis-solution (*™Tc-DT1 and **™Tc-DT6), iii) a PA plus Lis-solution (**™Tc-DT1, *™Tc-DT5
and ?™Tc-DT6), or iv) an excess NT (100 uL injection solution containing 100 ug NT for in vivo
NTS1R-blockade along with PA+Lis); “™Tc-DT1, or ®™Tc-DT6). Animals were euthanized at 4 h
post-injection (pi) and dissected. Samples of blood, tumors, and organs of interest were collected,
weighed, and measured for radioactivity in the gamma counter. Intestines and stomach were not
emptied of their contents. Data was calculated as percent injected dose per gram tissue (%ID/g) with
the aid of standard solutions and represent mean values + sd, n = 4.

2.3.4. Statistical Analysis

For statistical analysis of biological results, the two-way ANOVA with multiple comparisons was
used applying Tukey’s post hoc analysis (GraphPad Prism Software, San Diego, CA, USA). P values
of <0.05 were considered to be statistically significant. For cell-association experiments, the one-way
ANOVA with Tukey’s post hoc analysis was used instead.

2.3.5. SPECT/CT Imaging of *™Tc-DT1 in WiDr Xenograft-Bearing SCID Mice

For SPECT/CT imaging, three mice bearing WiDr xenografts were injected in the tail vein with
a bolus containing *™Tc-DT1 (100 uL, 50 MBq, 1.5 nmol total peptide, in vehicle) together with
vehicle (100 pL; controls) or with a PA+Lis solution or with a PA+Lis solution in gelofusin (100 uL;
Gelo) and were euthanized at 3 h pi. Tomographic SPECT/CT imaging was performed with the
y-CUBE/x-CUBE systems (Molecubes, Belgium). The SPECT system is based on monolithic Nal
detectors attached to SiPMs, with a 0.6 mm intrinsic resolution. The CT system is based on a structured
CMOS detector of Csl with pixels of 75 um and operates between 35 and 80 kVp, 10-500 pA tube
current, with a 33 um fixed focal spot size. SPECT scans were acquired over 3 h pi, with a 30 min
duration protocol based on the injected activity and each SPECT scan was succeeded by a CT scan,
following a general purpose protocol under 50 kVp, for co-registration purposes. SPECT images were
reconstructed by the MLEM reconstruction method with a 250 pm voxel size and 500 iterations. CT
images were reconstructed by using the ISRA reconstruction method with a 100 um voxel size. Images
were exported and post-processed on VivoQuant software, version 4.0 (Invicro, Boston, MA, USA).
A smoothing median filter (0.6 mm, spherical window) was applied to the images and bladder was
removed for consistency purposes.

3. Results

3.1. Peptides and Radioligands

Labeling of DT1, DT5 and DT6 with ®™Tc typically proceeded by brief peptide-conjugate
incubation with *™TcO,~ generator eluate, SnCl, as reducing agent and citrate anions as transfer
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ligand in alkaline pH at ambient temperature and molecular activities of 20-40 MBq *™Tc/nmol
peptide. Quality control of the radiolabeled products combined HPLC and TLC analysis. The total
radiochemical impurities, comprising PmT0,~, [P?™MTc]citrate and ™ TcO, x nH,0, did not exceed
2%, while a single radiopeptide species was detected by RP-HPLC. In view of >98% labeling yields
and >99% radiochemical purity of the resultant 9MTe-DT1, M Te-DT5 or P2MTe-DT6, the radioligands
were used without further purification in all subsequent experiments.

3.2. In Vitro Assays

Comparative Internalization of ™ Tc-DT1, ™ Tc-DT5 or #™Te-DT6 in WiDr Cells

During 1 h incubation at 37°C, ™ Tc-DT1, *™Tc-DT5 or *™Tc-DT6 were taken up by WiDr cells
via an NTS1R-mediated process, as shown by the lack of uptake observed in the presence of excess NT
(results not shown). In all cases, the bulk of cell-bound radioactivity was found in the internalized
fraction, as consistent with a radioagonist profile. The radioligand rank of cell uptake/internalization
was PMTe-DT1 (10.1 + 2.3%/6.9 + 2.1%) >> P™Te-DT5 (3.7 + 0.3%/3.2 + 0.3%) > P™Tc-DT6
(1.0 + 0.4%/0.8 + 0.4%), revealing the negative effect of structurally modifying **™Tc-DT1 on cell uptake
(Figure 2).

% of added radioactivity

Figure 2. NTS1R-specific cell uptake of 99mTe DT (green bars), 99mTe_D5 (blue bars) and ™ Tc-DT6
(red bars) in WiDr cells during 1 h incubation at 37 °C (solid bars: internalized fraction; checkered bars:
membrane bound fraction). Results represent average values + sd (1 = 3, in triplicate); non-specific
values were obtained in the presence of 1 uM NT and were subtracted from totals to provide specific
values; the study was conducted with WiDr cells as confluent monolayers. Statistical analysis is shown
for whole-cell association with **** representing P < 0.0001.

3.3. In Vivo Comparison of %" Tc-DT1, 9" Te-DT5 or 9" Tc-DT6

3.3.1. Stability of ™ Tc-DT1, *™Tc-DT5 and ™ Te-DT6 in Mice

The radiotracers exhibited distinct resistance to degrading proteases after injection in mice.
As revealed by HPLC analysis of blood samples collected at 5 min pi *™Tc-DT1 and ™ Tc-DT5 were
found equally fast degraded (1.8 + 0.8% and 1.3 + 0.2% intact; P > 0.05) whereas the Tle!2-analog
9mTe-DTé6 displayed significantly higher stability (55.1 + 3.9% intact; P < 0.0001) (Table 1; representative
radiochromatograms are shown in Figure 3).
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Table 1. Stabilities of ™ Tc-DT1, ™ Tc-DT5 and *™Te-DT6 in peripheral mouse blood 5 min pi.

MM DT1 M T PDT5 MTe-DT6
Control 1.8+0.8 (n=4) 1.3+02((1n=2) 55.1+3.9 (n=2)
PA 264 +22(n=2) 154 +51(n=2) 89.3 + 6.7 (n=4)
Lis 18.8 +2.5 (n = 3) 28.8+52(n=2) -
PA+Lis 723 +32(n=4) 79.0 +1.7 (n = 2) -

Data represents the mean percentage of intact radioligand + sd; 1 of experiments are shown in parentheses.

It should be noted that coinjection of the NEP-inhibitor PA enhanced the in vivo stability of all
three radioligands, implicating NEP in their degradation. PA was particularly effective in stabilizing
9mMTe-DT6 in mice blood, showing NEP as the major degrading protease of the radiotracer.
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Figure 3. Representative radiochromatograms of HPLC analysis of mouse blood samples collected 5 min
pi of MTc-DT1 (green line), *™Tc-DT5 (blue line) or *™Te-DT6 (red line) administered (a) without,
or (b) with PA-, or (c) with Lis-, or (d) with PA+Lis-coinjection (HPLC system 2); percentages of intact
radioligand are summarized in Table 1.

On the other hand, coinjection of the ACE-inhibitor Lis enhanced the in vivo stability of *™Tc-DT1
and #™Tc-DT5, revealing the role of this second protease in their in vivo degradation. It is interesting
to note that treatment of mice with both protease-inhibitors resulted in a further rigorous enhancement
of metabolic stability in peripheral mice blood (72.3 + 3.2% and 79.0 + 6.7% intact, respectively;
P <0.0001).

3.3.2. Biodistribution of ™ Tc-DT1, M Te-DT5 and ™ Tc-DT6 in WiDr Xenograft-Bearing Mice

The biodistribution of ™ Tc-DT1, ™ Tc-DT5 and ™ Te-DT6 was studied at 4 h pi in SCID mice
bearing subcutaneous WiDr tumors expressing the human NTS1R. Cumulative biodistribution results
for M Te-DT1, ™ Te-DT5 and ™ Tc-DT6 are summarized in Tables 24, respectively, and are expressed
as mean %ID/g + sd, n = 4. All three radiotracers washed rapidly from the blood and the body of
mice predominantly via the kidneys and the urinary system in the control animal groups. However,
the Dab?-modified analogs *™Tc-DT5 (8.63 + 1.8%ID/g; P < 0.001) and **™Tc-DT6 (6.09 + 1.15%ID/g;
P < 0.01) showed significantly higher renal retention compared to PMTe-DT1 (1.80 + 0.14%ID/g).
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Uptake in the intestines was comparable across radioligands (P > 0.05) and could be partially blocked
by excess NT, given that intestines were not emptied of their contents and NTS1R are expressed in
the intestinal walls [53]. Likewise, uptake in the implanted tumors was comparable across analogs
(P> 0.05).

Treatment of mice with PA and Lis resulted in remarkable enhancement of tumor uptake of
9MTe-DT1 (from 1.20 + 0.21%ID/g t0 9.60 + 3.62%ID/g; P < 0.0001) and ™ Tc-DT5 (from 0.88 + 0.08%ID/g
t0 12.29 + 2.73%ID/g; P < 0.0001) and only to a lesser, but not in statistically significant extent in the case
of 9" Te-DT6 (from 1.68 + 0.28%ID/g to 3.50 + 0.34%ID/g; P > 0.05). This enhancement is compromised
for both #™Tc-DT5 and *™Tc-DT6 by a further unfavorable increase of the already elevated renal
accumulation. It is interesting to observe that for ™Tc-DT6 the PA alone suffices to achieve the highest
tumor uptake (PA and PA+Lis tumor values P > 0.05), while both inhibitors are required for maximum
in vivo stabilization and highest tumor values for *™Tc-DT1 and *™Tc-DT5.

Table 2. Biodistribution data for #™Tc-DT1, expressed as %ID/g mean + sd, n = 4, in WiDr
xenograft-bearing SCID mice at 4 h pi without or with coinjection of PA, Lis, or PA+Lis.

PMTe-DT1 -4 h pi

Tissue
Block ! Controls 4hPA?Z Lis 3 PA+Lis ¢
Blood 0.07 £ 0.02 0.15 + 0.01 0.12 + 0.03 0.10 + 0.01 0.13 + 0.06
Liver 0.42 + 0.02 0.42 + 0.02 0.47 + 0.05 0.39 £ 0.05 0.58 + 0.12
Heart 0.05 + 0.01 0.08 + 0.00 0.10 + 0.02 0.08 + 0.02 0.10 + 0.02
Kidneys 2.89 + 0.56 1.80 + 0.14 2.26 + 0.30 224 +0.34 3.61+0.93
Stomach 0.90 + 0.25 1.89 + 0.26 1.39 £ 0.12 1.18 £ 0.22 1.39 + 0.73
Intestines 0.43 +0.14 1.30 £ 0.26 291 +0.30 1.72 £ 0.29 296 + 1.02
Spleen 0.26+0.02 0.26 + 0.06 0.56 + 0.13 0.32 + 0.07 1.01 + 0.30
Muscle 0.02 £ 0.02 0.03 + 0.01 0.05 + 0.03 0.03 + 0.01 0.07 + 0.06
Lungs 0.23 = 0.10 0.20 + 0.03 0.42 £ 0.06 0.19 £ 0.02 0.67 + 0.08
Pancreas 0.04 + 0.01 0.08 + 0.01 0.10 + 0.02 0.06 + 0.01 0.12 + 0.02
Tumor 0.23 + 0.09 1.20 £ 0.21 458 +0.47 1.60 + 0.47 9.60 + 3.62

All animals were injected with 180-230 kBg/10 pmol peptide; ! Block mice group with animals co-injected with
100 ug NT for in vivo NTS1R-blockade along with PA+Lis; 2 PA mice group with animals co-injected with 300 pg
PA to in situ inhibit NEP; 3 Lis mice group with animals co-injected with 200 pg Lis to in situ inhibit ACE; 4 PA+Lis
mice group with animals co-injected with 300 pg PA and 200 ug Lis to in situ inhibit both NEP and ACE.

Table 3. Biodistribution data for #™Tc-DT5, expressed as %ID/g mean + sd, n = 4, in WiDr

xenograft-bearing SCID mice at 4 h pi without or with coinjection of PA+Lis.

9MTe-DT5 -4 h pi

Tissue
Block 12 Controls PA+Lis 3

Blood 0.45 +0.16 0.41+0.12
Liver 0.90 + 0.20 1.12+0.27
Heart 0.16 = 0.04 0.22 + 0.05
Kidneys 8.63 = 1.80 16.62 = 1.63
Stomach 2.00 +0.35 2.02+0.37
Intestines 0.42 +0.01 290 +0.28 430 +0.52
Spleen 0.31 = 0.09 0.86 = 0.07
Muscle 0.07 + 0.02 0.11 + 0.02
Lungs 0.43 +0.10 1.10 £ 0.16
Pancreas 0.16 + 0.04 0.29 +0.03
Tumor 0.13 +£0.01 0.88 + 0.08 12.29 +2.73

All animals were injected with 180230 kBq/10 pmol peptide; 1 Block mice group with animals co- injected with
100 pug NT for in vivo NTS1R-blockade; ? values adopted from [23]; > PA+Lis mice group with animals co-injected
with 300 ug PA and 200 pg Lis to in situ inhibit both NEP and ACE.
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Table 4. Biodistribution data for #™Tc-DT6, expressed as %ID/g mean + sd, n = 4, in WiDr
xenograft-bearing SCID mice at 4 h pi without or with coinjection of PA, Lis, or PA+Lis.

99MTe-DT6 -4 h pi

Tissue
Block ! Controls 4hPA? Lis 3 PA+Lis 4

Blood 0.11 = 0.09 0.10 = 0.06 0.10 = 0.03 0.08 = 0.03 0.09 = 0.00
Liver 0.36 + 0.06 0.34 + 0.07 0.42 +0.05 0.28 +0.01 0.45 +0.07
Heart 0.09 = 0.04 0.08 + 0.02 0.12 = 0.03 0.07 = 0.02 0.10 = 0.02
Kidneys 10.83 + 3.26 6.09 +1.15 11.14 + 3.87 6.24 +1.56 14.61 + 3.16
Stomach 0.93 +£0.30 0.44 +£0.11 0.87 +£0.22 0.62 +0.22 0.89 +£0.16
Intestines 0.46 +0.21 1.61 +£0.55 2.52 +0.40 1.46 +0.32 2.81 +0.32
Spleen 0.48 +0.16 0.64 +0.14 1.71 +£0.26 0.75 + 0.09 1.84 +0.28
Muscle 0.03 = 0.01 0.04 +0.03 0.05 + 0.02 0.03 = 0.01 0.09 + 0.06
Lungs 0.54 + 0.07 0.22 + 0.06 1.26 +0.15 0.19 = 0.03 1.27 £0.02
Pancreas 0.07 + 0.04 0.10 + 0.04 0.14 + 0.02 0.07 £ 0.01 0.16 +0.02
Tumor 0.38 £0.15 1.68 +0.28 3.89 £ 0.71 2.15+0.43 3.50 = 0.34

All animals were injected with 180-230 kBg/10 pmol peptide; ! Block mice group with animals co-injected with
100 pg NT for in vivo NTS1R-blockade along with PA+Lis; 2 PA mice group with animals co-injected with 300 pg
PA to in situ inhibit NEP; 3 Lis mice group with animals co-injected with 200 pig Lis to in situ inhibit ACE; # PA+Lis
mice group with animals co-injected with 300 pg PA and 200 pg Lis to in situ inhibit both NEP and ACE.

Comparative biodistribution results for IMTe-DT1, M Te-DT5, and P Te-DT6 in mice kidneys,
intestines and WiDr tumor 4 h after radioligand administration without or with coinjection of PA+Lis
are selectively depicted in Figure 4. The favorable increase in the tumor uptake of ™Tc-DT1 is not
compromised by a high increase of renal accumulation during PA+Lis treatment, as seen for the
Dab’-modified *™Tc-DT5. On the other hand, #™Tc-DT6, despite its high in vivo stabilization by
this regimen, fails to reach similar levels of tumor uptake, most probably due to its poor in vitro
internalization capability. At the same time, renal accumulation has unfavorably increased.
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Figure 4. Comparative uptake for PmTe_DT1 (green bars), 99MTe DTS5 (blue bars) or 2™ Te-DT6 (red
bars) in kidneys, intestines and WiDr-xenografts at 4 h pi of radioligand administration without (paler
bars), or with PA+Lis-coinjection (darker bars) in male SCID mice; results are given as mean %ID/g
values + sd, n = 4. Statistical analysis results are also incorporated in the diagram, with **** representing
P < 0.0001 and ns (non-significant) P > 0.05.

3.3.3. SPECT/CT of *™Tc-DT1 in WiDr Xenograft-Bearing Mice

Mice SPECT/CT images obtained 3 h after injection of *™Tc-DT1 are presented on Figure 5.
Significant accumulation was achieved in the NTS1R-expressing WiDr xenografts and the kidneys.
Clear differences in renal and tumor accumulation could be observed between control (Figure 5a),



Pharmaceutics 2020, 12, 528 10 of 16

PA+Lis treated (Figure 5b) and animals coinjected with PA+Lis in the kidney protecting agent,
gelofusine (Figure 5c).

Figure 5. Static whole body SPECT/CT images of three SCID mice bearing WiDr tumors 3 h after
injection of PMTe-DT1 (a) alone, or (b) with coinjection of PA+Lis, or (c) with coinjection PA+Lis in
gelofusine. Intense uptake is seen on kidneys and tumor. In (a) high uptake is observed in the kidneys
and in (b) a notable increase in the tumor uptake has resulted after treatment of mice with PA+Lis.
Kidneys and tumor present a very similar uptake in (c), with the renal uptake being markedly reduced
compared with (b) due to gelofusine coinjection. The color bar indicates the difference in accumulated
activity (purple being the lowest and white the highest level of accumulation).

4. Discussion

Radiolabeled analogs of neurotensin and especially its C-terminal hexapeptide fragment, NT(8-13),
have been proposed for diagnostic imaging and radionuclide therapy of human tumors with high
NTSIR expression. In search of metabolically robust analogs, a variety of structural modifications have
been introduced on the linear peptide NT(8-13) motif and their impact on metabolic stability, tumor
targeting, and overall pharmacokinetics have been assessed during structure-activity relationships
studies [9,10,18,19,30,34]. The degradation of NT, NT(8-13), and their analogs has been studied in
the past, revealing three major cleavage sites on the peptide backbone: i) Arg8-Arg?, ii) Pro!%-Tyr!!
and iii) Tyr!!-Tle!>. Amongst the peptidases participating in the rapid in vivo catabolism of these
analogs, NEP (cleaving the Pro'’-Tyr!! and the Tyr!!-Ile'?> bonds) and ACE (cleaving the Tyr!!-Tle!?
bond) play a major role. Two additional metallopeptidases, EC 3.4.24.15 (thiolsensitive metallo
oligopeptidase, thimet-oligopeptidase, TOP) hydrolyzing the Arg®-Arg’ bond and EC 3.4.24.16
(neurolysin) hydrolyzing the Pro'%-Tyr!! bond (Figure 1), are also implicated in the degradation of NT,
NT(8-13) and their analogs [30,31,33,34,38,40-42]. However, the latter two enzymes are predominantly
located within the cells and hence are less expected to have any considerable impact on the stability of
circulating NT-derived radiopeptides after iv administration and on their way to tumor sites [54,55].

Thus far, most efforts toward metabolically stable NT-analogs and their radioligands have been
focused on the two Arg®-Arg® and Tyr!!-Ile'? bonds. Stabilization of the Arg®-Arg” bond has been
attempted by a replacement of either Arg by DArg, Lys, or Dab as well as by a reduction or methylation
of the bond. Further stabilization of the Tyr!!-Ile!? site could be achieved by substitution of Ile!? by
Tlel2 [30,31,33,34,41]. The effects of the above modifications on the pharmacokinetic profile of resulting
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radioligands have not been fully understood. This may be attributed to the methods commonly applied
for metabolic stability determination, comprising almost exclusively in vitro radioligand incubation in
tissue homogenates and/or serum/plasma [30,33,34]. In the first case, homogenization will disrupt cell
membranes and otherwise intracellularly compartmentalized enzymes will be released. As a result,
radioligands will be exposed to enzymes which they would not actually encounter after injection in the
living organism. On the other hand, during in vitro incubation of radiopeptides in serum or plasma,
the action of ectoenzymes anchored on epithelial cells of the vasculature and other tissues of the body,
e.g., NEP [42-44], is totally overseen [33,45].

We have previously developed a series of NT(8-13)-based analogs carrying an open chain
tetraamine chelator for stable binding of ™ Tc [23,24]. During incubation of resulting *™Tc-radioligands
in mice plasma, we have also observed increasing stabilization effects by Arg?/Dab’ and Ile!'?/Tle!?
replacements. However, responses on overall pharmacokinetics in tumor-bearing mice were less
straightforward. For example, renal accumulation unfavorably increased without any remarkable
gain in tumor targeting for ™Tc-DT6, as would be expected by the high metabolic in vitro stability
determined for this doubly substituted, Arg’/Dab’ and Ile!?/Tle!'?, analog. Similar sub-optimal
tumor-targeting results were subsequently obtained in a pilot study with *™Tc-DT6 in a small number
of cancer patients [36].

Aiming to better understand the above intriguing findings, we herein compare the biological
profiles of such previously reported NT-radiopeptides under a new light. We achieve this mainly by
taking into account results from recent studies relating in vivo metabolic fate and tumor targeting
capabilities of a series of biodegradable radiopeptides [45-49]. These studies have revealed the
central, but hitherto unrecognized, role of NEP in the rapid catabolism of many radiopeptides
from different peptide families, including somatostatin, bombesin and gastrin, in peripheral blood,
compromising their sufficient delivery to tumor sites. Most interestingly, by administration of
suitable NEP-inhibitors it was possible to induce stabilization of these radiopeptides in circulation,
thereby enhancing tumor localization with clear benefits envisaged for diagnosis and therapy. In the
present study, we report for the first time, outcomes after applying this methodology in the field of
NT-radiopeptides. For this purpose, we selected ™ Tc-DT1 (**™Tc-[Ny-Gly” INT(7-13)), ™ Te-DT5
(™ Te-[Ny-pAla’,Dab’INT(7-13)) and #™Te-DT6 (P™Te-[Ny-BAla’, Dab?, Tle!?]INT(7-13)) as examples
(Figure 1).

Surprisingly, we observed gradual loss of cell uptake/internalization from *™Tc-DT1 to #™Tc-DT5
(single Arg?/Dab’-replacement) to *™Tc-DT6 (double Arg’/Dab’ and Ile!?/Tle!? replacement) in
NTS1R-expressing WiDr cells, revealing a negative effect of above modifications on the interaction of
resulting radioligands with the NTSIR at the cellular level. This result has been previously missed and
was unexpected considering the comparable affinities of these analogs for the NTS1R [23,24].

On the other hand, only the double-modified I9IMTe-DT6 showed a significantly higher metabolic
stability in peripheral mice blood at 5 min pi (55.1 + 3.9% intact) compared with either ™ Tc-DT1
or PMTc-DT5 that were degraded within this period (1.8 + 0.8% and 1.3 + 0.2% intact, respectively;
P <0.0001). This finding demonstrates that single Arg®/Dab’ replacement had no impact on the stability
of the circulating radioligand. It further shows that both ™ Tc-DT5 and *™Tc-DT6 are more rapidly
degraded in vivo compared to their in vitro degradation in mouse plasma [23]. To investigate the
involvement of NEP or ACE in the rapid in vivo catabolism of all three radioligands, we have treated
mice with the NEP-inhibitor PA, the ACE-inhibitor Lis, or a combination of the two, and analyzed the
blood of mice collected 5 min afterwards with HPLC. As summarized in Table 1, PA co-injection led to
maximum stabilization of double-modified *™Tc-DT6 (89.3 + 6.7% intact; P < 0.0001). Considering
the high in vitro stability of **™Tc-DT6 in mice plasma, whereby NEP is absent and ACE is present,
this result implies that NEP plays the major role in the in vivo degradation of the Ile!?/Tle!2-modified
radioligand. In contrast, 9MTe_DT1 or 2™ Te-DT5 were only partially stabilized by either PA or Lis and
only their combination led to maximum stabilization in peripheral mouse blood (72.3 + 3.2% intact
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and 79.0 + 1.7% intact, respectively; P < 0.0001). This result suggests a combined role for ACE and
NEP in the in vivo degradation of NT-radioligands non-substituted at Ile!? [33,38-40].

It is interesting to observe how the abovementioned structural modifications, affecting both
internalization/cell-uptake of the three radioligands and their invivo stability, translate in
NTS1R-specific tumor localization and overall pharmacokinetics in WiDr tumor-bearing mice.
As shown in Tables 2—4 and Figure 4, there’s no significant difference in the localization of 9MTe-DT1,
PMTe-DT5 or P™Te-DT6 in the implanted tumors (P > 0.05). Thus, effects induced by structural
changes compensated each other, eventually resulting in similar outcomes with regards to tumor
uptake. In contrast, renal uptake is found significantly increased in both Arg’/Dab’-modified
PMTe-DT5 (8.63 + 1.80%ID/g; P < 0.0001) and ™ Tc-DT6 (6.09 + 1.15%ID/g; P < 0.01) compared with
PMTe-DT1 (1.80 + 0.14%ID/g), revealing the unfavorable impact of the pendant -NH, of Dab? on kidney
accumulation. Similar observations have been previously reported for other Lys®- or Lys’-modified
NT-radioligands likewise carrying pendant -NH, groups [23,24,34].

Of particular interest is the impact of in situ NEP- and ACE-inhibition on the biodistribution of
these radioligands. After combined treatment of mice with PA and Lis, tumor localization significantly
increased for both “™Tc-DT1 (9.60 + 3.62%ID/g; P < 0.0001) and #™Tc-DT5 (12.29 + 2.73%ID/g;
P < 0.0001) compared with untreated controls, highlighting the significance of in vivo stability
for the efficient delivery of intact radiopeptides to tumor sites, as previously documented [45-48].
Surprisingly, the increase observed in the tumor uptake of **™Tc-DT6 was much lower (3.50 + 0.34%ID/g;
P > 0.05) indicating the pronounced negative impact of the poor internalization/cell uptake of this
Ile'?/Tle'?-modified radiotracer on tumor uptake. On the other hand, renal accumulation was found to
be increased for all analogs after PA+Lis treatment, but in the case of the two Arg’/Dab’-modified
radioligands, renal values were significantly much higher compared with 9IMTe-DT1 (99mTC—DT5:
16.62 + 1.63%ID/g; P < 0.0001 and *™Tc-DT6: 14.61 + 3.16%ID/g; P < 0.0001 vs. **™Tc-DTI:
3.61 + 0.93%ID/g; P > 0.05). In view of the above, the most favorable pharmacokinetics amongst
this series of NT-radiotracers are displayed by *™Tc-DT1 during treatment of mice with the PA+Lis
combination. In contrast, the structural interventions in *™Tc-DT5 (high kidney accumulation) and
PMTe-DT6 (poor cell association/internalization and consequent low tumor uptake), despite their
stabilization effect, led to unfavorable overall pharmacokinetics.

5. Conclusions

The impact of in-situ NEP and ACE inhibition on tumor targeting and pharmacokinetics of
NT-based radioligands has been assessed for the first time employing three structurally related
analogs, namely ™ Tc-DT1 (¥™Te-[Ny-Gly” INT(7-13)), ™ Te-DT5 (™ Tc-[Ny-pAla’,Dab’INT(7-13)),
and PMTc-DT6 (P™Te-[Ny-BAla’,Dab’, Tle!?]INT(7-13)), as examples. Structural interventions
led to sub-optimal outcomes, with Arg’/Dab’-replacement leading to unfavorable renal
accumulation (¥™Tc-DT5 and *™Tc-DT6) and further Ile!?/Tle'?-substitution compromising cell
uptake/internalization (**™Tc-DT6). Notably, *™Tc-DT1, retaining high cell-binding/internalization
capability and effectively stabilized in vivo by PA+Lis coinjection, achieved markedly enhanced tumor
localization while preserving lower kidney values. These findings verify previous reports on the
improved pharmacokinetic profile of other radiopeptides from different families in animal models and
very recently in patients during key-protease inhibition. Hence, they highlight the need for further
validation of this promising concept in the field of neurotensin radioligands in cancer theranostics.
It should be noted that registered NEP and or ACE inhibitors have been used for years and can
theoretically be applied in oncology. The first results of using such an over-the-counter NEP-inhibitor
drug (racecadotril) in combination with biodegradable radiolabeled gastrin in medullary thyroid
cancer patients have been recently reported [49] and strongly support the clinical applicability of
this concept.
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Abstract: Background: The overexpression of neurotensin subtype 1 receptors (NTS1Rs) in human
tumors may be elegantly exploited for directing neurotensin (NT)-based radionuclide carriers
specifically to cancer sites for theranostic purposes. We have recently shown that [*™Tc]Tc-DT1
('™ Tc] Te-[N4—~Gly” INT(7-13)) and [®™Tc]Te-DT5 ([P™Tc]Te-[Ny—pAla’,Dab’INT(7-13)) show
notably improved uptake in human colon adenocarcinoma WiDr xenografts in mice treated with
neprilysin (NEP) inhibitors and/or angiotensin-converting enzyme (ACE) inhibitors compared with
untreated controls. Aiming toward translation of this promising approach in NTS1R-positive
pancreatic ductal adenocarcinoma (PDAC) patients, we now report on the impact of registered
NEP/ACE inhibitors on the performance of [®™Tc]Te-DT1 and [P™Tc]Te-DT5 in pancreatic cancer
models. Methods: The cellular uptake of [#™Tc]Te-DT1 and [*™Tc]Te-DT5 was tested in a panel
of pancreatic cell lines, and their stability was assessed in mice treated or not treated with Entresto,
lisinopril, or their combinations. Biodistribution was conducted in severe combined immunodeficiency
(SCID) mice bearing pancreatic AsPC-1 xenografts. Results: The Entresto + lisinopril combination
maximized the metabolic stability of the fast-internalizing [**™Tc]Tc-DT1 in mice, resulting in notably
enhanced tumor uptake (7.05 + 0.80% injected activity (IA)/g vs. 1.25 + 0.80% IA/g in non-treated
controls at 4 h post-injection; p < 0.0001). Conclusions: This study has shown the feasibility of
optimizing the uptake of [*™Tc]Tc-DT1 in pancreatic cancer models with the aid of clinically
established NEP/ACE inhibitors, in favor of clinical translation prospects.

Keywords: neurotensin subtype 1 receptor; neurotensin; theranostics; pancreatic cancer; [**™Tc]Tc
radiotracer; neprilysin; Entresto; angiotensin_converting enzyme; lisinopril; clinical translation

1. Introduction

The neurotensin subtype 1 receptor (NTS1R) has been regarded as a valid biomolecular target
in cancer theranostics, owing to its high-density expression in a variety of human tumors, such as
pancreatic ductal adenocarcinoma (PDAC), colon carcinoma, Ewing’s sarcoma, or prostate and breast
cancer [1-12]. This overexpression can be elegantly exploited to direct NTS1R-seeking radionuclide
carriers to tumor sites [13,14]. Typically, radiolabeled analogs of the C-terminal hexapeptide fragment
of neurotensin (NT = Pyr-Leu-Tyr—Glu-Asn-Lys—Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH), NT(8-13),
have been considered for such purposes [15-24]. For stable binding of metal radionuclides, a suitable
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chelator needs to be covalently attached to the N-terminus of the peptide chain, directly or via
a linker [25].

Accordingly, NT conjugates can be properly designed to carry a gamma emitting radiometal
(P°™Tc]Te, [MMIn]In) for single-photon emission computed tomography (SPECT), or a positron emitter
([®®Ga]Ga, [**Cu]Cu) for positron emission tomography (PET). SPECT or PET imaging of tumor sites
allows for the diagnosis, staging, and assessment of disease spread, and indicates patients eligible for
radionuclide therapy. During radionuclide therapy, the respective therapeutic radiometal (beta emitter:
[Y7Lu]Luy, [*°Y]Y; Auger electron emitter: [Mn]In; alpha emitter: [22° Ac]Ac) will be delivered to
NTS1R-positive cancer sites applying the same carrier molecule. The success of the aforementioned
theranostic concept has already been established in the clinic for radiolabeled somatostatin analogs
used in the management of patients with somatostatin receptor-positive neuroendocrine tumors
(NETs) [14,26,27]. Radiolabeled, prostate-specific membrane antigen (PSMA) inhibitors recently
introduced against prostate cancer represent another successful paradigm of theranostics in nuclear
oncology [14,27].

We have previously developed a small library of NT(7-13) analogs, coupled to an acyclic
tetraamine chelator at the N-terminus for stable binding of the eminent SPECT radionuclide
[®™Tc]Te.  The preclinical evaluation of this series of compounds was carried out in human
colon adenocarcinoma HT29 and WiDr cells expressing the NTSIR [28,29]. During
translation of the best-performing radiotracer, [P Tc]Te-DT6 ([99mTc]Tc—[N4—ﬁA1a7,Dab9,Tle]NT(7—l3) ;
N4 = 6—(carboxy)-1,4,8,11-tetraazaundecane), in a small number of patients, poor NTS1R targeting
of tumor lesions and very fast washout of radioactivity via the kidneys into urine was observed [30].
This disappointing result was attributed to rapid invivo catabolism of the linear peptide
chain. In fact, several proteases have been reported to swiftly degrade NT and its analogs.
Thus, angiotensin-converting enzyme (ACE) has been shown to rapidly cleave the Tyr!!-lle!?
bond, whereas neprilysin (NEP) quickly hydrolyzes both the Pro!®-Tyr!! and the Tyr!!-Ile!?
bonds [31-36]. Two additional metallopeptidases, EC 3.4.24.15 (thiolsensitive metallo-oligopeptidase,
thimet-oligopeptidase (TOP)) cleaving the Arg®-Arg® bond and EC 3.4.24.16 (neurolysin) hydrolyzing
the Pro'’-Tyr!'! bond, may further contribute in the degradation of NT and its analogs [37,38].
However, these proteases are located within cells, and hence are less expected to encounter circulating
NT radioligands and disturb their delivery to tumor sites.

In a recent study, we were able to demonstrate the involvement of ACE and NEP
in the in vivo degradation of [?™Tc]Te-DT1 ([*™Tc]Te-[N4~Gly’INT(7-13)) and [*™Tc]Tc-DT5
([99mTc]Tc—[N4—ﬁA1a7,Dab9]NT(7—13)) [39]. Furthermore, we showed that co-injection of the NEP
inhibitor phosphoramidon (PA) [40] and the ACE inhibitor lisinopril (Lis) [41] resulted in significant
stabilization of these radiotracers in peripheral mouse blood. Consequently, the uptake of both
[®™Tc]Te-DT1 and [**™Tc]Te-DT5 in human N TS1R-positive colon adenocarcinoma tumors in mice
was significantly enhanced [39]. Following this rationale, we are now interested in translating these
positive findings into pancreatic cancer models. It should be noted that 95% of all pancreatic cancers are
actually PDAC, one of the most devastating cancer types, with a five-year survival not exceeding 10%.
A major problem in the management of PDAC is that the disease remains practically asymptomatic,
and has already disseminated by the time of diagnosis. Treatment may be comprised of surgical
resection followed by chemo/radiotherapy, but outcomes are rather limited, with most patients
dying soon after diagnosis and the average survival not surpassing 28 months [42]. It is therefore
imperative to make available effective theranostic tools to combat PDAC, including radiolabeled
NTS1R-directed probes.

In the present study, we first evaluated the uptake of [**™Tc]Tc-DTT1 in a series of commercially
available pancreatic cell lines, namely AsPC-1, PANC-1, MiaCapa-2, and Capan-1. We were interested
in identifying the cell line by combining high radioligand uptake, indicative of high NTS1R expression,
with practical convenience of handling, including acceptable doubling times during culture, as well as
easy development of experimental tumors in severe combined immunodeficiency (SCID) mice available
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in our facilities. The cell uptake of [®MTc]Te-DT1 and [*™Tc]Te-DT5 was compared in the AsPC-1 cell
line of choice. The metabolic stability of the two radioligands was compared in healthy mice without or
during treatment with two approved and registered drugs, Entresto [43,44] or Lis, or their combination.
Entresto pills for oral use contain a pro-form of the potent NEP inhibitor sacubitril released in vivo
(Figure S1, Supplementary Materials), while Lis is a potent ACE inhibitor [41]. The impact of these
treatments on the radioligand tumor uptake was studied in SCID mice bearing AsPC-1 xenografts,
in order to assess the translational prospects of this methodology in PDAC patients.

2. Results

2.1. Radiolabelling and Quality Control
Radiolabelling of DT1 and DT5 with [*™Tc]Tc was accomplished by 30 min incubation at

room temperature in alkaline aqueous medium containing citrate anions and SnCl, as a reductant.
Quality control of the radiolabelled products included high-performance liquid chromatography
(HPLC) and instant thin-layer chromatography (ITLC) analysis, and revealed less than 2% total
radiochemical impurities ([P Tc]TcO,~, [P™MTc]Te citrate, and [™Tc]TcO, x nH,O). A single
radiopeptide species was obtained at molecular activities of 20-40 MBq [**™Tc]Tc/nmol peptide;
representative radiochromatograms are included in Figure 1. Based on these findings, [*™Tc]Te-DT1
and [*™Tc]Te-DT5 were used without further purification in all subsequent biological assays.
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Figure 1. Representative radiochromatograms of high-performance liquid chromatography (HPLC)
analysis of the radiolabeling mixture of (a) [®™Tc]Te-DT1 and (b) [?*™Tc]Te-DT5 with the respective
radioligand structures indicated.

2.2. Cell Uptake Studies

Comparative Cell Uptake of [®MTc]Te-DT1 in AsPC-1, PANC-1, MiaCapa-2, and Capan-1 Cells

During 1 h incubation at 37 °C, [*™Tc]Te-DT1 displayed distinct NTS1R-mediated uptake across
the AsPC-1, PANC-1, MiaCapa-2, and Capan-1 cell lines, as summarized in Figure 2a. The rank of
specific cell uptake of [**™Tc]Te-DT1 was AsPC-1 (15.2% + 2.6%) > PANC-1 (8.1% + 2.8%; p < 0.0001
vs. AsPC-1) > MiaCapa-2 (2.7% =+ 0.3%; p <0.0001 vs. PANC-1) > Capan-1 (0.4% = 0.1%; p < 0.0001
vs. PANC-1, p > 0.05 vs. MiaCapa-2). In all cases, the bulk of cell-bound radioactivity was
found in the internalized fraction, as consistent with a radioagonist profile. Cell uptake was banned
in the presence of excess NT, implying an NTS1R-mediated process (Table S1; Supplementary Materials).
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Figure 2. (a) Neurotensin subtype 1 receptor (NTS1R)-specific cell uptake of [**™Tc]Te-DT1 in AsPC-1
(red column), PANC-1 (green column), MiaCapa-2 (blue column), and Capan-1 (black column) cells
during 1 h incubation at 37 °C. (b) Comparison of NTS1R-specific uptake of [**™Tc]Tc-DT1 and
[#MTc]Te-DT5 in AsPC-1 cells during 1 h incubation at 37 °C; solid bars: internalized fraction;
checkered bars: membrane-bound fraction. Results represent average values + SD (1 = 3, in triplicate);
non-specific values were obtained in the presence of 1 uM neurotensin (NT), and were subtracted from
totals to provide specific values. The study was conducted with cells as confluent monolayers.

When comparing [*™Tc]Te-DT1 and [**™Tc]Te-DTS5 for their NTS1R-uptake in AsPC-1 cells at 1 h
incubation at 37 °C, [*™Tc]Tc-DT1 displayed significantly higher values (15.2% + 2.6% vs. 8.4% =+ 0.8%;
p < 0.0001), as depicted in Figure 2b.

Time-dependent cell uptake curves for [*™Tc]Tc-DT1 in AsPC-1, PANC-1, and MiaCapa-2 cells
are included in Figure 3, but not for Capan-1, cells due to their poor overall uptake during the 1 h
incubation. We observed the same trend of [*?™Tc]Tc-DT1 uptake across cell lines at all time intervals.
Likewise, the bulk of radioactivity was found in the internalized fraction, with a lesser amount bound
on the cell membrane.
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Figure 3. Time-dependent, NTS1R-specific cell uptake curves of [®MTc]Te-DT1 in AsPC -1 (red lines),
PANC-1 (green lines), and MiaCapa-2 (blue lines) cells at 37 °C (solid lines: internalized fraction;
dotted lines: membrane-bound fraction). Results represent average values + SD (n = 3, in triplicate);
non-specific values were obtained in the presence of 1 uM NT, and were subtracted from totals to
provide specific values. The study was conducted with cells as confluent monolayers.
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2.3. In Vivo Studies

2.3.1. Comparative Stability of [*™Tc]Te-DT1 and [*™Tc]Te-DT5 in Mice: The Impact
of Protease Inhibitors

The radiotracers exhibited poor resistance to degrading proteases after intravenous injection
in mice. As revealed by HPLC analysis of blood samples collected at 5 min post-injection (pi),

[*™Tc]Te-DT1 and [*™Tc]Te-DT5 degraded equally fast (1.8 + 0.8% and 1.2 + 0.2% intact; p > 0.05),
although the pattern of forming radiometabolites was different for each compound (Table 1; Figure 4).

Table 1. Stabilities of [**™Tc]Te-DT1 and [**™Tc] Te-DT5 in peripheral mouse blood 5 min post-injection
(pi) in untreated controls and in animals treated with Entresto, lisinopril (Lis), or their combination.

Control Entresto Lis Entresto+Lis

[PMTc]Te-DT1 1.8+08(n=4) 55+39(n=>5) 188+25(n=3) 63.8+75(n=3)
[P Te]Te-DT5 12+02n=3) 20+06n=3) 287+3.6Mn=3) 702+49[n=23)

Data represents the mean percentage of intact radioligand + SD; n of experiments are shown in parentheses.
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Figure 4. Representative radiochromatograms of HPLC analysis of mouse blood samples collected
5 min pi with (a) [®MTc]Te-DT1 and (b) [**™Tc] Te-DTS5; black line graphs correspond to samples from
untreated controls, red line graphs to samples from animals receiving per os Entresto 30 min prior
to radioligand injection, blue line graphs to samples from animals with Lis co-injected together with
the radioligand, and green line graphs to samples from animals receiving Entresto 30 min prior to
radioligand co-injection with Lis (HPLC system 2); percentages of intact radioligand are summarized
in Table 1.

Treatment of mice with clinically established NEP and ACE inhibitors, as well as their combination,
exerted profound effects not only on the overall metabolic stability of [?™Tc]Te-DT1 and [*™Tc] Te-DTS5,
but also on the pattern of radiometabolites found in mice blood at 5 min pi. Thus, treatment of mice
with Entresto taken orally 30 min prior to radiotracer injection had hardly any effect on stability
(p > 0.05 vs. controls for both radioligands). Conversely, co-injection of Lis significantly increased
the overall stability of both radiotracers ([*™Tc]Tc-DT1 to 18.8 + 2.5% intact, p < 0.0001 vs. controls;
[°MTc]Te-DT5 to 28.7 + 3.6% intact, p < 0.0001 vs. controls). Interestingly, a combination of these
treatments resulted in further significant increases of metabolic stabilities of the two radiotracers
(™ Tc]Te-DT1 to 63.8 + 7.5% intact, p < 0.0001 vs. Lis-treated mice; [**™Tc]Tc-DT5 to 70.2 + 4.9%
intact, p < 0.0001 vs. Lis-treated mice).

These results imply cooperation of the two proteases, ACE and NEDP, in the fast in vivo catabolism
of [?™Tc]Te-DT1 and [*™Tc]Te-DT5. Furthermore, they indicate that ACE acts faster, given that
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Entresto alone provides no considerable improvement of stability of either radiotracer, and is only
effective during concomitant in situ inhibition of ACE by Lis.

2.3.2. Biodistribution of [**™Tc]Te-DT1 in AsPC-1 Tumor-Bearing SCID Mice: The Impact
of Protease Inhibitors

The effect of in situ NEP + ACE inhibition on the biodistribution of [*?™Tc]Tc-DT1 in SCID
mice bearing AsPC-1 xenografts at 4 h pi is summarized in Table 2; data is expressed as percent of
injected activity per gram tissue (% IA/g) and represents mean values + SD. The [*™Tc]Tc-DT5 was
not included in this study, in view of its inferior uptake by AsPC-1 cells compared with [*™Tc]Te-DT1
(Figure 2b). In addition, it displayed high renal values in mice during a previous study, most probably
as a result of the pendant 6-amine of Dab” in the peptide chain [39].

Table 2. Biodistribution data for [*™Tc]Te-DT1, expressed as % IA/g mean + SD in AsPC-1
xenograft-bearing SCID mice at 4 h pi, without or after treatment with Entresto + Lis.

[P*™Tc]Te-DT1: 4 h pi

Controls 1 Entresto + Lis 2 Block 3

Blood 0.07 £ 0.01 0.08 = 0.02 0.09 = 0.01
Liver 0.44 + 0.05 0.67 = 0.06 0.55 + 0.06
Heart 0.08 £ 0.01 0.11 £ 0.02 0.18 £ 0.11
Kidneys 4.18 +3.80 1= p < 0.0001 - 6.81+1.74 1= p < 0.001 - 415+1.75
Stomach 0.48 + 0.26 0.57 £0.14 2.75+1.63
Intestines  0.65 + 0.04 213 +0.24 1.07 £ 0.01
Spleen 0.22 + 0.05 0.58 + 0.35 0.31 = 0.07
Muscle 0.03 = 0.01 0.06 = 0.03 0.07 = 0.06
Lungs 0.18 + 0.03 0.62 + 0.35 0.41 = 0.07
Pancreas 0.05 = 0.01 0.10 = 0.01 0.08 = 0.00
Tumor 1.25+0.14 1= p < 0.0001 > 7.05 +0.80 1= p < 0.0001 - 0.74 + 0.01

All animals were injected with 185 kBq/10 pmol peptide; 1 Control mice group (n = 4) with untreated animals;
2 Entresto + Lis mice group (1 = 4) with animals receiving 12 mg Entresto per os 30 min prior to radiotracer
co-injection, together with 200 pg Lis to in situ to inhibit NEP and ACE, respectively. 3 Block mice group (n = 3),
with animals co-injected with 100 ug NT for in vivo NTSIR blockade, in addition to being treated with the Entresto
+ Lis combination.

We observe that the radioactivity in the blood and the body of mice has substantially cleared
at 4 h pi. Uptake in the AsPC-1 xenografts is clearly visible, albeit low (1.25 + 0.14% 1A/g), while
a higher radioactivity level is retained in the kidneys (4.18 + 3.80% 1A/g). Treatment of mice with
the Entresto + Lis combination led to notable increase of the [*?™Tc]Te-DT1 uptake in the AsPC-1
tumors (to 7.05 + 0.80% IA/g; p < 0.0001 vs. controls) without affecting background radioactivity
levels, except for the kidneys. Although some minor increase is observed in the kidneys, the increase
in the tumors is higher during treatment, resulting in Tu/Ki ratios > 1. The observed high uptake of
[®MTc]Te-DT1 in the AsPC-1 tumors during Entresto + Lis treatment was shown to be NTS1R-mediated,
given that it was banned by co-injection of excess NT in mice treated with the same inhibitor regimen
(drop to 0.74 + 0.01% IA/g; p < 0.0001 vs. Entresto + Lis treated mice).

The uptake of [*™Tc]Tc-DT1 at 4 h pi in MiaCapa-1 xenografts in SCID mice treated with
the Entresto + Lis combination (Table S2; Supplementary Materials) was much lower compared with
AsPC-1 tumors in the respective Entresto + Lis group (1.97% =+ 0.23% IA/g vs. 7.05% + 0.80% IA/g;
p < 0.0001), in line with findings from in vitro cell uptake/internalization assays.

3. Discussion

The limited success in the application of NTS1R-directed NT(8-13)-derived radiopeptides in cancer
theranostics [30,45,46] has been related to the rapid cleavage of the NT backbone by peptidases.
For example, ACE has been reported to hydrolyze the Tyr!'-Tle'? bond [31,32], and its action was
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very soon recognized during metabolic stability determination assays [24]. Typically, this kind
of experiments involves in vitro incubation of radioligands in mouse/human plasma, followed by
chromatographic analysis of incubate samples to detect generated radiometabolites. Consequently,
efforts toward ACE-resistant NTS1R-radioligands were directed to stabilize the Tyr!!-Ile'?> bond,
primarily via Tle!?/Ile!2-replacement [22,24,29].

Following this rationale, we have developed the Tle!'?/Ile!>~modified [*™Tc]Tc-DT6, displaying
high receptor affinity (IC5p = 0.08 + 0.02 nM) and high stability in mice plasma (>90% intact in mice
plasma 2 h incubates) [29]. Unexpectedly, however, [*™Tc]Te-DT6 failed to target NTS1R-expressing
tumor lesions in a subsequent “proof-of-principle” study in patients [30]. Aiming to elucidate these
findings, we further studied the cell binding capabilities and in vivo stability of the radiotracer.
We observed that the Tle!?/Ile!? substitution led to poor binding/internalization of [#°MTc]Te-DT6
in WiDr cells compared with non-Ile!?-substituted radioligands (e.g., 1.0 + 0.4% specific cell binding vs.
10.1 + 2.3% of [**™Tc]Te-DTT1 at 1 h incubation; p < 0.0001) [39]. Furthermore, the in vivo stability of
[?MTc] Te-DT6 was found to be surprisingly lower than expected from in vitro assays (only 55.1 + 3.9%
of the radiotracer detected intact in peripheral mice blood at 5 min pi). The combination of these two
unfavorable features seems to have led to the sub-optimal performance of [**™Tc]Tc-DT6 in patients.

Earlier reports have implicated NEP (next to ACE) in the in vivo catabolism of NT, rapidly
hydrolyzing both the Tle'>~Tle!? and the Pro'°~Tyr!! bonds of the peptide chain [31,32,35]. NEP is
an ecto-enzyme with a broad substrate repertoire, and is omnipresent on vasculature walls and major
tissues/organs of the body in high local concentrations, where it remains anchored on the membrane of
epithelial cells [47,48]. Consequently, during stability assessment of peptide radioligands by in vitro
assays in plasma incubates, the fast degrading action of NEP documented in vivo has been altogether
missed. We have shown that NEP can quickly break down a wide range of radiopeptides entering
the circulation, thereby compromising their supply and accumulation on tumor models in mice. Next,
we were able to drastically interfere with this chain of disadvantageous events with the aid of NEP
inhibitors. Through in situ inhibition of NEP, we could induce marked enhancement of tumor uptake
of numerous biodegradable radiopeptides [49,50].

In the present study, we were interested in exploring the efficacy of [**™Tc]Tc-DT1 to target
NTS1R-positive pancreatic cancer during NEP and ACE inhibition in mice models. We have selected
[?MTc]Te-DT1 as the radioligand because it displayed maximum internalization/cell-binding amongst
a series of related NT(7-13)-based radiotracers in colon adenocarcinoma WiDr cells [39]. As a first task,
we have investigated the cell-binding/internalization of [*’™Tc]Tc-DT1 in a panel of human pancreatic
cancer cell lines, in order to determine the cell line of choice to use in our preclinical models. As shown
in Figure 2, clear differences could be established in the cell uptake/internalization of [*™Tc]Tc-DT1
across AsPC-1, PANC-1, MiaCapa-2, and Capan-1 cells, with highest values associated with AsPC-1
cells at 1 h incubation. It is interesting to note that our findings were in line with previously reported
NTS1R expression at the gene and protein levels across these cell lines [51]. Next, a time-dependent
internalization study was carried out, whereby [*™Tc]Tc-DT1 displayed again significantly higher
values in AsPC-1 cells compared with all other cell lines (Figure 3). Subsequently, we compared
the cell uptake/internalization of [99mTc]Tc—DT1 and a second, non—Tlelz/Ilelz—modified reference,
[*™Tc]Te-DT5. In agreement with findings from WiDr cells [39], [*™Tc]Te-DT1 showed significantly
higher values than [*™Tc]Te-DT5 in AspC-1 cells (Figure 2b).

Our second goal was to stabilize [*™Tc]Te-DT1, and the second reference [**™Tc]Te-DT5, in mice
circulation by in situ ACE and/or NEP inhibition, using clinically established inhibitors. Through
co-injection with the NEP inhibitor PA or the ACE-inhibitor Lis, we could previously induce significant
stabilization of these radioligands in peripheral mice blood [39]. PA is not a clinically approved
drug [40], and consequently time- and cost-intensive studies are required for approval of its use
in a “proof-of-concept” study in PDAC patients. For such purposes, we have instead selected Entresto,
a registered anti-hypertensive drug containing sacubitril (AHU377) [43,44]. The latter is actually
the pro-drug, releasing the potent and specific NEP inhibitor sacubitrilat (LBQ657) in vivo upon
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ester-hydrolysis by native esterases (Figure S1). We have orally administered single 12 mg/200 mL
doses of Entresto (24/26 sacubitril/valsartan) pills per animal (vide infra) 30 min prior to radioligand
injection to accomplish maximum NEP inhibition. As summarized in Table 1, both [®MTc]Te-DT1 and
[**™Tc]Te-DT5 were found to be >63% intact in peripheral mice blood during concomitant NEP- and
ACE-inhibition, vs. the <2% intact found in non-treated controls. Entresto alone had only a very minor
effect on stability, in contrast to Lis, which led to partial stabilization of the two analogs. However,
Entresto had significant impact on further stabilizing the radiotracers when mice received Lis as well.
This finding is consistent with the assumption that ACE acts faster on the two analogs, and upon ACE
inhibition, NEP is given time to act. These stabilization effects validate Entresto as a viable candidate
for clinical testing of this concept.

The third and final goal of the present study was to evaluate the biodistribution of
[®MTc]Te-DT1 in pancreatic mice models without or during treatment with the Entresto + Lis
combination. Based on cell uptake results, we selected AsPC-1 cells for tumor induction
in mice. As summarized in Table 2, Entresto + Lis treatment resulted in marked increase
of [MTc]Tc-DT1 uptake in the AsPC-1 xenografts at 4 h pi (7.05% =+ 0.80% IA/g vs.
1.25% + 0.14% IA/g in controls; p < 0.0001), which was shown to be NTS1R-mediated. Uptake
in all other organs remained low, except for the kidneys. However, in the Entresto + Lis
treated mice, the tumor-to-kidneys ratio was clearly superior. To our knowledge, these are
the highest uptake values reported for AsPC-1 xenografts in mice for radiolabeled NT-radiotracers.
For example, [68Ga]Ga—-DOTA-NT-20.3 (Ac-Lys(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid)-Pro-Me-Arg—-Arg-Pro-Tyr-Tle-Leu-OH) reached 5.28% =+ 0.93% IA/g uptake at 1 h
pi, with about the same values found in the kidneys [52]. In another example,
the bi-modal tracer [®*Ga]Ga-NODAGA-Lys(Cy5**)-AEEAc-[Me-Arg® Tle!2[NT(7-13) (NODAGA:
1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid; Cy5**: tetrasulfonated cyanine 5.0; AEEAc:
8-amino-3,6-dioxaoctanoic acid) reached 2.56% + 0.97% IA/g at 1 h in the same model, with quite
elevated kidney values though (20% IA/g) [53]. However, such comparisons should be made with
caution, in view of potential differences in protocols applied across labs.

The aforementioned positive results obtained with the Entresto + Lis combination in AsPC-1
xenografts confirm previous observations in mice bearing WiDr tumors and treated with PA + Lis [39].
Undoubtedly, perspectives for clinical translation of this promising methodology in PDAC patients
rely on the availability of clinically established NEP and ACE inhibitors, such as Entresto [43,44] and
Lis [41] used in the present study. It should be noted that application of the NEP inhibition approach
has been recently shown to improve the diagnostic sensitivity of radiolabeled gastrin in medullary
thyroid cancer patients. In this first “proof-of-concept” study, patients received per os the registered
and widely used anti-diarrhea drug racecadotril [54]. The latter is a pro-drug releasing the potent
NEP-inhibitor thiorphan in the blood after in vivo ester-hydrolysis by native esterases [48]. Therefore,
further studies are warranted to explore the applicability of this concept in PDAC patients as well.

4. Materials and Methods

4.1. Chemicals and Radionuclides

All chemicals were reagent grade, and were used as such without further purification. The peptide
conjugates DT1 and DT5 were synthesized on the solid support and obtained from PiChem (Graz,
Austria). NT was purchased from Bachem (Bubendorf, Switzerland). Entresto was obtained from
a local pharmacy, and Lis was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Technetium-99m in the form of [*™Tc]NaTcO, was collected by elution of a [®Mo]Mo/[*°™Tc] Tc
generator (Ultra-Technekow V4 Generator, Curium Pharma, Petten, The Netherlands).
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4.1.1. Radiolabeling

The lyophilized peptide analogs were dissolved in water to a final concentration of 1 mM,
and 50 pL aliquots were stored at —20 °C. Labelling with [**™Tc]Tc was performed in an Eppendorf vial
containing 0.5 M phosphate buffer (pH 11.5; 50 pL). The [**™Tc]NaTcO, eluate (420 uL, 370-550 MBq)
was added to the vial, followed by 0.1 M sodium citrate (5 pL), the peptide stock solution (15 pL,
15 nmol), and a freshly prepared SnCl, solution in ethanol (10 pL, 10 ug). The mixture was left to react
for 30 min at room temperature, and the pH was neutralized with the addition of 0.1 M HCL

4.1.2. Quality Control

Quality control was comprised of radioanalytical, high-performance liquid chromatography
(HPLC) and instant thin-layer chromatography (ITLC). HPLC analyses were performed on a Waters
Chromatograph coupled to a 996-photodiode array UV detector (Waters, Vienna, Austria) and a Gabi
gamma detector (Raytest RSM Analytische Instrumente GmbH, Straubenhardt, Germany). Data
processing and chromatography were controlled with Empower Software (Waters, Milford, MA, USA).
For analyses, a Symmetry Shield RP-18 (5 pm, 3.9 mm X 150 mm) cartridge column (Waters, Eschborn,
Germany) was eluted at 1 mL/min flow rate with a linear gradient system, system 1, starting from
0% B and advancing to 40% B within 20 min (solvent A = 0.1% aqueous trifluoroacetic acid (TFA)
and B = acetonitrile (MeCN)). ITLC analyses were performed on Whatman 3 mm chromatography
paper strips (GE Healthcare, Chicago, IL, United States), developed up to 10 cm from the origin,
with 5 M ammonium acetate/MeOH 1:1 (v/v) for the detection of reduced, hydrolyzed technetium
([°™Tc]TcO, x nH,O) or acetone for the detection of [*?™Tc]TcO,~.

All manipulations with beta- and gamma-emitting radionuclides and their solutions were
performed by trained and authorized personnel behind suitable shielding in licensed laboratories,
in compliance with European radiation safety guidelines, and were supervised by the Greek Atomic
Energy Commission (license #A/435/17092/2019).

4.2. In Vitro Assays

4.2.1. Cell Lines and Culture

The human pancreatic adenocarcinoma AsPC-1, PANC-1, MiaCapa-2, and Capan-1 cell lines
were obtained from LGC Standards GmbH (Wesel, Germany). All culture reagents were purchased
from Gibco BRL, Life Technologies (Grand Island, NY, USA) or from Biochrom KG Seromed (Berlin,
Germany). Cells were grown in Roswell Park Memorial Institute-1640 Medium (RPMI-1640; AsPC-1
cells) or Dulbecco’s Modified Eagle’s Medium (DMEM; PANC-1, MiaCapa-2, and Capan-1 cells) with
GlutaMAX-I, supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin, and kept in a controlled humidified air containing 5% CO; at 37 °C. Splitting of cells with
a ratio of 1:3 to 1:5 was performed when approaching confluency, using a trypsin/EDTA (0.05%/0.02%
w/v) solution.

4.2.2. Internalization of [*™Tc]Tc Radiotracers in AsPC-1, PANC-1, MiaCapa-2, and Capan-1 Cells

For internalization assays, AsPC-1, PANC-1, MiaCapa-2, and Capan-1 cells were seeded in six-well
plates (~1 x 10° cells per well) the day before the experiment. Cells were rinsed twice with ice-cold
internalization medium (IM; culture medium supplemented by 1% (v/v) FBS), and then fresh IM was
added (1.2 mL) at 37 °C, followed by test radiopeptide (250 fmol total peptide in 150 pL IPBS (0.5% w/v
BSA-PBS,) 100,000-200,000 cpm). Non-specific internalization was determined by a parallel triplicate
series containing 1 uM NT. After incubation at 37 °C, the plates were placed on ice, the medium was
collected, and the plates were washed with IPBS (1 mL). Membrane-bound fractions were collected
by incubating the cells 2 X 5 min in acid-wash solution (2 x 600 pL; 50 mM glycine buffer pH 2.8,
0.1 M NaCl) at room temperature. After rinsing the cells with IPBS (1 mL), internalized fractions
were collected by lysing the cells with 1 M NaOH (2 x 600 pL). Sample radioactivity was measured



Int. ]. Mol. Sci. 2020, 21, 7926 10 of 14

on the gamma counter, and the percentage of specific internalized and membrane-bound fractions
were calculated with Microsoft Excel (after subtracting the non-specific from the overall internalized
and membrane-bound counts). Results represent the specific mean internalized + SD of total added
radioactivity per well from three experiments performed in triplicate. Furthermore, the internalization
and cell uptake of [ Tc]Te-DT1 and [*™Tc]Te-DT5 were compared head-to-head during 1 h incubation
in AsPC-1 cells at 37 °C, following the above-described procedure.

In another set of experiments, the internalization/cell uptake of [°™Tc]Te-DT1 was assessed
overtime in AsPC-1, PANC-1, and MiaCapa-2 by incubation at 37 °C. During this study, the same
protocol was followed again, but four different incubation times were applied: 15 min, 30 min, 1 h,
and 2 h; Capan-1 cells were not included in this assay, due to the poor internalization/cell uptake of
[#°MTc]Te-DT1 shown in the first set of experiments at 1 h.

4.3. Animal Studies

4.3.1. Metabolic Studies in Mice

A bolus containing [*™Tc]Te-DT1 and [**™Tc]Te-DT5 (100 pL, 50-60 MBgq, 3 nmol of total peptide
in vehicle: saline/EtOH = 9:1 v/v) was injected in the tail vein of healthy male Swiss albino mice, together
with the vehicle (100 uL; control group) or Lis (100 pL of vehicle containing 200 ug Lis; Lis group).
In another set of animals, mice received a single Entresto dose by gavage 30 min prior to injection of
the radiotracer, together with the vehicle (100 puL; Entresto group) or Lis (100 pL of vehicle containing
200 pg Lis; Entresto + Lis group). For animal treatment, Entresto (24/26 sacubitril/valsartan) pills were
ground to a fine powder in a mortar, divided, and suspended in tab water to individual 12 mg/200 mL
doses per animal. Animals were euthanized 5 min pi, and blood was collected and immediately placed
in pre-chilled polypropylene vials containing EDTA on ice. Samples were centrifuged at 2000x g
at 4 °C for 10 min, then the plasma was collected and mixed with an equal volume of MeCN and
centrifuged again for 10 min at 15,000 g at 4 °C. The supernatant was collected and concentrated to
a small volume under a gentle N, flux at 40 °C, diluted with physiological saline (400 pL) and filtered
through a Millex GV filter (0.22 pm). Suitable aliquots of the filtrate were analyzed by RP-HPLC on
a Symmetry Shield RP18 (5 pm, 3.9 mm X 20 mm) column (Waters, Germany), eluted at a flow rate of
1 mL/min and adopting gradient system 2: 100% A/0% B to 70% A/30% B in 30 min; A = 0.1% TFA
in HyO, and B = MeCN (system 2). The elution time (fr) of the intact radioligand was determined by
co-injection with a sample of the labelling reaction solution.

4.3.2. Tumor Induction in SCID Mice

A suspension of freshly harvested AsPC-1 (~150 uL, 5 x 10°) or MiaCapa-2 (~150 pL, 3.5 x 100)
cells in normal saline was subcutaneously inoculated in the flanks of 6-week-old SCID mice
(NCSR “Demokritos” Animal House; group A = 11 mice, 20.34 + 1.63 g body weight; group B = 4 mice,
22.81 + 0.25 g body weight). After 3-4 weeks, palpable tumors (group A, AsPC-1: 0.23 + 0.11 g; group
B: MiaCapa-2: 0.14 + 0.05 g) had developed at the inoculation sites, and biodistribution was performed.

4.3.3. Biodistribution in SCID Mice Bearing AsPC-1 and MiaCapa-2 Xenografts

At the day of biodistribution, a bolus of [*™Tc]Tc-DT1 (185 kBg, 10 pmol total peptide, in vehicle:
saline/EtOH = 9:1 v/v) was intravenously injected in the tail of group A mice, together with the vehicle
(100 puL; control group: four mice). The rest of group A mice were treated with Entresto 30 min prior to
radioligand co-injection with Lis (200 pg Lis dissolved in 100 uL vehicle; Entresto + Lis-group: four
mice), or with Lis plus excess NT (200 pug Lis and 100 pg NT dissolved in 100 uL vehicle; block group:
three mice). Animals were euthanized at 4 h pi, and blood samples, organs of interest, and AsPC-1
tumors were dissected, weighed, and counted in the gamma counter. Biodistribution data was
calculated as percent of injected activity per gram tissue (% IA/g) with the aid of suitable standards of
the injected activity, using the Microsoft Excel program. Results represent mean values + SD, n = 4.
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Mice of group B (four animals with MiaCapa-2 tumors) were treated with the Entresto + Lis
combination, as described above, and the same protocol was followed.

4.3.4. Statistical Analysis

For statistical analysis of biological results, a two-way ANOVA with multiple comparisons was
used, applying Tukey’s post-hoc analysis (GraphPad Prism Software, San Diego, CA, USA); p values of
<0.05 were considered to be statistically significant.

All animal studies were performed in compliance to European guidelines in supervised and
licensed facilities (EL 25 BIO 021), whereas the study protocols were approved by the Department of
Agriculture and Veterinary Service of the Prefecture of Athens (revised protocol number 1609 approved
on 24 April 2019 for the stability studies and revised protocol number 1610 approved on 24 April 2019
for biodistribution and imaging studies).

5. Conclusions

Pancreatic cancer, and in particular PDAC, is a devastating disease with five-year survival below
5%. Typically, cancer has already spread without symptoms until the time of diagnosis, and prognosis
is poor. Consequently, molecular tools for diagnosis and therapy—theranostics—of PDAC are
urgently needed to improve survival rates for patients. In the present work, we have evaluated
the NT(7-13)-based radiotracer [*™Tc]Tc-DT1 in NTS1R-positive pancreatic cell and mice models,
given that overexpression of the NTSIR target has been documented in PDAC. We selected AsPC-1
cells amongst a panel of human pancreatic cancer cell lines as our study model, based on the superior
NTS1R-specific uptake of [*™Tc]Tc-DT1 in these cells. Next, we were able to markedly stabilize
[*™Tc]Te-DT1 in mice circulation through the administration of two clinically established inhibitors,
namely Entresto (for NEP inhibition) and Lis (for ACE inhibition). Last but not least, we could induce
notable increases in the NTS1R-specific uptake of [**™Tc]Te-DT1 in AsPC-1 tumors xenografted in mice
compared with controls. These findings are in favor of clinical translation of the protease-inhibition
concept in PDAC patients.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/21/7926/
sl. Figure S1: Structures of the ACE inhibitor Lis and of sacubitril (AHU377) found in the drug Entresto, releasing
the active substance sacubitrilat (LBQ657) in vivo upon ester-hydrolysis by esterases; sacubitrilat is a potent and
specific NEP inhibitor. Table S1: Cellular uptake, with membrane-bound and internalized activity fragments
shown separately, of [#°MTc]Te-DT1 at 1 h incubation across cell lines, expressed as mean + SD, including specific
and non-specific portions. Table S2: Biodistribution data for [®MTc]Te-DT1, expressed as % IA/g mean + SD,
in MiaPaca-2 xenograft-bearing SCID mice treated with Entresto + Lis at 4 h pi.
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