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Abstrakt

Glutamatkarboxypeptidasa II (GCPII) je metaloprotedza zodpovédnd za Stépeni
neurotransmiteru  N-acetyl-aspartyl-glutamatu v centralnim  nervovém systému
na N-acetyl-aspartat a glutamat. Soucasn¢ v lidském tenkém stfevé napomaha vstiebavani
folati pomoci odStépovani y-vazanych glutamata z folyl-poly-y-glutamatu. GCPII je u ¢lovéka
exprimovana i v fad¢ dalSich orgdnt (napf. ledviny a prostata) a nadorech, kde vsak jeji
fyziologickd funkce neni znama. Pii komplexnim studiu role tohoto enzymu v savéim
organismu jsme nejprve charakterizovali komeréné dostupné monoklonalni protilatky proti
GCPII. Dale jsme vyvinuli jejich pIné syntetickou nahradu zalozenou na hydrofilnim polymeru
s navazanymi GCPII inhibitory. Poté jsme zhodnotili vhodnost uZiti mySiho biomodelu pro
studium funkce GCPII in vivo, kdy jsme zachytili rozdil v expresnim profilu GCPII v mysi a
¢loveku. U mysi ani v prostate, ani v tenkém stieve jsme GCPII nepozorovali. Pro zhodnoceni
fyziologické a patofyziologické funkce enzymu jsme analyzovali my$i GCPII-deficientni
model. Kromé pozorovani zvétSenych semennych vacki u starSich samct jsme nezjistili Zadny
dalsi zjevny fenotyp. Obdobné jsme vyvratili 1 schopnost GCPII §tépit amyloidni peptidy
(AP1-40 a APi-42). Ukazuje se tak, ze chybégjici aktivita GCPII v organismu nema zadné
evidentni negativni dopady. Z toho Ize usuzovat, ze ani farmakologicka inhibice GCPII nebude
vést k signifikantnim nezddoucim ucinkim. Lze tak pfedpokladat, Ze i klinické uZiti inhibitor
GCPII bude nejspiSe bezpecné. V ramci cileni 1éCiv jsme prokazali, Ze interakce
inhibitor-GCPII umoziuje specifické smétovani rozliénych nanostruktur do nadorovych bunék,

pfi¢emz klicova je optimalizace bio-nano rozhrani nanocastic k redukci nespecifické vazby.

Klic¢ova slova: GCPII, PSMA, FOLH1, glutamatkarboxypeptidasa I, prostaticky specificky
membranovy antigen, fyziologicka funkce, inhibice, mysi biomodel, zvétSené semenné vacky,
cileni 1é¢iv, GCPII deficientni mys, geneticky modifikovana mys, ndhrada protilatek, hydrofilni

polymer, nador, prostata, nanocastice, virim podobné ¢astice, nanodiamanty



Abstract

Glutamate carboxypeptidase II (GCPII) is a metalloprotease responsible for cleaving the
neurotransmitter N-acetyl-aspartyl-glutamate in the central nervous system to N-acetyl
aspartate and glutamate. At the same time, in the human small intestine, it facilitates folate
absorption by cleaving y-linked glutamate from folyl-poly-y-glutamate. In humans, GCPII is
also expressed in a number of other organs (e.g., kidney and prostate) and tumors, where its
physiological function is unknown. In an attempt to characterize the physiological function of
the enzyme, we first characterized the commercially available monoclonal antibodies against
GCPII. Further, we developed a fully synthetic replacement based on a hydrophilic polymer
with bound GCPII inhibitors. We evaluated the suitability of using a murine biomodel to study
GCPII function in vivo. We found the difference in GCPII expression profile in mouse and
human. We did not observe GCPII in either the mouse prostate or small intestine. To assess
physiological and pathophysiological functions of the enzyme we analyzed a GCPII-deficient
mouse model. Apart from the observation of enlarged seminal vesicles in older males, we did
not detect any other obvious phenotype. Similarly, we confirmed that GCPII cannot cleave
amyloid peptides (APi40 and APi-42). Thus, it appears that the lack of GCPII activity in the
organism has no obvious negative effects. It can be therefore assumed that pharmacological
inhibition of GCPII will not lead to significant adverse effects either and the clinical use of
GCPII inhibitors will be likely safe. In the context of drug targeting, we have shown that the
inhibitor-GCPII interaction allows specific targeting of different nanostructures to tumor cells,
while the optimization of the nanoparticle bio-nano interface is important to reduce non-specific

binding.

Keywords: GCPII, PSMA, FOLHI1, glutamate carboxypeptidase 11, prostate-specific membrane
antigen, physiological function, inhibition, mouse biomodel, enlarged seminal vesicles, drug
targeting, GCPII-deficient mouse, genetically modified mouse, antibody replacement,

hydrophilic polymer, tumor, prostate, nanoparticles, virus-like particles, nanodiamonds
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1. Uvod

Glutamatkarboxypeptidasa II (GCPII), znama téz pod tadou jinych ndzvl jako prostaticky
specificky membranovy antigen (PSMA), folylpoly-y-glutamathydrolasa I (FOLHI),
¢i NAALADasa (N-acetylated-alpha-linked acidic dipeptidase I), je transmembranovy
glykoprotein II. typu. Vzhledem ke své karboxypeptiddzové aktivité, kterd je zavisla
na pritomnosti dvou atomt zinku v aktivnim misté, lze ji fadit dle databdze MEROPS
do skupiny M28B.

GCPII je kodovana genem snazvem FOLHI o délce 62035 part bazi, skladajiciho se
z 19 exonll a 18 intrond, nachazejicim se na 11. chromozomu (11p11-p12) (O'Keefe a kol.,
1998). Jako mozny minimalni promotor genu byl identifikovan 614 paru bazi dlouhy fragment,
ktery nevykazuje striktni tkanovou specifitu (Good a kol., 1999). Vyrazn¢ vyssi exprese
v prostatické tkani u ¢lovéka (odtud PSMA) je dana ptitomnosti enhanceru lokalizovaného
v tfetim intronu (Noss a kol., 2002; Watt a kol., 2001). Aktivita tohoto enhanceru je negativné
ovlivnéna jak androgeny (Noss a kol., 2002), tak i zastavenim vapnikové signalizace ionoforem
vapniku, ptes kalcium dependentni transkripéni faktor NFATc1 vézajici se na AP-3 ¢ast PSMA
enhanceru (Lee a kol., 2003).

Z genetického hlediska byly podrobnéji analyzovany dva ptirozené se vyskytujici
polymorfismy — rs61886492 (C1561T) a rs202676 (T484C). Ob& mutace byly studovany stran
ovlivnéni folatového metabolismu. U polymorfismu C1561T jsou vysledky kontroverzni.
Nekteré studie ukazuji zvySeni hladiny folatu (Afman a kol., 2003; DeVos a kol., 2008; Halsted
a kol., 2007; Lievers a kol., 2002; Melse-Boonstra a kol., 2004) piipadné i sniZeni hladiny
homocysteinu, ale ostatni studie tento fakt nepotvrdily (Devlin a kol., 2006; Chen a kol., 2004;
Morin a kol., 2003; Vargas-Martinez a kol., 2002). Polymorfismus C1561T dale vede k mutaci
H475Y v proteinové sekvenci, ktera vSak neovliviiuje aktivitu rekombinantni GCPII pfi Sté€peni
polyglutamylovanych folati in vitro (Navratil a kol., 2014). Druhy polymorfismus T484C,
cetny u skupiny matek s plody s poruchami vyvoje neurdlni trubice v ¢inské oblasti Lvliang
(Guo a kol., 2013), vede k mutaci Y75H. Tato mutace, na rozdil od pfedchozi (H745Y), by dle
molekuldrniho modelovani (Guo a kol., 2013), mohla vést k zmén¢ sekundarni i tercidlni
struktury. Polymorfismus T484C je asociovan s niz$i hladinou folatu, ¢i jeho zasobnich forem
(Cummings a kol., 2017; Roffman a kol., 2013), event. i se zvySenou hladinou homocysteinu
(Guo a kol., 2013). Toto zjisténi je pomérné piekvapivé vzhledem k pomérné vysokému
vyskytu tohoto polymorfismu, kdy minoritni frekvence alely dosahuje okolo 0,39 (Auton a kol.,

2015). Tento polymorfismus je mimo jiné asociovan se vzrustem nitroo¢niho tlaku (Gao a kol.,
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2018). Minoritni alela je dale v nedavné préaci (Zink a kol., 2020) asociovéana s vétSim
mnozstvim transkriptu  GCPII a nizS§im inteligenénim kvocientem. Jednim z dalSich
polymorfismu s fenotypickym dopadem je intronickéd varianta rs55728336-C (Cheng a kol.,
2021), kdy u nosict této alely dochazi k snizeni mnozstvi N-acetyl-aspartyl-glutamatu
vylu¢ovaného do moci.

Krom zékladni plnodélkové varianty mRNA PSMA, kodujici protein GCPII o délce
750 aminokyselin, byla popsana tada dalSich sestfihovych variant - viz obrazek 1, prevzato
a upraveno z praci (Hlouchové a kol., 2012; Williams a Kole, 2006). PSM’ varianta je zkracena
0 266 nukleotidli z 5° konce, neobsahuje tak signalni sekvenci a ¢ast proteinu odpovidajici
intracelularni a transmembranové ¢asti. V tkdnich se pomér PSMA/PSM’ zvySoval umérné
miry malignity (Su a kol., 1995). Pomoci metody ,,5° Rapid Amplification of cDNA Ends*,
tj. amplifikace pomoci jednoho primerii spolecného pro vSechny transkripty, byly nalezeny
v bunééné linii LNCaP dals§i 2 sestfihové varianty: varianta PSM-C, jejiZ potencidlné
produkovany protein by byl velmi podobnym variant¢ PSM’, a varianta PSM-D. V ptipadé¢
varianty PSM-D dochazi k iniciaci translace v jiném miste, coz vede ke vzniku alternativniho
exonu lc, a tedy 1k expresi nové sekvence 42 aminokyselin, nasledované zbytkem PSMA
(O’Keefe a kol., 2001; Schmittgen a kol., 2003a). Uzitim oligonukleotidl pfepinajicich sestiih
(,,splice-switching oligonucleotides*) na LNCaP linii byla kromé varianty PSM” identifikovana
1 varianta postradajici exon 6 - PSMAAG6 a varianta postradajici exon 18 — PSMAA18. Obé
varianty vedou k vyraznému zkraceni a zasahu do extraceluldrni ¢asti. Lze predpokladat, Ze
vysledny protein je neaktivni (Williams a Kole, 2006). Dalsi varianta PSM-E, jez byla objevena
po sekvenaci produktu reverzni transkripce spojen¢ s PCR z bunécné linie LNCaP, obsahuje
inzerci 97 nukleotidi mezi nukleotidy 379 a 380 a neobsahuje sekvenci 93 nukleotidli mezi
bazemi 2232 a 2324 PSMA sekvence. Dale jsou pfitomny dva odli$né nukleotidy na pozicich
1453 a 1479. Autory je i popisovana lepsi korelace mezi mnoZzstvim PSM-E varianty a mirou
malignity oproti variant¢ PSMA (Cao a kol., 2007), pfi¢emzZ obdobné jako u PSMA transfekce
PSM-E snizuje u PC-3 bunécné linie proliferaci, invazi a migraci (Cao a kol., 2012). PSM-F je
varianta obdobna PSM-E, jen bez delece 97 nukleotidii mezi bazemi 2232 a 2324 (Hlouchova
a kol., 2012).

14


https://www.ebi.ac.uk/gwas/variants/rs55728336

PSMA | | [T w Tw] v wi Jwlww ] x [xabalalav]xv] v Jxwilom]  xx

—

ATG

PSMA [ exon | [ exoni [ exonm | T
1
ATG .
PSMA + 68| exon | + 68 bp | exon Il | exon Il |
1 448 554 ="
ATG -
PSM' I exon I | exon Il [ exon Il |
1 114 220 o
ATG .
PSM-C I exon I' | exon Ib | exon Il ] exon lil |
1 114 247 553
ATG .
PSM-D | exon I' | exon lc I exon || | exon Il I
1 114 215 321 T
AG
PSM-E I exon | I exon lc | exon |l | exon |Il | exon IV exon XVII exon XIX
1 380 477 sss 2232
ATG .
PSM-F | exon | [exonic] exonn [ exon [exon v
1 380 a77 585
PSMAAG | exon| exon V | exon Vil
1
PSMAA18 | exon| e exon XVII exon XIX

1

Obrazek 1 - Zobrazeni exonového slozeni mRNA PSMA (nahofe). Zobrazeni exonového slozeni mRNA
prislusnych sestfihovych variant (dole), pro jednoduchost zobrazeny zejména exony se zménami oproti zakladni

variant¢ PSMA. Pfevzato a upraveno z praci Hlouchova a kol. (2012); Williams a Kole (2006).

GCPII ve své plnodélkoveé formé se vyskytuje ve formé C2 symetrického homodimeru. Kazdy
monomer se sestava z kratké intracelularni ¢asti, transmembranového tuseku a velké
enzymaticky aktivni extracelularni ¢asti tvofené tfemi doménami — proteazovou, apikalni a
dimeriza¢ni (Mesters a kol., 2006). Struktura extracelularni domény je znazornéna na
obrazku 2, pfevzatého z Mesters a kol. (2006), a je velmi podobna struktufe transferinového
receptoru, se kterym sdili 28 % sekvenéni identitu. Rozdily jsou oproti transferinovému
receptoru zejména v nepfitomnosti aktivniho mista a aminokyselinach zajist'ujicich rozpoznani
substratu.

Protein je masivné N-glykosylovan. Z celkem deseti potencialnich glykosyla¢nich mist bylo
sedm pozorovano ve struktufe (Mesters a kol., 2006). Tyto glykosylace jsou nezbytné pro
enzymatickou aktivitu (Barinka a kol., 2004). Glykosylace na asparaginu N638 mimo jiné diky
interakci s glutamatem E276 napomaha dimerizaci, které je taktéz krucialni pro katalytickou
aktivitu (Schiilke a kol., 2003). Dimerizace je dale pozitivné ovlivnéna pfitomnosti vapenatého
kationtu, ktery stabilizuje smycku mezi aminokyselinami 272-279 (Mesters a kol., 2006; Ptacek
a kol., 2018).
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Cytoplazmaticka membrana

Obrazek 2 — Struktura extracelularni ¢asti GCPII, ptevzato a upraveno z Mesters a kol. (2006). Modfe znazornéna
proteazova, zIuté apikalni a hnédé dimerizaéni doména. Zelené kulicky znaéi zinkové ionty, ¢ervené vapnikovy

kation a zluté chloridovy anion.

Nejbliz§im homologem GCPII je glutamatkarboxypeptidasa III (GCPIII), 740 aminokyselin
dlouhy protein s 67 % identickou a 81 % podobnou aminokyselinovou sekvenci (Pangalos a
kol., 1999). Velmi podobna je i 3D struktura, pricemz GCPIII je schopna $tépit obdobné
substraty jako GCPII — N-acetyl-aspartyl-glutamat (Hlouchova a kol., 2009; Pangalos a kol.,
1999) i polyglutamylované folaty (Navratil a kol., 2016). Oproti GCPII je schopna efektivné
Stépit B-citryl-glutamat (Collard a kol., 2011; Navratil a kol., 2016).

1.1 Enzymaticka aktivita

Zakladni enzymatickou aktivitou GCPII, jak vyplyvd znéazvu enzymu, je odStépovani
C-koncového glutamatu (o resp. ¥ vazaného) ze svych substrati. Jako fyziologicky substrat
byly identifikovan N-acetyl-aspartyl-glutamat (NAAG), nejrozSifenéjSi peptidovy
neurotransmiter v mozkové tkani (Robinson a kol., 1987), N-acetyl-aspartyl-glutamyl-glutamat
(NAAG2) (Lodder-Gadaczek a kol., 2011), poly-y-glutamylovany folat (odtud nazev
folathydroldza) (Halsted, 1991) a v neposledni fad¢ také velmi neochotné Stépeny substrat,
ktery je naopak velmi dobfe Stépen homologni glutamatkarboxypeptidasou III (GCPIII),
B-citryl-glutamat (Navratil a kol., 2016). Reakce se zdkladnimi substraty, tj. s NAAGem

a poly-y-glutamylovanymi folaty jsou zobrazeny na obrazku 3.
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Jako substraty GCPII byly potvrzeny i dalsi kyselé dipeptidy jako N-acetyl-aspartyl-methionin,
N-acetyl-glutamyl-methionin, N-acetyl-alanyl-methionin a N-acetyl-glutamyl-glutamat
(Barinka a kol., 2002), pro coz svéd¢i i alternativni ndzev NAALADase (dipeptidasa Stépici
a-spojené N-acetylovené kyselé dipeptidy). Stran selektivity ke Stépeni dalSich kyselych
dipeptidl se ukazuje, ze N-terminalni acetylace neni nezbytna a Ze jsou téz Stépeny, i kdyz hiie,
substraty tvotfené D-stereoizomery aminokyselin a substraty obsahujici v P1 pozici jinou
dikarboxylovou kyselinu (napf. kyselinu adipovou, glutarovou, jantarovou, malonovou)

(Barinka a kol., 2008).

-
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Pteroyl-poly-y-L-glutamat (PteGlu,)
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Obrazek 3 — Hydrolytické reakce katalyzované GCPII. Zobrazeny jsou zakladni pfirozené substraty — NAAG
a poly-y-glutamylované folaty. Molekuly vody jsou pro jednoduchost vynechany.

Jako dalsi fyziologické substraty byly identifikovany nékteré peptidy zakoncené C-terminalnim
glutamatem vzniklé Stépenim slozky extraceluldrni matrix lamininu matrixovou
metaloprotedzou 2. Témi jsou napf. leucyl-glutaminyl-glutamat (LQE), izoleucyl-glutamyl-
glutamat (IEE) a leucyl-asparaginyl-glutamat (LNE) (Conway a kol., 2016). Produkty tohoto
Stépeni, jmenovité zejména leucyl-asparagin a glutamat, jsou schopny ovliviiovat bunécnou
adhezi zprostiedkovanou asfB: integrinem (Conway a kol., 2013; Conway a kol., 2016).

Struktura nékterych dalsi pfirozenych substrati GCPII a GCPIII je zobrazena na obrazku 4.
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Obrazek 4 — Struktury nékterych dalsich pfirozenych substratt enzymi GCPII a GCPIIL.

Pomérné kontroverzni byla identifikace GCPII jako protedzy Stépici amyloidogenni peptidy
APi-40a APi-42 v ramcei Alzheimerovy choroby (Kim a kol., 2010b; Lee a kol., 2013), ktera vsak
dale nebyla potvrzena (Alt a kol., 2013).

Katalyticky mechanismus je zndm vzhledem ke zndmé struktuie proteinu (Barinka a kol., 2008;
Barinka a kol., 2007a; Barinka a kol., 2007b; Mesters a kol., 2006) a je obdobny jako u fady
dalsich metaloprotedz (Pavlicek a kol., 2012). V aktivhim misté se nalézaji dva zinkové
kationty vézajici molekulu katalyticky aktivni vody, slouzici jako centralni nukleofil. Ta je
aktivovdna pomoci katalytické baze — glutamatu E424. Takto vznikly hydroxylovy ion
nukleofilné¢ napada peptidovou vazbu. Po rozstépeni dochdzi ke zpétnému pienosu protonu
z glutamatu E424 na aminoskupinu odstupujiciho produktu. Reakéni mechanismus pii Stépeni

NAAGu je zobrazen na obrazku 5, pfevzato z publikace Pavlicek a kol. (2012) — fig.4.

Glu
N-Ac-Asp

N-Ac-Asp-Glu
(NAAG)

products

Glugyy

Obrazek 5 — Katalyticky mechanismus $tépeni NAAGu pomoci GCPII. Prevzato z Pavlicek a kol. (2012).

18



a-karboxylova skupina C-termindlni aminokyseliny (vétSinou glutamat) je v S1" kapse vazana
diky iontové vazbé s argininem R210 a dvéma vodikovymi mustky — s tyrosiny Y700 a Y552
(Mesters a kol., 2006). Postranni karboxylova skupina interaguje iontovou vazbou s lyzinem
K699 a vodikovou vazbou s asparaginem N257. Pritomnost dikarboxylové kyseliny
(napf. glutamat, event. ale 1 glutarat) v S1° misté vede ke zméné¢ struktury GCPII (,,induced fit*
mechanismus vazby substratu), kdy dojde k posunu a fixaci smycky s aminokyselinami K699
a Y700, proto dle charakteru substratu je tato ¢ast nazyvana jako tzv. ,,glutaratovy senzor*.
N-terminalni aminokyselina Stépené¢ho dipeptidu (P1) je vazana do S1 kapsy, kde je vazba
zprostiedkovana interakci s pozitivné nabitymi zbytky arginini R463, R534 a R536
a vodikovou vazbou s asparaginem N519, coz vysvétluje preferenci pro kyselé aminokyseliny.
Arginin R536, diky své flexibilité, mize nabyvat dvou konformaci, pficemz pouze v jedné
je schopen vézat substrat, k ¢emuz napomaha i stabilizace pomoci vazaného chloridové aniontu
a glutamatu E457 na dné S1 kapsy (Barinka a kol., 2008; Mesters a kol., 2006). Schéma vazby
NAAGu do aktivniho mista GCPII s pfislusnymi interakcemi je zndzornéno na obrazku 6,
ktery je pfevzat a upraven z publikace Mesters a kol. (2006).

navrh S1 kapsy S1' kapsa

G454 1030 D453 SOOA N257 ND2

--.?__5_8_A- K699 NZ
Bas7 (O NNSTE 0 2824 Y?OO OH
L A O ) E/A T
317 A Y552 OH
V549 --------z- R210 NH1
- 2.81A
Y552 3-HA"TT “
HS oM
’ant _ Z'n?+ ‘0
H377 D453 D387 H553 E425 E424 (katalyticka baze)
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Obrazek 6 — Schématické znazornéni vazby substratu NAAG do katalytického mista GCPII. Aminokyseliny

K699 a Y700 tvorici ,,glutaratovy senzor jsou oramovany. Pievzato z publikace (Mesters a kol., 2006) a upraveno.

Vstup do aktivniho mista mize byt uzavien smycCkou zaminokyselin W541-G548,
tzv. ,entrance lid“, ktery v pfipadé stericky objemnych inhibitorli ¢i substratl zlstava
v oteviené konformaci, zatimco u malych substrati dochazi k zméné¢ na uzavienou konformaci
(Barinka a kol., 2008). V piipad¢€ oteviené¢ konformace dochazi mimo aktivni misto ke vzniku
alosterického vazebného mista (tzv. ,arene binding site), kde tryptofan W541 pomoci

»T-stackingu® a arginin R511 pomoci n-kationové interakce jsou schopny vazat areny (Zhang

19



akol., 2010). Zda se, ze toto alosterické vazebné misto, diky interakci s aromatickym pteroatem
(Navratil a kol., 2014) zlepSuje vazbu a nasledné i Stépeni polyglutamylovaného folatu.
Soucasné ,,arene binding site umoznuje konstrukei vysoce selektivnich a potentnich inhibitori
(Navratil a kol., 2014).

Aktivita GCPII je dle nékterych praci (Anilkumar a kol.,, 2003; Conway a kol., 2006)
piekvapivé ovlivnéna interakci intracelularni ¢asti s filaminem. Tyto prace jsou vSak ve
vzajemném nesouladu, zatimco dle Anilkumara vazba filaminu na GCPII aktivitu snizuje, tak
u Conway naopak je snizena aktivita GCPII, v dusledku aktivace PAK-1 (p21 activated kinase),
po poklesu vazby s filaminem. Jednim z vysvétleni miize byt napt. fakt, ze zatimco Anilkumar
vztahuje aktivitu na membranovou frakci, tak Conway vztahuje aktivitu GCPII na celkovou
hladinu proteinu. Nebot’ vazba GCPII na filamin snizuje endocytézu (Anilkumar a kol., 2003),
tak lze predpoklddat nabohaceni GCPII v plasmatické membrang. NavySeni aktivity
membranové frakce dle Anilkumara je tedy spiSe v duasledku vy$siho obsahu GCPII
v plasmatické membrané nez ovlivnénim vlastni aktivity enzymu, kterd mtize byt naopak nizsi

(Conway a kol., 2006).

1.2 Neenzymatické funkce

GCPII je exprimovana i ve tkanich, kde nebyl nalezen Zadny specificky substrat, ptipadné jeho
Stépeni neni pfipisovana zadna fyziologicka funkce (viz nize). Proto se spekuluje, Ze mize mit
1 jiné funkce, které bezprostfedné nesouviseji s jeji proteolytickou aktivitou. Vzhledem k vyse
popsané¢ aktivité, kdy GCPII §tépi polyglutamylované folaty, byla ve studii Yao a kol. (2010)
analyzovana hypotéza, zda GCPII mimo jiné neni schopna i transportu monoglutamylovanych
folat. Vskutku, u prostatické linie PC3 transfekované GCPII byla oproti netransfekované linii
pozorovana dvojnasobna akumulace folatu. BohuZel dalsi publikace potvrzujici tento vysledek
se neobjevily.

GCPII vykazuje fadu podobnosti s transferinovym receptorem, se kterym sdili jednak vyraznou
strukturni podobnost (Mesters a kol., 2006), tak i schopnost internalizace klatrinovou cestou
(Liu a kol., 1998; Rajasekaran a kol., 2003). Unikétni motiv MXXXL (Rajasekaran a kol.,
2003) intracelularni ¢asti GCPII interaguje pravdépodobné pies u2 subjednotku s adaptorovym
komplexem AP-2, ktery se pfimo ucastni tvorby klatrinového vacku (Pearse a kol., 2000).
GCPII je nasledné diky své interakci s filaminem A (Anilkumar a kol., 2003), obdobn¢ jako
transferinovy receptor sméfovana do recyklujicich endosomti. Prestoze internalizace GCPII
je konstitutivni, vazbou specifické protilatky je vyrazné urychlena (Liu a kol.,, 1998).

Internalizace nejspiSe nesouvisi s aktivitou, vzhledem k tomu, Ze inhibice enzymatické aktivity
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GCPII fosfatem nevede k snizeni endocytdzy (Rajasekaran a kol., 2003). V mikrovaskularnich
endotelialnich buiikach byla popséana i alternativni cesta endocytézy, kdy ptiblizné€ jedna pétina
GCPII je endocytovana kaveolinovou drahou, zprostfedkovanou pomoci interakce GCPII
s kaveolinem-1 (Anilkumar a kol., 2006).

Smeétovani GCPII do recyklujicich endosomu je zajimavé 1 v souvislosti s popsanou interakei
recyklujicich endosomt a centrosomu pies Rab11 protein (Hehnly a kol., 2012) a jejich ulohou
v terminalni fazi cytokineze, kdy dochazi k vlastnimu odd¢leni bunék po vytvoreni délici ryhy
(Fielding a kol., 2005; Wilson a kol., 2005). Lokalizace GCPII v oblasti koncti mitotického
vieténka (a tedy 1 v blizkosti centrosomtl) byla popsana i v préaci (Rajasekaran a kol., 2008),
pricemz za kliCovou je povazovana cytoplazmaticka c¢ast GCPII a funkce mikrotubulti. GCPII
zde asociovala s APC (anaphase promoting complex) a urychlovala degradaci cyklinu B
vedouci k pfed¢asnému ukonceni mit6zy. To podle Rajasekarana dale vedlo k aneuploidii a tim
1 zvySeni rizika nddorové progrese.

To vse nasvédcuje hypotéze, ze GCPII by mohla slouzit jako receptor pro zatim neznamy ligand
(Rajasekaran a kol., 2005). Receptorové funkci by mohla nasvédCovat i1 pfitomnost
polyprolinového helixu v extracelularni ¢asti, ktery u jinych proteini zajiStuje interakci
se Src-homology 3 doménami (Mesters a kol., 2006). Arteficidlni aktivace GCPII pomoci
monoklonalni protilaitky J591 vede u bunééné linie LNCaP k aktivaci MAPK
(,,mitogen-activated protein kinase®) (Colombatti a kol., 2009; Perico a kol., 2016)
a mTOR/AKT/BAD (Perico a kol., 2016) signalni drdhy. GCPII po sesitovani vytvari
makromolekularni komplex s 1 integrinem, filaminem A, adaptorovym proteinem pp130Cas
a fosforylovanym proteinem c-Src, ktery vede k aktivaci AKT a ERK1/2 kinaz. Tento d¢j je
inhibovan potlacenim exprese jakékoli slozky komplexu (Perico a kol., 2016). Dochézi 1
k aktivaci GTPas RAS, Racl (Colombatti a kol., 2009) a nasledné i kindz MAPK38 a ERK1/2
(Colombatti a kol., 2009; Perico a kol., 2016). Zavérem je i fosforylovan transkripéni faktor
jaderny faktor kappa B (NFxB), ktery zvySuje produkci cytokinu IL-6 a CCLS (Colombatti a
kol., 2009). Vyse uvedeny makromolekularni komplex soucasné asociuje s receptorem EGFR

Y1986 3 Y173 které nezaviseji na aktivaci EGF (Perico

a vede k jeho fosforylacim na tyrosinech
a kol., 2016). Signalizace je zndzornéna na schématu pfevzatém a upraveném z publikace

Perico a kol. (2016) uvedeném na obrazku 7.
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Obrazek 7 — Schématické znazornéni signalizace po aktivaci GCPII/PSMA. Aktivaci vznika makromolekularni
komplex GCPII s filaminem A, B, integrinem, proteinem ppl130Cas a fosforylovanym proteinem Srcl, ktery
aktivuje AKT a ERK1/2 kinazy. Soucasné dochazi k asociaci s EGFR receptorem a fosforylaci Y!86 a Y73,

Pievzato z publikace (Perico a kol., 2016) a upraveno.

Klicovou se zdd souhra s integrinovymi drahami, kdy signalizace GCPII v pfitomnosti
funkéniho protoonkogenu c-Src (Perico a kol., 2016) vede k aktivaci B integrinu (Conway a
kol., 2006; Perico a kol., 2016) a nasledn¢ cestou Rac GTPasy k aktivaci PAK-1 a tim i
ovlivnéni bunééné migrace. Inhibice GCPII snizuje fosforylaci FAK (,,focal adhesion kinase*)
zavislé na 1 integrinu (Conway a kol., 2006). V experimentalnich spontdnnich nadorech
prostaty ,,the transgenic adenocarcinoma of the mouse prostate* (TRAMP) byla v pfipadé mysi
deficientnich v genu pro GCPII pozorovana niz8§i fosforylace FAK kindzy v hlavnim
autofosforylaénim misté Y%7, oproti vyrazné zvysené fosforylaci na tyrosinu Y?* (Caromile a
kol., 2017). Zatimco fosforylace Y>°7 je kli¢ova pro spojeni s SH2 doménou Src kindz, tak
fosforylace Y°* je skrze interakci s GRB2 adaptorovym proteinem zodpovédna za aktivaci
MAPK signalni drahy (Hanks a Polte, 1997). Vysvétleni nabizi prace Caromile a kol. (2017),
kde byla v lidské prostatické buné¢né linii 22Rv1 identifikovdna asociace GCPII s proteinem
RACKI a receptorem IGF-1R, ktera sniZuje interakci RACK1/IGF-1R s B; integrinem. To vede
ke zméné FAK fosforylace a aktivaci AKT signalni drahy (PI3K-AKT). To spolu s nalezem
snizené signalizace v MAPK draze (GRB2-ERK1/2) ve vySe popsanych GCPII pozitivnich
tumorech v TRAMP mySim transgennim modelu vytvafi hypotézu, Ze za ptitomnosti GCPII

dochazi k pfesmyku signalizace z MAPK dréhy k vice onkogenni draze AKT (Caromile a kol.,
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2017). Schématicky je tento d¢j zndzornén na obrazku 8, piejatém a upraveném od Caromile a

kol. (2017).

B,-integrin IGF-1R

zvysena proliferace,
rist a pfeziti

zpomalena proliferace, ERK1/2
rlist a pfeziti

Obrazek 8 — Schématické znazornéni piesmyku signalizace v dusledku pfitomnosti GCPII. GCPII asociuje
s proteinem RACK1 a receptorem IFG-1R, coz kompetitivné snizuje interakci s RACK1/IGF-1R komplexu
s Bi integrinem. Interakce RACKI1 proteinu s GCPII misto s B; integrinem aktivuje PI3K/AKT drahu a vede
k zméné¢ fosforylaci FAK, kdy je bez dalsi stimulace integrinovou cestou preferovana fosforylace
FAK na tyrosinu Y*7 pfed tyrosinem Y°?. To vede k atlumu signalizace GRB2/ERK1/2 drahou. Pokud jsou
B1 integrinové receptory soucasn¢ piimo stimulovany kontaktem s extracelularni matrix dojde k alternativni
aktivaci FAK v¢etné standardni fosforylace na tyrosinu Y°?°. MAPK dréha tak ziistdva aktivni. Pfejato a upraveno

od Caromile a kol. (2017).

Tato prekvapiva domnénka neni v souladu s pfedchozimi pracemi (Colombatti a kol., 2009;
Perico a kol., 2016), které naopak ukazuji zvySenou aktivitu MAPK38 a ERK1/2 po aktivaci
GCPII monoklonalni protilatkou; soucasn€ dochazi 1 k rozporu v ramci exprese GCPII v rdmci
zakladniho TRAMP transgenniho modelu, kde oproti praci (Caromile a kol., 2017) nebyla
v dalsi studii (Simons a kol., 2019) exprese GCPII potvrzena. Jednim z moZnych vysvétleni
muze byt fakt, Ze arteficialni aktivace GCPII pomoci monoklonalni protilatky vede k rapidni
internalizaci (Rajasekaran a kol., 2003), coz muze vést ke zméné¢ slozeni pftislusnych

signaliza¢nich komplexa.

1.3 Expresni profil

Expresni profil GCPII byl opakovanég studovan jak na irovni mRNA, tak i na proteinové urovni.

Vysledky nejsou bohuzel vzdy plné€ konzistentni, coz miize byt ddno riznorodosti analytickych
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metod (reverzni transkripce spojena s polymerazovou fetézovou reakci — RT-PCR, ,,northern
blot“, imunohistochemie, ELISA, imunoblot - ,,western blot“, enzymova aktivita), pouzitim
riznych detekénich protilatek s riiznou senzitivitou, tak i paletou a charakterem vySetfovanych
tkani.

Shodné¢ jak na proteinové, tak i na mRNA trovni byla u lidskych tkdni popsdna kromé prostaty
(Aggarwal a kol., 2006; Cunha a kol., 2006; Gala a kol., 2000; Horoszewicz a kol., 1987; Israeli
a kol., 1994; Lopes a kol., 1990; Mhawech-Fauceglia a kol., 2007; Pangalos a kol., 1999;
Renneberg a kol., 1999; Rovenska a kol., 2008; Silver a kol., 1997; Sokoloff a kol., 2000;
Troyer a kol., 1995; Wolf a kol., 2010) exprese v mozku (Cunha a kol., 2006; Israeli a kol.,
1994; Mhawech-Fauceglia a kol., 2007; Pangalos a kol., 1999; Renneberg a kol., 1999;
Rovenska a kol., 2008; Sacha a kol., 2007; Trover a kol., 1995), ledvinach (Cunha a kol., 2006;
Kinoshita a kol., 2006; Lopes a kol., 1990; Pangalos a kol., 1999; Renneberg a kol., 1999;
Rovenska a kol., 2008; Sokoloff a kol., 2000), tenkém stfevé (Gala a kol., 2000; Kinoshita a
kol., 2006; Pangalos a kol., 1999; Rovenska a kol., 2008; Silver a kol., 1997), jatrech (Cunha a
kol., 2006; Kinoshita a kol., 2006; Pangalos a kol., 1999; Renneberg a kol., 1999; Rovenska a
kol., 2008), v mocovém méchyii (Gala a kol., 2000; Kinoshita a kol., 2006; Rovenska a kol.,
2008) a v slinnych zlazach (Israeli a kol., 1994; Trover a kol., 1995; Wolf a kol., 2010).

Z dalSich tkani byla pozorovéna ptitomnost GCPII proteinu v tlustém stfevu (Kinoshita a kol.,
2006; Rovenskd a kol.,, 2008; Sokoloff a kol., 2000) a v nckterych dalSich tkanich
reprodukéniho systému (prsni Zlaze, vajeCnicich, vejcovodu, déloze, varleti a nadvarleti)
(Kinoshita a kol., 2006; Mhawech-Fauceglia a kol., 2007; Rovenska a kol., 2008; Sokoloff a
kol., 2000).

Stran télesnych tekutin byla GCPII nalezena v krvi resp. plasmé (Beckett a kol., 1999; Knedlik
akol., 2014; Rochon a kol., 1994; Troyer a kol., 1995), seminalni plasmé (Rochon a kol., 1994;
Sokoloff a kol., 2000; Troyer a kol., 1995) a v moci (Sokoloff a kol., 2000).

Exprese jednotlivych ortologli GCPII v tkanich riznych zivoc¢isnych druhii je piekvapivé
rozdilnd. Vyraznd exprese GCPII v prostaté¢ Clov€ka je unikatni, v prostaté¢ mysi, potkana,
prasete, psa, ani vysoce ptibuzného makaka neni pozorovatelna (Aggarwal a kol., 2006; Bacich
a kol., 2001; Rovenska a kol., 2008). Exprese v déloze a varlatech je u ¢lovéka oproti praseti
a potkanovi vyrazné niz8i. Stran reprodukéniho systému je vyraznéji zachovana pouze exprese
ve vajeCniku. Obdobné v travicim traktu je GCPII detekovatelnd v tenkém stievé Cloveka a
prasete, kdezto u potkana je zachyt minimalni (Rovenska a kol., 2008; Shafizadeh a Halsted,

2007). Relativné podobnéd exprese mezi druhy je u ledvin a mozku, kde ji nalézame jak u
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hlodavct (mys, potkan), tak 1 u prasete a clovéka. U mysi, oproti ¢lovéku, potkanu a praseti
nalézame vyrazné€ nizsi hladinu v jatrech.

Co se histologické lokalizace GCPII tyce, jedna se vétSinou o expresi na apikalni strané
epitelidlnich bungk, tj. acinarnich bunék prostaty (Kinoshita a kol., 2006; Rovenska a kol.,
2008; Silver a kol., 1997), bun¢k proximalnim tubulu ledvin (Kinoshita a kol., 2006; Rovenska
a kol., 2008; Silver a kol., 1997), acinarnich bunkach slinné zlazy (Wolf a kol., 2010) a
enterocytll (Kinoshita a kol., 2006; Silver a kol., 1997). Vyjimkou je pozitivita stromatu u
vajecniku (Kinoshita a kol., 2006). Exprese ve slinné zlaze je zifejm¢ nejspiSe spjata i
s nezadoucim ucinkem, xerostomii, po podani GCPII cilenych radionuklida (Kratochwil a kol.,
2016).

V ptipad¢ tkané¢ centralniho nervového systému byla lokalizace dominantné popisovana
v astrocytech (Berger a kol., 1999; Rovenska a kol., 2008; Sacha a kol., 2007), pficemz barveni
ma granularni cytoplazmaticky vzor (Sacha a kol.,, 2007). Dale GCPII byla nalezena
i v cytoplazmé ependymalnich bunék (Kinoshita a kol., 2006). Stran periferniho nervstva byla
GCPII pozorovana ve Schwanovych bunikiach neprodukujicich myelin v oblasti
neuromuskuldrniho spojeni (Berger a kol., 1995).

Studiem exprese v nadorové tkani se zabyvalo pomérné znacné mnozstvi autori. Vyrazna
exprese v nadorovych bunkach byla zachovana u nadort prostaty, kde byla zachycena
jak v primarnim néadoru, tak 1 v metastazach (Gala a kol., 2000; Horoszewicz a kol., 1987;
Kinoshita a kol., 2006; Lopes a kol., 1990; Silver a kol., 1997; Trover a kol., 1995; Wright a
kol., 1995). Neékteré prace se pokusily miru pozitivity (vétSinou zjist€énou pomoci
imunohistochemie) korelovat s mirou agresivity onemocnéni ¢i s prognozou. Vysledky byly
v8ak rozporuplné. V praci Bostwick a kol. (1998), kde porovnavali prostatické intraepitelidlni
neoplazie s plné rozvinutym karcinomem, nezachytili signifikantniho rozdilu, kdezto ve studii
Perner a kol. (2007) naopak analyza doby do biochemické progrese karcinomu prostaty
vykazovala signifikantni rozdil mezi silnymi a slabymi expresory na trovni p = 0,003, véetné
efektu v multivariantni analyze. V praci Minner a kol. (2011) pii obdobné analyze byla doba
do biochemického relapsu u siln€ exprimujich tumort oproti tumoriim slabé exprimujicim také
statisticky signifikantné kratsi, av§ak na hrani¢ni trovni (p = 0,0483). Pozitivita GCPII pfitom
korelovala se stadiem tumoru, preopera¢ni hodnotou PSA a HER2 expresi.

Ptitomnost GCPII byla studovéna 1 v jinych nadorech. Byla popsdna v nadorovych bunikach
fady malignit vychazejicich vétSinou z tkani, které primarné¢ exprimuji GCPII. Mezi nimi
napfi. v karcinomu moc¢ového méchyte (Gala a kol., 2000; Lane a kol., 2008; Samplaski a kol.,

2011), primarnim karcinomu ledvin (Dumas a kol., 1999), karcinomu pankreatu (Ren a kol.,
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2014), astrocytomu (Salas Fragomeni a kol., 2017). Z benignich tumort exprimuji GCPII
neurofibromy u neurofibromatozy typu 1 (Gulhane a kol., 2017). Z tumorti majicich pavod
v tkanich GCPII fyziologicky neexprimujicich, byla zachycena GCPII u nemalobunécného
karcinomu plic (Schmidt a kol., 2017).

Ptekvapivé byla zachycena pozitivita GCPII v endoteliich cév vétSiny nadort — napt. u nadora
prsu, tlustého stieva, plic, stitné zlazy, ale i u glioblastomu a osteosarkomu (Baccala a kol.,
2007; Bychkov a kol., 2017; Crowley a kol., 2016; Haffner a kol., 2009; Heitkotter a kol., 2018;
Heitkotter a kol., 2017; Chang a kol., 1999; Kasoha a kol., 2017; Liu a kol., 1997; Matsuda a
kol., 2018; Nomura a kol., 2014; Schmidt a kol., 2017; Silver a kol., 1997; Tolkach a kol., 2018;
Vorlova a kol., 2019; Wernicke a kol., 2011; Wernicke a kol., 2014; Zeng a kol., 2012).

Co se exprese GCPII v modelech geneticky podminénych nadorti prostaty u mysi tyce jsou
dostupnd rozporuplna data. Zatimco fyziologicky mysi prostata GCPII neexprimuje (Bacich a
kol., 2001), tak u genetického ,,Hi-Myc* modelu, kdy je probasinovym promotorem fizena
exprese onkogenu Myc, byla exprese pozorovana jiz od stadia prostatické intraepitelialni
neoplazie (Simons a kol., 2019). U TRAMP modelu zaloZeného na expresi SV40 T antigenu
vlivem probasinového promotoru jsou vysledky vice nesourodé. V praci Simons a kol. (2019)
nepopsali ani na irovni imunohistochemie ani na pozitronové emisni tomografii kombinované
s vypocetni tomografii (PET/CT) s ['*F]-DCFPyL sondou expresi GCPII, kdezto v ptipadé
jinych studii Schmittgen a kol.(2003b), Yang a kol. (2001) byla nalezena GCPII na tGrovni
mRNA, a v pfipad¢ prace Caromile a kol. (2017) 1 na urovni proteinu.

Pozitivita GCPII vnové tvofenych cévach nebyla pozorovdna jen v malignitach ale
1 v regeneracnich procesech v hojici se tkéani, v granulacich, tak i v endometrialnich cévach
(Gordon a kol., 2008).

Exprese je asociovana i se zanétlivymi onemocnénimi. Jak na mRNA, tak i na proteinové Grovni
byla exprese GCPII zachycena v buiikach sliznice ilea pfi Crohnové chorobé (Zhang a kol.,
2012). Kromé Crohnovy choroby byla pozorovana zvysena aktivita GCPII i u zdnétem zasaZzené
sliznice pfi ulcerozni kolitidé (Rais a kol., 2016). Jako vedlejsi nalez u vysSetfeni PET/CT
s radioligandem znaenym %Ga proti GCPII byla v fadé praci popisovdna pozitivita u
sarkoidozy (Ardies a kol., 2017; Dias a kol., 2017; Hermann a kol., 2016; Kobe a kol., 2015),
tato data vSak nebyla potvrzena jinou metodou a mohou souviset s nespecifickou akumulaci
%8Ga, vzhledem k tomu Ze se ®*Ga-citrat vychytava, nejspiSe cestou vazby na transferin,

v zanétlivych lozZiscich.
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1.4 Znamé fyziologické funkce

1.4.1 Nervovy systém

Znéama fyziologicka funkce GCPII v nervové tkani je uzce spjata s jejimi peptidovymi substraty
N-acetyl-aspartyl-glutamatem (NAAG) a N-acetyl-aspartyl-diglutamatem (NAAG2). GCPII na
povrchu perisynaptickych astrocytii katabolizuje tyto substaty za odStépeni C-terminalniho
glutamatu (Berger a kol., 1999; Robinson a kol., 1987; Sacha a kol., 2007).

NAAG je nejrozsitenéjsi dipeptid v nervové tkéni, vyskytujici se u vétSiny zivociSnych druhti
— byl nalezen v fadové podobné koncentraci u kralika, potkana, morcete, slepice, holuba, ale
iu zelv a zab (Miyake a kol., 1981). NAAG vznikd kondenzaci N-acetyl-aspartatu (NAA)
a glutamatu (Arun a kol., 2006; Cangro a kol., 1987; Gehl a kol., 2004) za ucasti ATP
dependentni NAAG synthetdzy I nebo NAAG synthetazy II (Becker a kol., 2010; Collard a
kol., 2010). Koncentrace NAAGu v jednotlivych ¢astech nervového systému kralika se
pohybovala v rozmezi 0,14 — 3,09 mmol/kg a tvoftila, jako u vétSiny druhd savci a ptakd,
ptiblizn¢ desetinu koncentrace jeho biosyntetického prekurzoru — N-acetyl-aspartatu (Miyake
a kol., 1981). Jak vyplyva z imunohistochemickych studii, naprosto pievaZuje neuronalni
lokalizace NAAGu, a to jak napt. v ¢ichové a zrakové draze (Anderson a kol., 1986; Tieman a
kol., 1987), tak i v draze senzitivni v dorzalnim gangliu (Cangro a kol., 1987). Stran sub-
celularni lokalizace se NAAG nachazi jak v perikaryonu, tak i axonech, pficemZ nejvyssi
koncentrace dle ultrastrukturnich studii byla popisovdna v synaptickych vaccich, a to jak
presynapticky (Renno a kol., 1997; Williamson a Neale, 1988), v zakon€eni axonu, ¢i v ptipadé
glutamatergniho systému v postsynaptickych vaccich v dendritech (Nordengen a kol., 2020).
Na druhou stranu in vivo méfeni pomoci magnetické rezonancni spektroskopie ukazuje mirné
vy$si koncentraci NAAGu v bilé hmoté 1,5 —2,7 mM oproti hmoté Sedé 0,6 — 1,5 mM (Pouwels
a Frahm, 1997). NAAG se po depolarizaci uvoliiuje z neuronu do synapticke Stérbiny diky fuzi
synaptickych vackl s cytoplazmatickou membranou, kterd je zavisla na influxu vapniku (Tsai
a kol., 1988; Walder a kol., 2013; Zollinger a kol., 1988). Transport NAAGu do synaptickych
vacku je zprostiedkovan pomoci transportéru sialinu (Lodder-Gadaczek a kol., 2013).
NAAG?2 vzniké dalsi kondenzaci NAAGu s glutamatem za katalyzy NAAG synthetatasou II.
Koncentrace NAAG?2 koreluje s koncentraci NAAG v jednotlivych kompartmentech nervové
tkang a je cca tficet az padesatkrat nizsi (Lodder-Gadaczek a kol., 2011). Zda funguje NAAG2
jako neurotransmiter neni dosud zcela potvrzeno.

Za receptor NAAGu je povazovan metabotrobni glumatovy receptor 3 (mGluR3) (Lea a kol.,
2001; Neale, 2011; Wroblewska a kol., 1998; Wroblewska a kol., 1997), ktery po svoji aktivaci
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snizuje tvorbu cAMP (Wroblewska a kol., 1998), ale i tvorbu cGMP (Wroblewska a kol., 2006).
Nékteti autoii (Fricker a kol., 2009; Chopra a kol., 2009) vSak tato data zpochybmuji
s poukazanim na moznou pfitomnost rezidudlniho glutamatu v komeréné dostupném NAAGu.
Receptor mGIuR3 se nalézd na neurondlnim synaptickém spojeni jak presynapticky,
tak 1 postsynapticky. Presynapticky negativni zpétnou vazbou snizuje uvolilovani
neutotransmitert cestou redukce cyklického adenosin monofosfatu (cAMP), vedouci ke snizeni
aktivity proteinkinasy A a tudiz i k poklesu mnozstvi vstupujicitho vépniku pti depolarizaci
snizenim vodivosti vapnikovych kandlti L-typu (Romei a kol., 2013; Zhao a kol., 2001).
Postsynapticky aktivace mGluR3 vede u GABAergnich neuronti ke zvysSeni exprese GABAA
receptoru a tim prohloubeni inhibi¢niho signdlu (Ghose a kol., 1997). U glutamatergnich
neurontl je naopak po aktivaci mGluR3 popisovéna inhibice dlouhodobé potenciace (Lea a kol.,
2001; Neale a kol., 2000). Nedavno byla popséna i retrogradni inhibi¢ni signalizace, kdy po
aktivaci postsynaptického neuronu dochdzi plsobenim véapniku kuvolnéni NAAGu
z dendritickych vackl postsynaptického neuronu zpét do synaptické Stérbiny, coz vede
k nasledné aktivaci presynaptického mGIluR3 receptoru a kone¢né i k inhibici neurotransmise
(Nordengen a kol., 2020). Exprese receptoru mGIluR3 byla popséna i na astrocytech, které po
aktivaci NAAGem produkuji neuroprotektivni faktor TGF B a zvySuji tak odolnost neuronti
vici noxdm (napt. NMDA, kyanid draselny) (Bruno a kol., 1998a; Bruno a kol., 1998b; Thomas
a kol., 2001a). Ilustrace metabolismu NAAGu na nervové synapsi je zobrazena na obrazku 9.
NAAG ptisobi neuroprotektivné dvojim zptisobem. Jednak sniZzuje mnoZstvi uvolnénych
neurotransmiterli, a tim inhibuje neurotransmisi, coZz vede ke sniZeni rizika excitotoxicity
(Doble, 1999). Dale pusobenim na mGluR3 receptory astrocytti stimuluje k produkci
neuroprotektivniho TGF- (Bruno a kol., 1998a; Bruno a kol., 1998b). Podani inhibitoru GCPII
2-fosfonomethylpentandiové kyseliny (PMPA) vede k prodlouzeni piisobeni NAAGu a tudiz
také vykazuje neuroprotektivni efekt (Slusher a kol., 1999; Thomas a kol., 2001a; Thomas a
kol., 2001b; Tortella a kol., 2000).
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Obrazek 9 — Schématické znazornéni metabolismu NAAGu na nervové synapsi. NAAG (znazornén zeleng) je

presynapticky
neuron

syntetizovan z NAA (zndzornén Cerveng) a glutamatu (znazornén modie) NAAG syntetazou I nebo II v téle
neuronu. Nasledné je transportérem sialinem dopravovan do synaptickych vacku, z kterych se po depolarizaci
neuronu uvoliuji do synaptické $té€rbiny. Nerozstépeny NAAG je schopen aktivovat mGluR3 receptory (zelené)
jak na obou neuronech, tak i na astrocytech. V synaptické stérbiné je pak aktivitou GCPII zpétn€ rozstépen na
NAA a glutamat. Pokud dochazi k vyraznéjsimu Stépeni NAAGu, tak mize vznikly glutamat aktivovat NMDAR

receptory (modie). NAA muze byt téz zdrojem acetylovych skupin pro syntézu myelinu v oligodendrocytu.

Neuroprotektivni efekt inhibice GCPII pomoci PMPA byl pozorovan i in vivo na modelech
mozkové ischemie, kde dochazi k excitotoxicité vzhledem k pfemire intracelularniho vapniku
indukovaného aktivovanymi NMDA receptory. Po inhibici pomoci PMPA doslo k redukci
postizené oblasti ischemickym postizenim, v disledku uzavieni stiedni mozkové tepny,
v zavislosti na davce az o 54 % (Slusher a kol., 1999). Obdobné¢ inhibice pomoci
2-[(pentafluorophenylmethyl)hydroxyphosphinyl|methyl)-pentanediové  kyseliny  podané
jednu hodinu po provedeni ptfechodného uzévéru stiedni mozkové tepny snizila velikost
infarktového loziska o vice nez 50 % (Williams a kol., 2001). Obdobn¢ doslo k redukci
postiZzeni 1 v modelu novorozeneckého ischemického postiZeni jednostrannou okluzi karotické
tepny (Cai a kol., 2002). Neuroprotektivni efekt byl prokédzédn i v modelu traumatického
poranéni mozku (Zhong a kol., 2006).

Vzhledem k ovlivnéni zejména glutamatergni neurotransmise pomoci mGlu3 receptoru lze

predpokladat aktivitu u téch chorob, kde je tento typ signalizace kliCovy. Schizofrenie
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je psychiatrické onemocnéni, kde je naruSena fada neurotransmiterovych systémii. Zatimco
historicky se uvazovalo spiSe o postizeni dopaminergniho systému, tak dle novéjsich poznatkd,
a vsouvislosti s podobnymi ptiznaky vyvolanymi fencyklidinem, antagonistou NMDA
receptoru, se ukazuje, ze je zde 1 podstatna tiloha glutamatergniho systému (Tsai a Coyle, 2002).
V piipadé¢ fencyklidinového modelu vede nizsi aktivita GABAergnich neuronti v prefrontalnim
kortexu, kvili snizené signalizaci NMDA receptoru, k desinhibici a aktivaci glutamatergnich a
dopaminergnich neuronil vedoucim k pfiznakiim choroby. Aktivace mGluR3 receptorti snizuje
glutamatergni neurotransmisi a tudiz i1 snizuje piiznaky v fencyklidinovém zvifecim modelu
(Cartmell a kol., 1999; Moghaddam a Adams, 1998), obdobn¢ funguje iinhibice GCPII
(Olszewski a kol., 2017).

Lze ptedpokladat, ze primarné glutamatergni signalizace bolesti je regulovana
ko-neurotransmiterem NAAGem, nebot’ primarni neuron senzitivni drahy, pseudounipolarni
T bunika spinalniho ganglia obsahuje NAAG a exprimuje metabotropni mGluR3 receptory
(Cangro a kol., 1987; Carlton a kol., 2001; Neale a kol., 2005). To umoziuje vznik negativné
zpétnovazebné smycky, kdy je cestou NAAGu sniZzena glutamatové neurotransmise. Tato
hypotéza byla potvrzena na riiznych in vivo modelech bolesti, kdy podani latky inhibujici GCPII
snizovalo bolestivou odpovéd’ (Chen a kol., 2002; Kozikowski a kol., 2004; Neale a kol., 2005;
Yamamoto a kol., 2008; Yamamoto a kol., 2001a; Yamamoto a kol., 2001b; Yamamoto a kol.,
2007).

U amyotrofické laterdlni sklerdzy je povazovana glutamatem zprostfedkovana excitotoxicita
za jeden z dilezitych patogenetickych faktort (Blasco a kol., 2014; Foran a Trotti, 2009;
Mennini a Bendotti, 2004; Shaw a Ince, 1997; Van Den Bosch a kol., 2006). S tim jsou spojené
zmény v koncentracich excita¢nich aminokyselin, pficemz v literatufe dochazi k nesouladiim.
U nemocnych s amyotrofickou lateralni skler6zou bylo pozorovano zvySeni hladiny glutamatu,
NAAGu i NAA v mozkomiSnim moku. Naopak v pfednich miSnich rozich bylo mnozstvi
NAAGu 1 NAA u nékterych pacientii snizeno (Rothstein a kol., 1990). Bylo zachyceno i
navyseni plasmatické koncentrace glutamatu a pokles tkanovych koncentraci aspartatu, NAA 1
NAAG (Plaitakis a Constantakakis, 1993). Naopak v praci Perry a kol. (1990) zvySeni
koncentrace glutamatu v plasmé a mozkomi$nim moku u nemocnych nepozorovali. V praci
Spreux-Varoquaux a kol. (2002) bylo zvySeni koncentrace glutamatu v mozkomisnim moku
pozorovano u 40,8 % pacientli, pfevazn¢ u pacientil se spinalnim zacatkem choroby,
dominujicim postizenim koncetin a vyraznéjSim poSkozenim svalstva. Co se tyCe aktivity
GCPII, tak u amyotrofické lateradlni sklerdzy bylo pozorovano zvySeni aktivity GCPII

s korespondujicimi lokalnimi redukcemi tkanovych koncentraci endogenniho aspartatu,
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glutamatu, NAA i NAAG (Tsai akol., 1991). V mysSim modelu amyotrofické lateralni sklerozy
pozorovan signifikantni Gc¢inek inhibitordi GCPII. U kohorty 1écené inhibitorem
2-fosfonomethylpentandiovou kyselinou dochazelo k pozdéjsimu nastupu neurologickych
ptiznaki a signifikantné se prodlouzila doba pteziti, az o 15 % primérné doby (Ghadge a kol.,
2003).

Ovlivnénim kognitivnich schopnosti NAAG neurotransmiterovym systémem se zevrubné
zabyva prace (Neale a Olszewski, 2019), zkracené, inhibice GCPII event. vyfazeni genu
pro GCPII zlepSuje u mysi dlouhodobou pamét’ v testu rozpoznavani objektu (Janczura a kol.,
2013), pficemz mechanismem je patrné prodlouzené pilisobeni nerozstépeného NAAGu
na metabotropni mGluR3 receptor (Olszewski a kol., 2017). Bylo pozorovano i zlepSeni v
testech kratkodobé paméti v ramci trojitého transgenniho modelu Alzheimerovy choroby
a vmodelu akutni intoxikace ethanolem (Olszewski a kol., 2017). V ptipad€ ethanolové
intoxikace byla soucasné¢ po podani inhibitoru zlepSena motorickd koordinace, pfi€emz
obdobny efekt byl pozorovéan i po podani agonisty 2. tfidy metabotropnich glutamatovych
receptortd, coz dale podporuje hypotézu o ucasti NAAGu. Obdobné vramci modelu
experimentalni imunitni encefalitidy byl prokadzédn déavkové zavisly prokognitivni efekt
inhibitoru GCPII — PMPA v Barnesové bludistovém testu (Hollinger a kol., 2016). Studie
Neale a Olszewski (2019) prisuzuje prokognitivni efekt inhibice GCPII a NAAGu jednak
zvétSenim dynamického rozsahu synaptické transmise, cestou presynaptickych mGluR3
receptort, tak i cestou postsynaptickych receptort, snizenim hladiny cAMP a tim 1 z bunééného
hlediska ovlivnénim dlouhodobé potenciace resp. deprese.

Za choroby spjaté s vyraznym naruSenim NAA-NAAG systému patfi Canavanova choroba
a Pelizaeus-Merzbacherova choroba, ptipadné ,,Pelizacus-Mezbaracher-like* choroba. Zatimco
Cavanova choroba je porucha odbourdvani N-acetylaspartatu pii defektnim genu
pro aspartylacylasu (lokalizované v oligodendrocytech) vedouci k akumulaci NAA i NAAG
a defektni myelinizaci cestou nedostatku acetatu odvozené¢ho z NAA (Namboodiri a kol.,
2006), tak Pelizacus-Merzbacherova choroba je ddna mutaci genu pro proteolipidovy protein,
ktery je slozkou myelinu nervovych bunék (Burlina a kol., 2006). Elevace NAAGu byla
pozorovana i u ,,Pelizaeus-Merzbacher-like™ choroby (Sartori a kol., 2008) zptisobené mutaci
genu GJC2, ktera vede k produkci defektniho connexinu-47 zodpovédného za tvorbu ,,gap
junctions* v oligodendrocytech. Ztrata vede k dysfunkei ,,polokanalu* (Diekmann a kol., 2010)
a hypomyelinizaci.

I v dalsi ptipadech (Wolf a kol., 2004) byla popséna asociace mezi vyssi hladinou NAAGu

a hypomyelinizaci. Jednou z moznych hypotéz je degradace NAA pomoci aspartoacylazy
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oligodendrocytu a vyuziti takto vzniklych acetyla jako substrati pro tvorbu myelinu (Francis a
kol., 2016), coz je v souladu s praci Singhal a kol. (2017), kde u mysi s defektni syntézou NAA
dochazi ke snizeni mnozstvi sfingomyelinu a sulfatidi. Bylo popséano i ovlivnéni metylace H3
histontl na zdklad¢ zvyseni koncentrace a-ketoglutaratu v oligodenrocytech po ptfidani NAA

(Singhal a kol., 2017).

1.4.2 Tenké stirevo

Derivaty kyseliny listové, vitaminu B9, tvoii klicové kofaktory pro metabolismus jedno-
uhlikatych zbytkli v organismu (Ducker a Rabinowitz, 2017; Scaglione a Panzavolta, 2014).
Jedno-uhlikaté zbytky se pouzivaji pti syntéze slozek nukleovych kyselin — jmenovité pii tvorbé
purint a thymidinu a dale pfi metylacnich reakcich organismu, jako napft. pti metylacich DNA
¢1 pti biosyntéze methioninu a cholinu. Katalyticky aktivni folat je v naprosté vétsing reakci
v redukované form¢ tetrahydrofolatu, pficemz pro zajisténi retence je v buiikach, a tedy i v
tkanich, polyglutamylovan (Boarman a Allegra, 1992; Butterworth a kol., 1969; Darcy-Vrillon
a kol., 1988; Zhao a kol., 2009). V disledku toho je i naprosta vétSina pfirozené dostupného
folatu v diet¢ ve formé& rGzné N5 resp. NI10 substituovaného polyglutamylovaného
tetahydrofolatu, vétSinou ve formé 5-methyltetrahydrofolatu (Zhao a kol., 2009).
Polyglutamylovand forma tetrahydrofolatu neni pfimo vstiebavana (Butterworth a kol., 1969;
Darcy-Vrillon a kol., 1988; Rosenberg a kol., 1969), ale je sliznici tenkého stfeva, duodena
a proximalniho jejuna metabolizovana na monoglutamylovanou formou
5-methyltetrahydrofolatu, kterd se tak stdva dominantni transportni formou v organismu
(Damaraju a kol., 2008; Wright a kol., 2007). Toto potvrzuje i neschopnost dominantniho
transportéru folatu ve stievé (,,proton-coupled folate transporter) vazat polyglutamylované
folaty (Qiu a kol., 2007). Oproti tomu kyselina listova, oxidovana forma folatu, se vstfebava
nezmeénéna a je metabolizovana na 5-methyltetrahydrofolat v jatrech (Wright a kol., 2007).
Byly identifikovany dva enzymy zodpovédné za odstépeni glutamati lokalizované ve sliznici
jejuna (Reisenauer a kol.,, 1977). Zatimco prvni je vdzdn na membranu, tvoifi dimer
s exopeptidazovou aktivitou, zavislou na koncentraci zinku (Halsted, 1991; Chandler a kol.,
1986), s pH optimem dle piivodni prace v rozmezi 5,5-7,5, a byl identifikovan jako GCPII
(McNulty a Pentieva, 2004), druhy je lokalizovan intracelularné v lysozomech, ma
endopeptiddzovou aktivitu a pH optimum je posunuto vyraznéji do kyselé oblasti — pH 4,5
(Wang a kol., 1986) a déle je oznacovan jako y-glutamyl hydroldza. Zatimco u ¢lov€ka a prasete
jsou ortology GCPII v tenkém stievé pfitomny, a lze tedy piedpokladat, Ze jsou zodpoveédné

za konjugazovou aktivitu (McNulty a Pentieva, 2004), tak u hlodavct (mys, potkan) nalezeny
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nebyly a lze predpokladat, ze odStépovani glutamatt zprostiedkovava y-glutamyl hydrolaza

(Shafizadeh a Halsted, 2007).

1.4.3 Urogenitalni trakt

GCPII je velmi siln¢ v exprimovana urogenitalnim traktu (viz kapitola 1.3). Prostata, resp.
ledviny jsou organy s nejvétsi expresi GCPII u ¢loveka, resp. u mysi. Presto o fyziologické
funkci GCPII zde je zndmo velmi malo. Vzhledem k histologické lokalizaci enzymu na
luminalni stran¢ epitelidlnich bunék na cytoplazmatické membrané byla navrzena hypotéza o
funkci GCPII jako foldtovém transportéru (Yao a kol., 2010). Tato prace téz spekuluje o
reabsorpci folatu zmoce v ledvinach. Obdobné i v prostaté bylo pomysSleno o blize
nespecifikované transportni funkci GCPIL, coz bylo dale podpoteno nalezem folt vazajiciho
proteinu o velikosti 100 kDa v prostatickém lyzatu (Holm a kol., 1993). Tyto hypotézy vsak

nicméné nebyly zatim experimentalné potvrzeny.

1.4.4 Angiogeneze

Vyrazna exprese GCPII v endoteliich novotvotenych cév (viz kapitola 1.3), at’ jiz pfi procesu
obnovy tkani, nebo pifi maligni transformaci, nasvédCuje uloze v angiogenezi. Mys
s vyfazenym genem pro GCPII vykazuje snizenou angiogenezi pro nizsi schopnost invaze skrz
extracelularni matrix (Conway a kol., 2006). Neptitomnost GCPII, v disledku niz$i aktivace B
integrinli, obzvlasté¢ naruSuje motilitu na laminininovém povrchu. Alterace integrinové
signalizace vede ke snizeni aktivace PAK-1 kinazy, ktera tvoii jeden z proteint klicovych pro
architekturu cytoskeletu a cilenou migraci (Conway a kol., 2006). Tato ¢innost je dana nejspiSe
aktivaci peptiddi vznikajicich proteolytickym Stépenim lamininu, napf. LQE, IEE, LNE
(Conway a kol., 2013; Conway a kol., 2016). Tyto peptidy jsou aktivovany odSt€penim
glutamatu, a zejména kombinace dipeptidu leucyl-glutaminu (LQ) a glutamatu vede k zvySeni
bunécné adheze cestou aktivace 1 integrinu a FAK kinazy (Conway a kol., 2016).
Alternativni hypotézou funkce GCPII v angiogenezi je zajiStovani dostatecného mnoZstvi
kofaktoru tetrahydrobiopterinu doposud nezndmym zplsobem pro funkci endotelové NO
synthasy (Gordon a kol., 2008). Vznikly oxid dusnaty stimuluje angiogenezi (Duda a kol.,
2004).

GCPII neni na lidskych endotelialnich bunikach pochazejicich z pupecnikové zily (HUVEC)
standardné ptitomna, ale Ize ji in vitro indukovat pisobenim kondiciovaného media nékterych

nadorovych linii (napi. MDA-MB-231, SK-RC-13, HCT-15) (Liu a kol., 2011; Nguyen a kol.,
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2016). Na otazku, ktera slozka je zodpovédna za indukei, se pokusili autofi rozdélit medium do
frakci podle molekulové hmotnosti. Zatimco prvni studie (Nguyen a kol., 2016) ukazuje efekt
ve frakci 10-50 kDa, pficemz niz8§i hmotnosti nestuduje, tak druhé studie (Liu a kol., 2011)
popisuje efekt ve frakci mensi nez 3 kDa a ve frakci vétsi nez 30 kDa, ktera vSak také neni
podrobnéji rozdélena. Porovnanim tak 1ze usoudit na efekt slozek v oblastech mensich 3 kDa,
ale i slozek o velikosti 30-50 kDa. Efekt indukce GCPII na buitkky HUVEC byl pozorovani i
in vivo v modelu xenotransplantatu, kdy byla injektovana smés bunék HUVEC s naddorovou
linii (Nguyen a kol., 2016).

Ulohu GCPII v angiogenezi na sitnici a patogenezi retinopatii byla studovani na modelu
kyslikem indukované retinopatie (Grant a kol., 2012). Na novotvoienych endoteliich na sitnici
(,,cévnich trsech®) byla pozorovana exprese GCPII. Zatimco za fyziologického stavu nebyla u
mys$i s vyfazenym genem pro GCPII pozorovana zména v architektufe cév a jejich vyvoji, tak
pfti relativni hypoxii po odejmuti kysliku v rdmei modelu kyslikem indukované retinopatie byla
vznikla patologickd angiogeneze u mysi s vyfazenym genem pro GCPII vyrazné redukovana.
Architektura i struktura cév se jevila normalnéj$i — byla méné chaoticka a organizovanéjsi,
mnozstvi ,,cévnich trsi* bylo sniZzeno, rozsah avaskularni zony byl sniZen, perfuse zlepSena.
Obdobnych vysledkl bylo dosaZeno po podani inhibitortt GCPII systémové i intravitrealné. Lze
predpokladat, ze efekt neptitomnosti GCPII aktivity na angiogenezi nebyl zprostiedkovan
ristovym faktory VEGF ani angiopoetinem 2, vzhledem k tomu, Ze mnozstvi transkriptd

pfislusnych k danym ristovym faktorim ziistalo nezménéno.
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1.5 Patologické funkce
1.5.1 Nadorova tkan

Vzhledem k vyrazné expresi GCPII v nadorové tkani, a to jak na urovni nadorovych bunék, tak
1 bun¢k nadorovych endotelii (viz kapitola 1.3), nabizi se myslenka ulohy GCPII pii vzniku
nadoru a nadorové progresi. Klinicky byl nejvice studovan efekt exprese GCPII v ptipadée
nadoru prostaty, vétSinou vSak s pomérné rozporuplnymi vysledky, kdy intenzita exprese
GCPII neodpovidala agresivit¢ onemocnéni (Bostwick a kol., 1998), korelace nebyla vyrazna
(Minner a kol., 2011), ¢i naopak se signifikantnimi rozdily (Perner a kol., 2007). Obtiznost
studia karcinogeneze zhorSuje i rozdilny expresni profil a fyziologie bézné¢ dostupnych in vivo
pouzivat transgennich modeld.

Co se tyCe mechanismu, byla pro svoji enzymatickou funkci odstépovani glutamatu
z polyglutamylovanych folati zvazovéana funkce v ramci vstiebavani derivati kyseliny listové.
Ptitomnost GCPII zlepSuje proliferaci v ptipadé fyziologické koncentrace foladtu a soucasné
pritomnosti penta-y-glutamylované¢ho folatu (Yao a Bacich, 2006). Byla pozorovana vyssi
proliferace a pfiblizn¢ 2x vyssi akumulace folatu v ptipadé prostatické bunécéné linie PC3
exprimujici GCPII oproti linii PC3 bez exprese za podminek nizké koncentrace folatu v mediu
(pod 50 nM) (Yao a kol., 2010). To by mohlo svéd¢it pro transportni funkci GCPII.
Zajimavou hypotézou tykajici se eventualni prokarcinogenni funkce metabolitu NAAGu je
moznost, zZe by v pfipadé agresivnéjSich malignit NAAG slouzil jako zdroj glutamatu (Nguyen
a kol.,, 2019). Autofi ukazuji, Ze agresivnéj$i nadory, zastoupené bunéCnymi liniemi
B-bunééného lymfomu €1 ovarialniho karcinomu, pieménuji vice dodaného glutaminu na peptid
NAAG. Byla zvazovéna role GCPII 1 v rdmci nddorové glutamatové signalizace (Foss a kol.,
2012).

Obdobné vyssi koncentrace NAAGu pozorovali i1 v klinickych vzorcich glioblastomu oproti
gliomu stupné II-1II. Obdobné zmény koncentrace NAAGu, korelujici s velikosti tumoru, byly
detekovany 1 v plasmé pacientli a v ptipadé¢ mySiho modelu xenograftu s Myc-inducibilni
lidskou linii P493-6. V ptipadé exogenni aplikace NAAGu piimo do nadori dochazelo
k zvétSeni tumord. Inhibice GCPII pomoci PMPA, event. pouziti bunéénych linii bez exprese
GCPII vedlo naopak k signifikantnimu poklesu velikosti. V nadorech dochdzelo k preméné
NAAGu na NAA, aspartdt a glutamat. Zmény v koncentraci NAAGu a NAA se nachézi

1 v ptipad¢€ nadort ovaria (Fong a kol., 2011).
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Rada praci se zabyva piipadnou tlohou GCPII v nadorové a bunééné signalizaci, ktera je
detailnéji popsana v kapitole 1.2. Ve strucnosti — aktivace molekul GCPII pomoci
monoklonélni protilatky J591 spousti proliferativni MAPK signdlni drahu vcéetné kinaz
MAPK38, ERK1/2 (Colombatti a kol., 2009; Perico a kol., 2016) a anti-apoptotickou
mTOR/AKT/BAD signalni drahu (Perico a kol., 2016). Tato aktivace GCPII zvysuje schopnost
bunécné linie LNCaP tvofit kolonie v matrigelu, a to jak v pfitomnosti séra, tak i bez jeho
pritomnosti. In vitro identifikovana signalizace GCPII, napf. aktivace 1 integrinu, fosforylace
EGFR Y!%¢ byla prokazana i na vzorcich naddorové prostatické tkané vyssiho stupné malignity
(Perico a kol., 2016).

V experimentalnim transgennim mys$im modelu karcinomu prostaty TRAMP byl rtst nadort
v piipad¢ vyrazeni genu GCPII signifikantné pomalejsi (Caromile a kol., 2017), pficemz byla
pozorovana zména signalizace z Ras/MAPK drahy na signdlni drahu PI3K/AKT. Tento
pfesmyk v signalizaci byl vysvétlen rozdilem v signalizaci IGF-1R receptoru, kdy GCPII
kompetuje s Bi integrinem o interakci s IGF-1R a RACK1 (Caromile a kol., 2017) — blize
obrazek 8 na strané 23. Ptes jiny typ signalizace a zpocatku pomalejsi rast tumord v TRAMP
modelu se vSak postupem c¢asu vyvinou karcinomy i v piipadé vyfazeni genu GCPII, coz
nasvédcuje tomu, ze i1 aktivace méné potentni signalni drahy Ras/MAPK k onkogenezi
postacuje (Caromile a kol., 2017).

V neposledni fadé, jak jiz bylo uvedeno v kapitole 1.2, rychlejsi degradace cyklinu B vlivem
GCPII v ramci APC komplexu vede k urychleni kone¢né faze mitézy (Rajasekaran a kol.,
2008). Snizeni efektivity tohoto kontrolniho bodu vede ke snizeni chromozomalni stability,
muzZe vést k aneuploidii a tim 1 k riziku vzniku nadoru.

Velmi rozséhla skupina praci analyzuje uziti GCPII jako cile pro zobrazeni nadorii napf. pomoci
pozitronové emisni tomografie, event. uvazuje GCPII jako molekularniho cile ke smétovani

1é¢iv (napf. radioligandll) — podrobné&ji rozepsano v kapitole 1.6 na strané 38.

1.5.2 Imunopatologické stavy

Exprese GCPII byla zaznamenana, jak jiz bylo také uvedeno v kapitole 1.3, ve sliznici stfeva
v ramci idiopatickych stfevnich zanétl — a to jak u Crohnovy choroby (Rais a kol., 2016; Zhang
a kol., 2012), tak 1 v ptipad¢ ulcerdzni kolitidy (Rais a kol., 2016). Obdobnych vysledka bylo
dosazeno 1 v mySich experimentalnich modelech idiopatického stievniho zanétu — jako jsou
dextran sulfatovy model, model mysi deficientni v genu pro IL10, ¢i model po podéni
trinitrobenzensulfonové kyseliny (Date a kol., 2017; Rais a kol., 2016). Inhibice GCPII pomoci

inhibitoru PMPA, podaného systémove nebo lokaln€, vedla u téchto modela k poklesu aktivity
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onemocnéni 1 histologické zdvaznosti (Date a kol., 2017; Peters a kol., 2019; Rais a kol., 2016).
Pro roli GCPII v etiopatogenezi svédci i fakt, ze podani dextran sulfatu sodného vedlo u mysi
s deficienci v genu pro GCPII k vyrazné€ niz§im projevim sttevniho zanétu (Rais a kol., 2016).
Na zékladé role GCPII ve stievnich zanétech a iloze NAAGu v transmisi zanétlivé bolesti skrze
mGluR3 receptor je zvazovana komplexnéjsi tloha NAAGu v zanétlivée odpovédi (Neale a
Yamamoto, 2020). V souvislosti s tim byly v fad¢ pfevazné francouzskych studii zkouSeny
protizanétlivé ucinky NAAGu. NAAG byl s rozdilnym efektem zkouSen jako stabilizator
jako jsou alergie, jarni keratokonjuktivitida, o¢ni aktivni anafylaxe, syndrom suchého oka
(Brignole-Baudouin a kol., 2009; Denis a kol., 1998; Goldschmidt a Luyckx, 1996; Leonardi a
kol., 2007). Obdobné byl s ¢asteénym efektem zkousen v terapii alergické rinitidy (Althaus a
Pichler, 1994; Datz a kol., 1988). Vzhledem ke klinickému uéinku byly ocni kapky s 4,9 %
roztokem sodné soli NAAGu schvéleny ve Francii pod nazvem ,,Naabak® k 1écb&é ocnich
alergii.

Mechanismus ucinku byl pfisuzovan inhibici aktivace komplementu (Feuillard a kol., 1991),
inhibici syntézy leukotrienit (Jambou a Lapalus, 1990), ale i snizeni adheze leukocytl
k aktivovanym endotelidlnim buikdm. NAAG v koncentraci 1-10 mM v zavislosti na davce
inhiboval, jak klasickou, tak i alternativni cestu aktivace komplementu (Feuillard a kol., 1991).
NAAG od koncentrace 10® M, inhiboval syntézu leukotrienéi v makrofagové bun&né linii
po aktivaci vapnikovym ionoforem (Jambou a Lapalus, 1990). NAAG déile ve vysledné
koncetraci 2,45 % inhiboval adhezi leukocyti na endotelidlni linii HUVEC stimulovanou
pomoci TNFAa cestou redukce exprese adhezivnich molekul na TNFa aktivovanych
endoteliich (Bouhlal a kol., 2002).

Vzhledem k zndmym fyziologickym koncentracim NAAGu Ize o¢ekavat, Ze inhibi¢ni efekt na
aktivaci komplementu bude limitovan striktné na oblast nervového systému, zatimco ovlivnéni
leukotrienového metabolismu muizZe byt rozsahlejsi. O fyziologickém efektu na adhezi

leukocytt vzhledem k pouzité extrémné vysoké koncentraci NAAGu Ize jen spekulovat.
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1.6. GCPII jako terapeuticky a diagnosticky cil v onkologii

Jak jiz bylo uvedeno v diivéjsi kapitole (1.3), GCPII se exprimuje viadé nadort jak
na samotnych nadorovych buiikéach, tak i na nadorovych endoteliich. Clovék exprimuje nejvice
v prostaté a jejich nadorech, kde mnozstvi GCPII piiblizné¢ 10-80x ptevySuje ostatni tkané
(Sokoloff a kol., 2000). Odtud mimo jiné také vznikl alternativni ndzev PSMA. Tato relativné
specificka lokalizace GCPII se piimo nabizi k uziti GCPII jako tkanové specifického
nadorového markeru pro diagnostiku a terapii, €i jejich kombinaci, tzv. teranostiku.

Naprosta vétSina vyzkumu uziti GCPII jako tumorového markeru pro teranostiku se zabyvala
radioligandy GCPIIL. V pocatcich bylo pro diagnostické ucely zvazovano pouziti protilatek.
Prvni takto pouzitou protilatkou, pies epitop v intracelularni oblasti, se stala pirekvapivé
7E11-C5.3 v podobé konjugatu s chelatovanym '''In, zndm4 jako ('!'In) capromab pendetid.
Byla pouzita, schvalena americkou lékovou agenturou US Food and Drug administration
(FDA) a registrovana pod komerénim nazvem Prostascint™ pro diagnostiku karcinomu
prostaty (Kahn a kol.,, 1994) pomoci jednofotonové vypocetni tomografie (SPECT).
Spolehlivost sice nebyla vysokd, ale pfesto lepSi nez uziti positronové emisni tomografie
s I8F fluordeoxyglukosou (Haseman a kol., 1996). Senzitivita v posledni studii dosahovala
62 % a specifita 72 % (Manyak a kol., 1999). Obdobn¢ varianty capromabu pendatidu
s chelatovanym °°Y a !”7 Lu byly rovnéz nelisp&iné zkouseny v terapii. Podani (°°Y) capromab
pendetidu nevedlo k biochemickym remisim v podobé poklesu hladiny PSA, a navic
vykazovalo vyraznou hematologickou toxicitu (Deb a kol., 1996; Kahn a kol., 1999). Malou
efektivitu lze objasnit cilenim protilatky 7E11-C5.3 na intracelularni tsek a proto
1 neschopnosti vazat se na Zivé buiiky (Rahbar a kol., 2018).

Lepsich vysledki bylo dosaZeno pii pouZiti humanizované protilatky J591 proti extracelularni
¢asti GCPIL Zkousenymi konjugaty J591 s !''In a !”’Lu bylo u hormonélné nezavislych nadord
prostaty dosazeno souhrnné senzitivity 94 % (32/34) pro kostni a 72 % (13/18) pro
meékkotkanové 1éze (Bander a kol.,, 2003). Vzhledem k vhodnéj$im charakteristikdm
positronové emisni tomografie (PET) byl hodnocen i humanizovany konjugat 3°Zr-huJ591, kde
z 12 biopticky ovéfenych 1ézi bylo 11 PET avidnich (Pandit-Taskar a kol., 2014). '''In-J591
konjugat byl, pro expresi GCPII na nddorovych endoteliich, zkouSen i na jinych nadorech nez
karcinom prostaty. Pouzitim scintigrafie bylo spravné zobrazeno 74 % (20/27) skeletalnich 1¢zi,
53 % (18/34) lymfatickych uzlin a 64 % (70/109) mékkotkanovych ¢i ostatnich 1ézi (Pandit-
Taskar a kol., 2015). Terapeuticky u hormonéln¢ nezavislého karcinomu prostaty byl pouZzit

humanizovany konjugat '7’Lu-J591, ktery v klinické studii fize 1 vykdzal u 11 % (4/35)
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pacientil > 50 % pokles PSA a u 46 % (16/35) vedl k stabilizaci PSA (Bander a kol., 2005).
Obdobnych vysledkl bylo dosazeno i v klinické fazi II, kde > 50 % pokles PSA byl u 10 %
(3/30) pacientl a ke stabilizaci/poklesu PSA doslo u 57 % (17/30) pacientti (Tagawa a kol.,
2008). Po dalsim rozsifeni kohorty doslo u 10,6 % (5/47) k poklesu > 50 % PSA, u 36,2 %,
(17/47) byl pokles > 30 % PSA a celkem byl zaznamendn pokles PSA u 59,6 % (28/47)
pacienti (Tagawa a kol., 2013). Maximalni tolerovand dévka byla limitovdna zejména
hematologickou toxicitou, obzvlasté trombocytopenii 4.stupné€, kterda se vyskytovala az ve
47 % (22/47) ptipadi. V jinych studiich, jak preklinickych tak klinickych, byly zkouSeny
v kombinaci s protilatkou J591 i jiné radionuklidy. Napt. *°Y, ktery vedl k poklesu PSA > 50 %
u 7 % (2/29) pacienti resp. ke stabilizaci PSA u 21 % (6/21) (Milowsky a kol., 2004). Dale
byly testovany také radioizotopy 2'*Bi (McDevitt a kol., 2000), '*'I (Tagawa a kol., 2010).
Pouziti protilatek s radioligandy v diagnostice vSak mé vyrazné limity, nebot’ vzhledem ke své
pomérné veliké molekulové hmotnosti maji limitovanou schopnost se dostavat do nadort, coz
si vynucuje pomérné dlouhé ¢asy mezi podanim radiofarmaka a vlastnim zobrazovanim a s tim
i spojenou vétsi radiacni zatéz (Rahbar a kol., 2018). Snaha byla proto pouzit latky s mensi
molekulovou hmotnosti, napt. fragmenty protilatek ,,single chain“ (Frigerio a kol., 2017;
Frigerio a kol., 2019; Nawaz a kol., 2017; Viola-Villegas a kol., 2014), ,nanobodies*
(Evazalipour a kol., 2014; Chatalic a kol., 2015), aptamery (Jiao a kol., 2021), ale zejména
inhibitory GCPII (Neels a kol., 2021).

Radioaktivné znacené inhibitory GCPII se vétSinou skladaji ze struktury lysin-mocovina-
glutamat spojené linkerem s p¥imo navazanym fluorem '®F, resp. chelata¢ni skupinou vazajici
vhodny radionuklid. Zkouseny jsou radioizotopy vhodné jak pro PET (‘F, ®Ga, ®Cu, *Sc,
152Tb), SPECT (*!!In, *™Tc), tak i 1é&¢bu (""Lu, ***Ac) (Neels a kol., 2021). V mnoZstvi réiznych
inhibitord stoji za zminku zejména ['*F]-DCFPyL (piflufolastat) (Keam, 2021), pod komerénim
nizvem PYLARIFY®, a [®Ga]Ga-PSMAI11 (gozetotid) (Bois a kol., 2020), zndmy jako
1soPROtrace-11. Tyto latky totiz byly schvaleny FDA k medicinskému vyuZziti jako PET sondy
pro zobrazovani relapst nadoru prostaty. V klinické multicentrické studii 2/3 faze ,,OSPREY*
hodnotici uziti ['F]-DCFPyL bylo dosaZeno na skupiné 93 pacientii se suspektnim relapsem
karcinomu prostaty, resp. metastatickym karcinomem prostaty, uspokojivé senzitivity pro 1éze
mimo prostatu 95,8 %. Oproti tomu zachyt u nové diagnostikovanych 252 pacientil byl vyrazné
niz$i, senzitivita byla pouze 40,3 % (Pienta a kol., 2021). I kdyz specifita byla 97,9 % (Pienta
a kol., 2021), tak to vedlo FDA ke schvaleni indikace pouze pro uziti u relapsii. Obdobné
fungovalo i zobrazovani pomoci PET sondy [**Ga]Ga-PSMAI11 u rekurentniho karcinomu

prostaty. Na skupin€¢ 2533 pacienti PET pozitivita korelovala s hodnotou PSA, pficemz
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pozitivita na PET/CT byla zachycena ve 43 % pro PSA < 0,2 ng/ml; 58 % pro PSA > 0,2 a <
0,5 ng/ml; 72 % pro PSA > 0,5 a< 1 ng/ml a 93 % pro PSA > 10 ng/ml (Afshar-Oromich a
kol., 2021). Porovnani [®*Ga]Ga-PSMA11 s PET sondou '*F-fluormethylcholinem ukazalo, Ze
obé metody jsou podobné citlivé k detekci relapsu karcinomu prostaty po radikalni
prostatektomii (Emmett a kol., 2019).

Co se ty€e vnitini radioterapie karcinomu prostaty, vykazal naprosto vyjimecné vysledky
inhibitor '""Lu-PSMA-617, ktery tak tvoii jeden z usp&$nych piibéhti nukledrni mediciny
(Czernin a Calais, 2021). ""Lu-PSMA-617 byl taktéZ schvalen FDA pro klinické pouziti. Jiz
v ramci klinické studie 2. faze ,,LuPSMA* dosahlo 57 % (17/30) nemocnych > 50 % poklesu
PSA. Obdobn¢ objektivni odpovédi v uzlinach ¢i organech dle zobrazovacich metod dosahlo
82 % (14/17) pacientl. Z nejcastéjSich nezddoucich u¢inkl byla pozorovéana suchost v ustech
(26 pacientl - 87 %, stupen 1), ptechodna nevolnost (15 pacientl - 50 %, stupeni 1-2) a unava
(15 pacienti — 50 %, stupen 1-2). Naproti tomu trombocytopenie stupné 3-4 se oproti
konjugatim protilatek vyskytovala vyrazné¢ méné¢ ¢asto — u 4 pacientti (13 %) (Hofman a kol.,
2018). V ramci klinické studie 3. faze ,,VISION* bylo hodnoceno pouziti '’"Lu-PSMA-617 se
standardni 1écbou oproti standardni 1écb¢ u metastatického hormonalné rezistentniho
karcinomu prostaty. Na zaklad¢ 831 zatfazenych pacientli s dobou sledovéani 20,9 mésict byl u
7"Lu-PSMA-617 1é&ené skupiny pozorovan vyrazné delsi ¢as do progrese — medidn 8,7 mésice
vs. 3,4 mésice. Obdobné se 1€cbou prodlouzila 1 doba celkového pieziti z 11,3 mésicti na 15,3
meésice (Sartor a kol., 2021). Jeden z hlavnich novych nezidoucich ucinki — xerostomie
v disledku postiZeni slinnych 714z — je v souladu se zvySenou akumulaci radionuklidu v této
oblasti, kdy akumulace 1,4 Gy/GBq ptresahuje davku jak v ledvinach (0,75 Gy/GBq), tak i
v kostni dfeni (0,03 Gy/GBq) (Kratochwil a kol., 2016). Tato akumulace neni ptfekvapiva,
vzhledem k jiz popisované expresi GCPII ve slinnych zlazach (Wolf a kol., 2010). Pro ilustraci

struktury téchto novych FDA schvélenych 1é¢iv a diagnostik jsou zobrazeny na obrazku 10.
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Obrazek 10 — Chemické struktury vybranych radioaktivné znacenych inhibitorti pouzivanych v klinické praxi

Mimo velmi Usp&Snych teranostik - radioligandli byly pfipraveny i konjugaty s toxiny, a to jak
s protilatkami (DiPippo a kol., 2015; Huang a kol., 2020; Kuroda a kol., 2010; Meng a kol.,
2017; Milowsky a kol., 2016; Petrylak a kol., 2019; Petrylak a kol., 2020; Wang a kol., 2011),
jejich fragmenty (Huang a kol., 2004; Michalska a kol., 2016; Wolf a kol., 2008; Xing a kol.,
2021; Zhang a kol., 2013), tak s inhibitory (Leamon a kol., 2019; Machulkin a kol., 2022;
Morris a kol., 2017; Rogers a kol., 2021). Jako toxiny byly uzity malé¢ molekuly, povétSinou
mikrotubularni jedy, jako napt. monometylauristatin, tubulysin, docetaxel ¢i mertansin (DM1),
nebo riznorodé toxické proteiny, jako napft. riizné bakteridlni toxiny, derivat ricinu, i saporin
(Wolf, 2021). Konjugat s monomethylauristatinem vedl v klinické studii 2. faze u 14 %
(16/113) pacientli k > 50 % poklesu PSA (Petrylak a kol., 2020), coz je vysledek velmi podobny
efektivité protilatek s radioligandy (Tagawa a kol., 2013). Mezi nezadouci ucinky patfila
hematologicka toxicita, neuropatie, zacpa. Zatimco v hematologické toxicité se podobal profil

nezadoucich u¢inkl konjugatim protilatek s radioligandy (Tagawa a kol., 2013), tak novou
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toxicitou byla neuropatie, zacpa, coz jsou zase ptiznaky typické pro 1écbu konjugaty protilatek
s mikrotubuldrnim jedy (Bendell a kol., 2014; Younes a kol., 2010). Mén¢& efektivni byl
konjugat protilatky MLN591 spojeny disulfidickym linkerem s toxinem DM1. V klinické studii
1/2 faze pouze 8% (5/62) pacientl dosahlo poklesu PSA >50 %, a to vétSinou jen pfechodné a
za cenu vyrazné neurotoxicity, kterou vykazovalo 71 % pacientl (44/62), z toho 10 % (6/62)
stupné 3-4.

Specifickym pfistupem je pouziti pfimého konjugitu inhibitoru stoxinem a to, jako
nizkomolekularniho jako je tubolysin (Leamon a kol., 2019; Morris a kol., 2017) ¢i docetaxel
(Machulkin a kol., 2022), tak i proteinového (Rogers a kol., 2021). Uziti inhibitoru GCPII
konjugovaného hydrazidovou vazbou s tubolysinem B (latka s kodem EC1169) bylo zkouseno
i v klinické studii 1. faze, kdy toxicita odpovidala uziti toxinu (mikrotubularniho jedu)
tj. trombocytopenie, nava, zacpa (Morris a kol., 2017). Stran aktivity je hodnoceni limitované
malym poctem zahrnutych pacienti. Slibnou preklinickou aktivitu vykazoval 1 konjugat
docetaxelu s GCPII inhibitorem (Machulkin a kol., 2022).

Mezi dalsi objekty cilené pomoci GCPII patfii plejada riznych nanostruktur. Opét bylo pouzito
fady pfistupi —protilatek, aptamerti, peptidii ¢i inhibitord. Mezi Castice patii napt. struktury
s anorganickym jadrem (Kim a kol., 2010a; Mukherjee a kol., 2014; Nagesh a kol., 2016),
polymernimi strukturami (Banerjee a kol., 2017; Kolishetti a kol., 2010; Sanna a kol., 2017; Xu
akol., 2017), liposomy (Tian a kol., 2021; Yari a kol., 2019) ¢1 exosomy (Severic a kol., 2021).
Jediné nanocastice cilené proti GCPII, které byly klinicky zkouSeny, byly oznaceny pod kédem
BIND-014 a obsahovaly docetaxel. V klinické studii faze 1, kde byly zkouSeny u pacientil
s pokroc¢ilymi solidnimi nadory, byly dle autorti pomémé dobte tolerovany (hematologicka
toxicita, priijem, unava u vice jak 20 % pacientl) a vedly u 2 % (1/ 52) pacienti ke kompletni
remisi a u 10 % (5/52) k parcidlni remisi (Von Hoff a kol., 2016). V klinické studii 2. faze
podani BIND-014 vedlo u hormonéln¢ necitlivych karcinomti prostaty k poklesu PSA u 30 %
(12/40) pacientll a méfitelné odpoveédi u 32 % (6/19). Toxicita byla opét mirna, 1-2 stupné,
unava 69 % (29/42), nausea 55 % (23/42), neuropatie 33 % (14/42) a jeden pacient mé¢l febrilni
neutropenii.

Inovativnim pfistupem pro terapii nadorii jsou i metody, kterou vedou k posileni imunitni
odpovédi proti tumoru. Jednim z piistupii je uziti bispecifickych protilatek, tzv. BITE™
(bispecificky T-bunécny aktivator) které aktivuji T lymfocyty proti nadorovym bunikam. Mezi
BiTE™ tak patfi napt. diabody anti GCPIIXCD3 (Baum a kol., 2013), bispecificka protilatka
,b1J591% sestavajici ze ,,single chain®“ J591 a ,single chain® anti-CD3 v polymerni depotni

formulaci (Leconet a kol., 2018) nebo konstrukt AMG160 s prodlouzenym polocasem (Deegen
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a kol., 2021). Unikatnim, na pal syntetickym pfistupem je uziti kombinace inhibitoru s Fab
fragmentem anti CD3 protilatky (Patterson a kol., 2017). Cestou je i pfimé vytvotreni
efektorovych bunék zT ¢i NK lymfocyti genetickou manipulaci, kdy je vytvoten
tzv. chimericky antigenni receptor (CAR), ktery aktivuje buiitku proti buiikdm nesoucim
nadorovy antigen. Modifikované CAR-T-bunky byly zprvu zkouSeny samostatné, a to jak
CAR-T 1. generace (Santoro a kol., 2015), tak i s lep$imi vysledky v CAR-T 2. generace (Ma
a kol., 2014). Vzhledem k imunosupresivnimu U¢inku nddorového mikroprostiedi neni u
solidnich malignit 1écba CAR-T natolik u¢inna jako v pfipad¢ hematologickych malignit (Ma
a kol., 2019). Proto byly zkouseny lécebné kombinace nebo vylepsené CAR-T, jako napf.
kombinace CAR-T s protilatkou proti PD-1 receptoru (Serganova a kol., 2017), CAR-T
rezistentni proti imunosupresivnimu prostiedi zpisobeném TGF-B (Kloss a kol., 2018), ¢i
v klinické studii faze 1 pouziti kontinualni konkomitantni infuze interleukinu 2 (Junghans a
kol., 2016). Piekvapivé u karcinomu prostaty mohou byt n€kterd vylepSeni, jako uziti CAR-T
3. generace, vlivem ,superstimulace” a smrti zpisobené z aktivace, kontraproduktivni a
vykazovat hors$i vysledky nez CAR-T 2. generace (Zuccolotto a kol., 2021). Nakonec je mozné
uziti nddorové vakciny za pouziti modifikovanych dendritickych bunék, které jsou schopné
stimulovat cytotoxické lymfocyty proti buitkdm exprimujicim GCPII (Meng a kol., 2016).
V klinické studii vedlo podani GCPII oSetfenych dendritickych bunék spolu s peptidem
survivinem u pacientii k imunitni odpovédi. Vakcinace v porovnani s docetaxelem a
prednisonem vedla k 9,1 % (1/11) vs. 0 % (0/11) parcidlnim remisim; 54,5 % (6/11) vs. 45,4 %
(5/11) stabilni chorobé a v 27,2 % (3/11) vs. 54,5 % (6/11) k progredujici chorob¢.
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Cile disertacni prace

Zhodnotit dostupné nastroje, tj. protilatky pro stanoveni obsahu GCPII, porovnat moznosti
uziti danych protilatek pro pouziti v jednotlivych imunochemickych metodach a posoudit
moznosti stanoveni homologti GCPII (GCPIII, mysi, lidské proteiny). Pokusit se nahradit
ne vzdy spolehlivé protilatky proti GCPII polymernimi konjugaty.

Zhodnotit moznosti vyuziti mysiho in vivo modelu pro studium GCPII porovnadnim
biochemickych charakteristik mysi a lidské GCPII a srovndnim expresniho profilu tohoto

proteinu u mysi a ¢loveka.

Posoudit roli GCPII v Alzheimerové chorobé vzhledem k moznému $tépeni amyloidu f3, a

tim 1 zhodnotit mozny dlouhodoby nezéddouci efekt inhibice GCPII.

Charakterizovat model a fenotyp GCPII deficientni myS$i a pomoci néj prozkoumat dalsi

mozné fyziologické funkce GCPII, ptipadné fyziologické disledky inhibice GCPII.

Porovnat mozZnosti cileni GCPII jako zndmého nadorového antigenu pomoci riznych typt

nanostruktur (polymerni nanostruktury, ¢astice podobné virim).



3. Metody

Metody pouzité v této disertani praci jsou podrobné rozepsany v jednotlivych publikacich,
pficemz muj podil ke kazdé praci je uveden na konci jednotlivych souhrnti k publikacim
v kapitole 4 (Vysledky). Naprosta vétsina prace byla vykonana na Ustavu organické chemie a
biochemie Akademie véd Ceské republiky (UOCHB AV CR). V ramci spolupraci mimo
UOCHB AV CR byly piipraveny hydrofilni polymery na bazi
N-(2-hydroxypropyl)methakrylamidu ~ (HPMA) ve skupiné dr. Etrycha (Ustav
makromolekularni chemie Akademie véd ceské republiky). Mysi model deficientni v genu pro
GCPII byl vyvinut ve skupiné funkéni genomiky Dr. Sedlacka (BIOCEV). Virim podobné
nanocastice odvozené z mysSiho polyomaviru byly vytvofeny ve skupin€ doc. Jitky Forstové

(Katedra genetiky a mikrobiologie Ptirodovédecké fakulty Univerzity Karlovy).

Zde pouze uvadim stru¢ny seznam metod, které byly mnou pifimo vyuzity v souvislosti

s piipravou této disertacni prace.

Preparativni metody: purifikace malych molekul 1 proteinii uzitim chromatografickych
technik, purifikace nanocastic uzitim ultracentrifugace, kovalentni modifikace nanocastic i

s pouZitim bioortogonalnich technik

Analytické metody: vysokoulinnd kapalinovd chromatografie (HPLC), méteni
fluorescen¢nich spekter, polyakrylamidovéa gelova elektroforéza s dodecylsulfatem sodnym
(SDS-PAGE), imunoblot (,,western blot*) s chemiluminiscentni i fluorescen¢ni detekci, méfeni
koncentrace proteintt Bradfordovou metodou, méfeni inhibi¢nich konstant inhibitort (Kj)
pomoci stanoveni enzymové aktivity metodou koneéného bodu (tj. méfeni koncentrace
produktu po zastaveni enzymové reakce), imunohistochemické metody, charakterizace
interakci latek s Zivymi savéimi bunkami (vCetné kultivace tkanovych kultur) metodami

konfokalni mikroskopie a pritokové cytometrie, analyza obrazu

In-vivo metody: prace s experimentalnimi zvifaty (mysi), disekce jednotlivych organti
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4. Vysledky

M¢ vysledky studia proteinu GCPII vyustily ve vznik Sesti publikaci, z nichz vSechny prosly
recenznim fizenim, pfi¢emz na dvou publikacich jsem prvnim autorem (jedno prvoautorstvi je
sdilené). Mimo to, studium metod analyzy proteinu GCPII pomoci HPMA polymeru nakonec
vyustilo v obecnéjsi analyticky pfistup, na ktery byla ziskana mezinarodni patentové ochrana.
Déle mam v souvislosti s t¢ématem disertace rozpracovany dvé prvoautorské prace, které jsou
ve fazi tésné pred odeslanim k publikaci. Vzhledem k tomu, ze jest€ nejsou publikovany,
rozhodl jsem se je nakonec do této disertace nezatadit. Kazda takto vznikla publikace byla

dilem tady autorti, pficemz maj ptinos je vzdy shrnut na konci ptislusného popisu.

4.1 Porovnani jednotlivych protilatek proti GCPII

Tykvart J, Navratil V, Sedlak F, Corey E, Colombatti M, Fracasso G, Koukolik F, Bafinka C, Sacha P, Konvalinka
J. Comparative analysis of monoclonal antibodies against prostate-specific membrane antigen (PSMA).
Prostate. 2014 Dec;74(16):1674-90.

Monoklonélni protilatky tvoifi vzhledem ke své specifické vazbé s antigenem jeden ze
zakladnich analytickych néstroji v biochemii. Konkrétn€ pro analyzu GCPII je v sou€asnosti
k dispozici fada rizné charakterizovanych protilatek pochazejicich jak z akademické sféry, tak
od komer¢nich instituci. Vzhledem k tomu, Ze tada téchto protilatek doposud nebyla dikladné
popsana, mohlo by jejich uZiti vést k rozdilnym vysledkim, a i k pfipadnym chybam
v interpretaci. Cilem této prace bylo charakterizovat 13 nejbéznéjSich monoklonalnich

protilatek za pouziti standardnich biochemickych analytickych metod.

Pomoci metody ELISA (,,enzyme-linked immunosorbent assay*) a pomoci povrchové
plasmonové rezonance (SPR — ,surface plasmon resonance) byla kvantifikovana vazba
protilatek na nativni event. 1 denaturovany antigen. S nativni GCPII interagovaly protilatky
D2B, J415, J591, 2G7, 107-1A4, 24.4E6 a GCP-05 (tabulka 1), kdezto na denaturovanou
GCPII se vazaly protilatky GCP-04, 1591, GCP-02, 3E6, 7E11-C5.3, YPSMA-1, YPSMA-2
(tabulka 2). Byly pozorovany vyrazné rozdily jak v koncentracich, pfi kterych k vazbé
dochézelo, tak 1 v maximalnim signélu (aZ 7 X pro nativni, respektive aZ 54 x pro denaturovany
antigen). Protilatky GCP-02, 3E6 a GCPII-04 byly navic schopny vazat 1 denaturovany mysi
homolog GCPII a protilatka GCPII-04 dokonce i lidsky a mysi homolog GCPIII. K lep§imu
pochopeni vazby protilatek na homology GCPII bylo u protilatek vazajicich denaturovany

antigen provedeno mapovani epitopu.
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Tabulka 1 — Vazba protilatek na nativni GCPII. Vysledek proloZeni saturacnich kfivek vazby protilatek na antigen
pomoci metody ELISA. Maximalni signal udava relativni maximalni dosazenou hodnotu lumininiscence v metodé
ELISA pro danou protilatku. 50 % saturace vyjadiuje koncentraci protilatky, pfi které bylo dosazeno 50 %
maximalniho signalu. Maximalni signal u protilatek 24.4E6 a GCP-05 nebyl urcen pro pouziti jiného mnozstvi

imobilizované GCPII (,,NC*).

Protilatka 50% saturace Maximalni signal
D2B 0,072 + 0,013 nM 4.8
J415 0,163 + 0,022 nM 3.9
J591 1,4 £ 0,27 nM 6.9
2G7 2,89 £ 0,25nM 1.0
107-1A4 3,81 £ 0,43 nM 2.6
24 4E6 365 £ 77nM NC
GCP-05 550 + 130 nM NC

Tabulka 2 — Vazba protilatek na denaturovanou GCPII. Vysledek proloZeni saturaénich kiivek vazby protilatek na
antigen pomoci metody ELISA. Maximalni signal udava relativni maximalni dosazenou hodnotu lumininiscence
v metodé ELISA pro danou protilatku. 50 % saturace vyjadiuje koncentraci protilatky, pfi které bylo dosazeno 50
% maximalniho signalu. Maximalni signal u protilatek 7E11-C5.3 nebyl ur¢en pro pouziti jiného antigenu
(intracelularni peptid). Epitop znaci sekvenci peptidu, ktery je schopen interagovat s danou protilatkou, pficemz

Cisla udavaji jeho lokalizaci na primarni sekvenci lidské GCPII.

Protilatka 50% saturace Maximalni signal Epitop
GCP-04 0,628 + 0,066 nM 54 91-108
J591 3,06 £ 0,89 nM 1 ND
GCP-02 52 + 1,2nM 40 271-288
3E6 9,8 + 1,7nM 9 118-135
7E11-C5.3 9,9 + 3nM NC 1-21
YPSMA-1 61 = 17nM 7 469-486
YPSMA-2 216 + 55nM 42 469-486
24 4E6 267 + 49 nM 5 640-657

S vysledky kvantitativni analyzy tzce souvisi kvalitativni vysledky pouzitych protilatek
v béZnych biochemickych metodach. Zatimco protilatky interagujici s denaturovanym
antigenem vykazovaly na ,,western blotu silny (GCP-02, GCP-04 a YPSMA-1) respektive
sttedni signal (3E6, YPSMA-2 a 7E11-C5.3), protilatky reagujici 1 s nativhim antigenem
vykazovaly slaby signal (24.4E6, D2B a J591). Obdobné u imunohistochemie na parafinovych
fezech bylo barveni na GCPII pozitivni v ptipadé protilatek proti denaturovanému antigenu
(GCP-02, GCP-04, YPSMA-1, YPSMA-2, 24.4E6, 3E6). Naproti tomu pouziti nativni
prutokové cytometrie nepiekvapivé vyzadovalo pouziti protilatek vazajicich nativni antigen
(J591, J415, D2B, 107-1A4, 2G7 nebo GCP-05). Vysledky praktického uziti protilatek

v jednotlivych biochemickych metodach jsou semikvantitavné zhodnoceny v tabulce 3.
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Tabulka 3 — Semikvantitavni hodnoceni protilatek pro jednotlivé bioanalytické metody (,,FC* znaci pratokovou
cytometrii, ,, WB*“ — imunoblot - ,,western blot* a IHC-P — imunohistochemii na parafinovych fezech). Vhodnost
je znazorné na $kale, kde ,,—““znamena nevhodné a naopak ,,+++“ nejvhodnéjsi. Protilatka 7E11-C5.3 je oznacena

hvézdic¢kou () vzhledem k pouziti syntetického intracelularniho peptidu v metodé ELISA.

nativni GCPII denaturovana GCPII
Protilatka ELISA FC ELISA WB IHC-P
J591 - e - - -
J415 +++ +++ - - -
D2B ——— —— - + -
107-1A4 +++ +++ - - -
2G7 + ++ - - -
GCP-05 + +++ - — -
7E11-C5.3* ++ - ++ ++ -
GCP-02 - - R o S S S S S
GCP-04 - - 4+
YPSMA-1 - - ++ +++ S+t
YPSMA-2 - — ++ ++ +++
3E6 - - - ++ ++
2446 + = + + 4+

Muj prispévék

Mym podilem na této praci bylo provedeni vSech imunohistochemii a jejich interpretace. U
vybranych protilatek (GCP-02 a GCP-04) jsem provedl i pfedbézné zhodnoceni vazby
homologti GCPII pomoci ,,western blotu® a téz predbézné mapovani epitopu. Podilel jsem se i

na vyhodnoceni dalSich experimentl a diskusi vysledki.

4.2 Synteticka nahrada protilatek (iBodies) na bazi hydrofilniho

polymeru

Sacha P, Knedlik T, Schimer J, Tykvart J, Parolek J, Navratil V, Dvotakova P, Sedlak F, Ulbrich K, Strohalm J,
Majer P, Subr V, Konvalinka J. iBodies: Modular Synthetic Antibody Mimetics Based on Hydrophilic
Polymers Decorated with Functional Moieties. Angew Chem Int Ed Engl. 2016 Feb 12;55(7):2356-60.

Selektivni vazba protilatek k antigenu je kliCova vlastnost umoziujici jejich vyuZiti jako
nastroje v biochemii. Vzhledem k tomu, Ze naSe pfedchozi studie (kapitola 4.1) ukazala, Ze
vlastnosti bézn¢ dostupnych protilatek proti GCPII se znacné li§i, a vzhledem k naSemu
pozorovani, ze modifikace protilatek miZze byt obtiznd, pokusili jsme se navrhnout Cisté
synteticky systém, ktery by umoznil protilatky v bioanalytickych metodach nahradit, nebo

event. 1 prekonat.

Zékladni soucasti ndhrady protilatek, kterou v této praci predstavujeme, byl polymer na bazi N-

(2-hydroxypropyl)methacrylamidu (HPMA), na ktery byl kovalentné¢ navazan cilici ligand,
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napf. inhibitor, a dale pak afinitni kotva (biotin) a vhodny fluorofor (obrazek 11). Tento postup
byl otestovan na modelovém piipad¢ protedzy GCPIL, protedzy z viru HIV, pepsinu a proteinu
s polyhistidinovou sekvenci. Vzhledem k tomu, Ze na jednu molekulu polymeru (iBody) bylo
navazano veétsi mnozstvi cilicitho ligandu — u polymeru proti GCPII primérné 19 molekul
inhibitoru, byl navic pozorovan vyrazny aviditni efekt, kdy hodnota K; poklesla cca 465 x ve
srovnani s hodnotou volného inhibitoru (K; polymeru 4,3 pM vs. K inhibitoru 2 nM). Toto
vyrazné zvySeni afinity ptiblizuje disociacni konstantu dané¢ho iBody (< 20 pM) k nejlepSim

dostupnym protilatkam proti GCPII (viz. kapitola 4.1.).

HPMA kopolymer 3} Biotin ATTO488

H3 3
i&;;%
e *&m

fluorofor afinitni kotva  cilici ||gand

Obrazek 11 — Schematické zobrazeni struktury HPMA polymeru s kovalentné navazanym fluoroforem

(ATTOA488), afinitni kotvou (biotin) a cilicim ligandem (napt. inhibitor GCPII).

Krom¢ uziti iBody k inhibici byla na riiznych modelovych ptipadech potvrzena vazba pomoci
SPR, a moznost vyuziti v metodé¢ ELISA, pritokové cytometrie, zobrazovani zivych bunék
(imunocytochemie pomoci konfokalni mikroskopie), imunoprecipitace a metody imunoblotu -
,western blot“. Pfipravené iBody proti GCPII je soucasné univerzalnim nastrojem pro dalsi

analyzu funkce GCPII (obrazek 12).

Miij prispévék

Mou praci byla optimalizace vyuziti iBodies pro pouZiti v zobrazovani zivych buné&k

(imunocytochemie) pomoci konfokalni mikroskopie.
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Obrazek 12 — Prehled moznych pouziti iBody proti GCPII. A) Schopnost inhibovat aktivitu GCPII s vysokou
efektivitou. B) SPR vazba polymeru na GCPII potvrzujici pikomolarni interakci. C) Prutokova cytometrie
s vyuzitim cileného (iBody 1) a necileného (iBody 5) polymeru v porovnani s pfimo znacenou protilatkou 2G7
(viz. 4.1) na bunécné linii s expresi GCPII (LNCaP) a bez exprese GCPII (PC3). D) Imunoblot — ,,western blot*
prokazujici moznost izolace GCPII pomoci iBody v porovnani s imunoprecopitaci uzitim protilatky J591 (viz.
4.1). NC znaci negativni kontrolu — pri¢emz SA je samotna Streptavidin Agarosa a PGS je Protein G Sepharosa.
rthGCPII je zkratkou pro rekombinantni lidskou extracelularni doménu GCPII. E) Vizualizace bunék s expresi
GCPII (LNCaP) a bez exprese GCPII (PC3) pomoci cileného (iBody 1), necileného (iBody 5) polymeru a pfimo
znacenou protilatkou 2G7. Jako posledni je i zndzornéna kompetice cileného polymeru s inhibitorem GCPII

PMPA. F) Porovnani iBody 1 s J591 protilatkou (viz. 4.1.) v roli detekujici protilatky v sendvicové modifikaci
ELISA pro detekci GCPII.
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4.3 Porovnani lidské a mySi GCPII

Knedlik T, Vorlova B, Navratil V, Tykvart J, Sedlak F, Vaculin S, Franék M, Sacha P, Konvalinka J. Mouse
glutamate carboxypeptidase II (GCPII) has a similar enzyme activity and inhibition profile but a different
tissue distribution to human GCPIIL. FEBS Open Bio. 2017 Aug 29;7(9):1362-1378.

Pro vyzkum fyziologickych a patofyziologickych funkci na urovni organismu je nezbytny in
vivo model. Vzhledem k tomu, Ze mysi modely jsou obecné¢ nejbéznéji pouzivané a dostupné,
pokusili jsme se v predkladané praci zhodnotit jejich vyuzitelnost pro studium GCPIIL
Optimalni zvifeci model totiz musi pro pienositelnost poznatkit do huménni mediciny, kromé
dostupnosti, splilovat podminku dostatecné podobnosti s clovékem.

Porovnani mysi a lidské GCPII probé&hlo nejprve na proteinové urovni. Nepiekvapivé vzhledem
k vysoké podobnosti v aminokyselinové sekvenci — 86 % identita, 91 % podobnost (Bacich a
kol., 2001) byla zachovana enzymové aktivita i substratova specifita. MySi homolog GCPII byl
schopen §tépit NAAG na NAA a glutamat, stejné tak jako odStépovat y-koncové glutamaty
s pteroylpoly-y-glutamatu. Enzymaticka aktivita mysiho homologu byla vSak nizsi, zejména
pro vyssi hodnotu Ky (viz tabulka 4). Substratova specifita studovand na N-terminalné
acetylované dipeptidové knihovné vykazovala u mysi GCPII obdobny vzor jako u lidského
homologu, pouze byla zvyraznéna specifita pro st€peni dipeptidli s C-termindlnim glutamatem.

Naprosta vétSina inhibitort byla schopna identicky inhibovat mysi i lidskou variantu GCPIL.

Tabulka 4 — Kinetické parametry rekombinantni mysi a lidské GCPII stanovené pro NAAG radioenzymatickou
metodou (Tykvart a kol., 2012) nebo pro pteroyl-di-L-y-glutamat HPLC metodou (Navratil a kol., 2014),

zobrazeny primérné hodnoty = smérodatna odchylka.

NAAG Pteroyl-di-L-glutamat
Enzym
Km [nM] Keat [s] Keat/Km [x 107 s M) Km [nM] Keat [s] Keat/Km [x 107 s M)
Avi-mGCPII 1900 = 100 1,44 + 0,02 0,077 + 0,001 290 + 20 3,63 + 0,09 1,26 + 0,08
Avi-hGCPII 550 + 60 1,45 + 0,04 0,265 + 0,007 39 + 2 509 + 0,09 13,20 + 0,80

Déle byl porovnan expresni profil (obrazek 13), a to jak na urovni aktivity (hydrolyza NAAG
na NAA a glutamat), tak i exprese samotného proteinu. Vzhledem k velmi podobnym
vlastnostem mysi GCPII a GCPIII, byla pro jejich odliSeni aplikovana i analyza v tkanich
pritomné mRNA. V mysi, obdobné¢ jako u ¢loveéka byla zachycena vysoka exprese v mozku a
v ledvinéach, naopak u mysi oproti cloveéku nebyla zachycena exprese v prostaté a ve vétsi mite
ani v tenkém stievé (jejunu ani ileu). VedlejSim nédlezem byla variabilni exprese GCPII
v mySich slinnych zlazach, kterd byla dale potvrzena imunohistochemicky a to zejména
v podjazykové slinné Zlaze. Vzhledem k vyrazné podobnosti mezi GCPII a jejim homologem

GCPIII, jak v enzymatické aktivité, tak 1 schopnosti byt rozpoznan pouZzitou protilatkou
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GCP-04 (kapitola 4.1) bylo doplnéno i hodnoceni na

s nalezem na proteinové urovni.
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Obrazek 13 — Prehled analyzy expresniho profilu u mysi. A) Analyza expresi v organech pomoci imunoblotu —

»western blotu“. Byli analyzovany tkan¢ ze tfech samct a samicek, popisky jednotlivych organid jsou uvedeny

v zéhlavi. Avi-mEXST je standard (rekombinantni extracelularni doména mysi GCPII). B) Stanoveni obsahu

GCPII pomoci enzymatické aktivitni metody (St€peni NAAG), analyzovany samci a samicky v biologickém

triplikatu. C) Imunohistochemické detekce GCPII ve vybranych tkanich s vyss§

vv

i expresi GCPII. Pozitivni barveni

choroidni pletené, stratum granullare a bilé hmoty v mozecku, pozitivita luminalni strany proximalnich tubul a

Bowmanovy kapsuly. Pozitivita abluminalnich bunék ve slinnych zlazach. D) Srovnani expresniho profilu mysi

GCPII (mGCPII) a mysi GCPIII (mGCPIII) na tirovni mRNA.
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Souhrnné, biochemicka charakterizace na proteinové Urovni neukdzala vyrazngjsi rozdily.
Oproti tomu exprese GCPII v mysi se liSila chybéjici expresi v prostaté a do zna¢né miry i
v tenkém stievé. Zatimco u prostaty to mize byt déno vyrazné odliSnou anatomicko-
histologickou strukturou (Oliveira a kol., 2016), tak u stieva mtize byt obdobn¢ jako u potkana
(Shafizadeh a Halsted, 2007) funkce Sté€peni pteroyl-poly-glutamatu zprostiedkovana aktivitou
gamma-glutamyl hydrolazy. Vzhledem k této tkanové distribuci lze ptredpokladat, ze mysi
modely funkce GCPII v nervovém systému jsou pienositelné i na cloveéka, kdezto stran studia

karcinogeneze v prostaté¢ neni volba mysi, jako experimentalniho zvitete, idealni.

Miij prispévék

Mym podilem v této praci byl odbér vybranych mysich tkani a provedeni imunohistochemické

analyzy. Podilel jsem se 1 na analyze a diskusi experimentalnich vysledk.

4.4 Mys s vyrazenym genem GCPII ma ve stari zvétSené semenné vacky

Vorlova B, Sedlak F, Kasparek P, Sramkova K, Maly M, Zameé¢nik J, Sacha P, Konvalinka J. A novel
PSMA/GCPII-deficient mouse model shows enlarged seminal vesicles upon aging. Prostate. 2019
Feb;79(2):126-139.

Jeden ze zékladnich prosttedki pro vyzkum fyziologické a patofyziologické aktivity
jednotlivych genil tvoii zvitata deficientni v daném genu. Piestoze byla jiz publikovana fada
mySich modelll s vyfazenym genem pro GCPII, vysledky byly ve vzdjemném nesouladu.
Zatimco né¢které prace (Han a kol., 2009; Tsai a kol., 2003b) uvadéji embryonalni letalitu, tak
dalsi studie (Bacich a kol., 2002; Gao a kol., 2015) neprokazuji z4dny zjevny patologicky
fenotyp. Proto jsme vytvoftili dal§i nezavisly model GCPII deficientni mysi pomoci TALEN
(efektorové nukledzy podobné transkripnim aktivatorim). Zatimco v predchozich pracich
(Bacich a kol., 2005; Gao a kol., 2015) byl ponejvice analyzovan efekt GCPII na funkci
nervového systému, ostatni moZné fenotypy, mimo jiné napf. v urogenitalnim systému, byly
studovany do vyrazné mensi hloubky, navic v pfechozich studiich nebyly studovany starnouci
mysi.

U starnoucich mysi jsme obdobné jako v praci (Finch a Girgis, 1974) pozorovali zvétSeni
semennych vacki, piicemz ke zvétSeni u mysi deficientni v genu pro GCPII (Folhl™")
dochazelo diive. Reprezentativni fotografie semennych vackl a porovnani velikosti semennych

vacki je zobrazeno na obrazku 14.
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Obrazek 14 — A) Obrazek semennych vacki reprezentativnich mysi divokého kmene (Folh1™*) a mysi

deficientnich v genu pro GCPII (Folhl”). B) Statistickd analyza zvétSenych semennych vackh

1 +/+

v zavislosti na genotypu pro GCPII - Folh1** zna¢i mysi divokého kmene, Folh1*-mysi s heterozygotni

konstituci v genu pro GCPII a Folh1”- mysi plné deficientni v genu pro GCPII

Nasledné provedend histologickd analyza zvétSenych semennych vacki prokézala pouhou
dilataci, bez dalSich pfidavnych patologii. Vzhledem k tomuto pozorovani jsme provedli
zevrubné méteni aktivity GCPII ve vétSin€ tkani urogenitalniho systému, pficemz pouze
v ledviné, nadvarleti a chdmovodu jsme zachytili vyznamnou expresi GCPII (182 + 12 ng
GCPII/mg tkané v nadvarleti a 2.3 + 1 ng/mg tkan¢ v chadmovodu). Takto vyrazny zachyt GCPII
v nadvarleti, predstavujici cca desetinasobek obsahu v mozku, byl nadale potvrzen pomoci
imunohistochemie, jak na vzorcich mysiho, tak i lidského nadvarlete (obrazek 15). Celkové tak
zvétSeni semennych vacki u star§ich myS$i tvofi prvni fenotyp v urogenitdlnim systému

souvisejici s expresi GCPII.

Miij prispévek

Mym piinosem byl podil na pitvach jednotlivych tkani, obzvlasté¢ v oblasti urogenitdlniho
traktu, métfeni plochy semennych vackl a predbéZzna statistickd analyza. Déle jsem provedl
imunohistochemii lidskych 1 mySich nadvarlat. Podilel jsem se i na analyze a diskusi

experimentalnich vysledkd.
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Obrazek 15. Méteni exprese GCPII v urogenitalnim traktu. A) Zhodnoceni pfitomnosti GCPII pomoci
mefeni aktivity $tépeni NAAGu, rm-GCPII (rekombinantni mysi GCPII) slouzi jako aktivitni standard
B) Porovnani §tépeni NAAGu u tkani pochézejicich z mysi divokého kmene (Folh1™*) a mysi
deficientnich v genu pro GCPII (Folhl”) potvrzuje pfitomnost GCPII v nadvarleti a semenném
provazci. C) Imunohistochemie mysiho nadvarlete nasvédcuje ptitomnosti GCPII na luminalni strané
tubulti. D) Imunistochemie lidského nadvarlete svéd¢i pro pritomnost GCPII taktéZ na luminalni strané

tubuld.

4.5 GCPII nestépi peptidy amyloidu

Sedlik F, Sacha P, Blechova M, Biezinova A, Safafik M, Sebestik J, Konvalinka J. Glutamate
carboxypeptidase II does not process amyloid-f peptide. FASEB J. 2013 Jul;27(7):2626-32.

Fyziologicka funkce GCPII v nervovém systému je $tépit neurotransmiter NAAG na NAA a
glutamat (Robinson a kol., 1987), coz vzhledem k neuroprotektivnimu chovani NAAGu (Lu a
kol., 2000), nasvédcuje moznosti uZziti inhibitord GCPII jako neuroprotektiva (Cai a kol., 2002;
Vornov a kol., 1999; Williams a kol., 2001; Zhong a kol., 2006). Nicméné&, v r. 2010 byla
v prestiznim FASEB J. publikovana velmi piekvapivd prace korejskych autorti, kterd
reportovala schopnost GCPII degradovat amyloid  a amyloidni fibrily (Kim a kol., 2010b). To
vedlo ke znepokojivé hypotéze, zda by aplikace GCPII inhibitort by mohla mit jako vedlejsi
neZzadouci Uc€inek ptipadny vznik plakd amyloidu B a tim podnécovat vznik Alzheimerovy

choroby. Kdyby se tato hypotéza potvrdila, znamenalo by to zastaveni velmi slibnych
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klinickych experimentt s inhibitory GCPII v fad¢ dalSich terapeutickych nebo diagnostickych
indikaci, které popisuji v teoretickém tvodu této prace (kapitola 1.6, str. 38).

K prosetieni tohoto problému jsme rekombinantni protein GCPII inkubovali se synteticky
piipraveny peptidem amyloid-Pi-42. Pfipadné degradacni produkty a vlastni abytek amyloidu-3
jsme pozorovali pomoci kapalinové chromatografie spojené¢ s hmotnostnim spektrometrem.
Zatimco kontrolni protedzy (neprilysin, chymotrypsin) amyloid-f3 Stépily, $tépeni pomoci
GCPII se ndm, krome velmi pomalého odstépeni jedné N-terminalni aminokyseliny — aspartatu,
nepodafilo potvrdit. Vysledky jsou shrnuté zobrazeny na obrazku 16. Aktivita vlastniho
rekombinantniho proteinu byla nésledné ovéfena Stépenim NAAGu. Obdobnych vysledki
dosahli i v paralelné publikované praci (Alt a kol., 2013) u peptidu amyloid-Bi-40. Souhrn¢ Ize
usoudit, ze GCPII amyloidni peptidy nestépi, a tudiz riziko nezaddoucich ucinkli ve smyslu

iniciace Alzheimerovy choroby u inhibitord GCPII je nepravdépodobné.
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Obrazek 16. HPLC-MS analyza reakénich smési a kontroly hydrolyzy ABi4> A) SDS-PAGE elektroforetogram
prokazujici Cistotu rekombinantnich proteinit GCPII. Popisky nad elektroforetogramem uvadeji nanasky
v jednotlivych jamkach gelu. V ¢astech B-F jsou zobrazeny chromatogramy zobrazujici celkovy iontovy proud
pro jednotlivé enzymové reakce a kontroly, pfiCemz v B) je samotny enzym Avi-GCPII, v C) samotny
chymotrypsin, v D) samotny amyloid ABi.42, v E) reakce amyloidu ABi.42 s GCPII a v F) reakce amyloidu Ai.42

s chymotrypsinem.
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Miij prispévek

Mym piispévkem byla purifikace peptidu amyloidu Ai.42, navrh i provedeni vlastnich Stépeni
amyloidu B pomoci GCPII a kontrolnimi protedzami, optimalizace separace vzniklych peptidi
pouzitim kapalinové chromatografie a charakterizace distoty enzymu pomoci gelové
elektroforézy. VSechny experimenty jsem analyzoval, jejich vysledky diskutoval a podilel se

na sepsani publikace.

4.6 Vyuziti interakce inhibitor-GCPII k cileni nadorovych bunék

Neburkové J, Sedldk F, Zatkova Suchanova J, Kostka L, Sacha P, Subr V, Etrych T, Simon P, Batinkova J,
Krystufek R, Spanielové H, Forstova J, Konvalinka J, Cigler P. Inhibitor-GCPII Interaction: Selective and
Robust System for Targeting Cancer Cells with Structurally Diverse Nanoparticles. Mol Pharm. 2018 Aug
6;15(8):2932-2945.

Cileni GCPII jako nadorového antigenu pomoci fady pfistupt (inhibitor, protilatka, aptamer,
atp.) bylo jiz popséno v fad¢ publikaci (Banerjee a kol., 2017; Behnam Azad a kol., 2015; Fan
akol., 2016; Hrkach a kol., 2012; Huang a kol., 2014; Chandran a kol., 2008; Chen a kol., 2016;
Kasten a kol., 2013; Kim a kol., 2010a; Mukherjee a kol., 2014; Nagesh a kol., 2016; Sanna a
kol., 2017; Von Hoff a kol., 2016; Xu a kol., 2017; Zhu a kol., 2016). V nasi piechazejici praci
(viz. vySe 3.2.) jsme taktéz prokazali velmi silnou interakci polymeru na bazi HPMA
dekorovaného inhibitory GCPII s vlastni proteazou GCPII, umoZiujici vizualizaci bunék. Na
zakladé tohoto uspésného cileni jsme se pokusili vytvotit fadu riznych dalSich nanostruktur,
které by byly cileny pomoci GCPII inhibitoru, a tak ovéfit, jak je systém GCPII — inhibitor

robustni pro pfipadnou diagnostiku a event. terapii cilenymi 1é¢ivy.

Jako priklady nanocastic byly zvoleny nanodiamanty, virim podobné ¢astice (VLP)
z bakteriofagu Qp a mysSiho polyomaviru a polymerni nanostruktury zalozend na HPMA. VLP
byly pro porovnani kromé piimé modifikace pomoci inhibitoru i dekorovany pomoci HPMA
polymeru. Tyto Castice se vyrazné liSily jak ve své velikosti, rigidité, tak 1 bio-nano rozhrani.
Pfesto vSechny vytvofené Castice interagovaly s rekombinantnim GCPII, jak bylo prokdzano
inhibici enzymatické aktivity, tak i pomoci SPR (tabulka 5 a obrazek 17). Stran inhibi¢ni
aktivity byl pozorovan aviditni efekt, ktery koreloval s mnozstvim navdzané inhibi¢ni
substance na c¢astici, zatimco zdkladni inhibitory mély inhibi¢ni konstantu K; v nizkém
nanomolarnim rozmezi (2-14 nM), tak v ptipad€ polymernich ¢astic doSlo ke sniZeni K; na
subnanomolarni koncentrace (323 pM) a v piipad¢ ostatnich ¢astic az na hodnoty v pikomolérni

oblasti (0,6-3,92 pM). Piedpokladame, Ze dosaZeni takto nizkych inhibi¢ni konstant bylo
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umoznéno vyrazn¢ pomalejsi disociaci nanocastic pro velmi nizkou hodnotou kot zplisobenou

aviditnim efektem.

Tabulka 5. Charakterizace inhibi¢nich konstant nanocastic i zdrojovych inhibitori. Oznaceni nanocastic je
nasledujici: ,,ND-inh*“ — ¢astice nanodiamantu s inhibitory, ,,pol-inh“ — HPMA polymer s inhibitory, ,,QB-pol-
inh“ — VLP castice QP snavazanymi HPMA polymery s inhibitory, ,Qp-inh“ — VLP castice Qp
s navazanymi inhibitory, ,,MPyV-pol-inh*“ — VLP ¢astice mysiho polyomaviru s navdzanymi HPMA polymery
s inhibitory, ,,MPyV-inh“ — VLP ¢astice myS$iho polyomaviru s navdzanymi inhibitory. Méteni provedeno HPLC

metodou (Navratil a kol., 2014). MEF (,,multivalent enhacement factor*) znaci podil K; (zakladni inhibitor)/ K;

(nanocastice).
nanocastice inhigi:)oru pocet i:éhsitti)(i:tiorﬁ na inhibice: Ki £ 1 SD [pM] MEF
ND-inh 4 250 3,7+0,67 3780
pol-inh 1 6 323+50 6,63
QpB-pol-inh 1 12 3,92+0,83 546
QB-inh 5 180 30,3+4,5 373
MPyV-pol-inh 1 180 2,87+0,6 746
MPyV-inh 5 540 0,60+0,11 18800
inhibitor inhibice: Ki + 1 SD [pM]
1 2140 + 290
4 14000 + 1700
5 11300 + 1200
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Obrazek 18. Charakterizace interakce castic s GCPII pomoci SPR. Oznaceni nanocastic je identické jako
v tabulce 5, krom toho znaéi ,,QB“— inhibitorem nemodifikované VLP ¢astice Qp, ,,QB-pol“ — VLP ¢astice QP
modifikované HMPA polymerem, ND — inhibitorem nemodifikované ¢astice nanodiamanty, ,,MPyV-pol“— VLP

Castice mysiho polyomaviru s navazanym HPMA polymerem, ,,MPyV® — inhibitorem nemodifikované¢ VLP

Castice mysiho polyomaviru, ,,MPyV-PEG* - VLP ¢astice mySiho polyomaviru s navazanym PEG-karboxylatem.
Protedza GCPII byla imobilizovana (na GCPII +) pomoci interakce biotin-neutravidin, negativni kontrolou byl

samotny neutravidin (GCPII-).

Pro aktivitu na bunéfnych liniich mélo kromé klicové interakce GCPII — inhibitor
charakterizované inhibi¢ni konstantou, vyrazny vliv i nano-bio rozhrani. U vSech Castic
s vyjimkou nemodifikovanych VLP mysiho polyomaviru bylo dosazeno rozdilu ve vazbé na
GCPII exprimujici a neexprimujici buniky. Zatimco u naprosté vétSiny castic (polymery,
nanodiamanty, VLP charakteru bakteriofagu Q) byla interakce s buitkami neexprimujicimi
GCPII zanedbatelna, tak VLP castice nemodifikovaného nebo polymery modifikovaného
mySiho polyomaviru vykazovala stdle schopnost vazat i bunky bez exprese GCPIL.
Predpokladame, Ze tento jev muze byt vysvélen tim, Ze zékladni vlastnosti VLP mySiho
polyomaviru, jako ptivodnich virovych ¢astic, je schopnost vazat se na sav¢i buiky. Toto
chovani souhlasi 1 s pozorovanim jednotlivych bun¢k metodou konfokalni mikroskopie, kde po
inkubaci s nemodifikovanymi VLP ¢asticemi mySiho polyomaviru dochdzi zejména k vazbé na
bunéénou membranu, oproti cilené internalizaci u castic modifikovanych inhibitorem
(obrazek 18). Tato nespecificka interakce je odstranitelnd modifikaci nano-bio rozhrani ¢astic
pomoci PEGi; karboxylové kyseliny, ktery je jako mal4d molekula schopen se navazat v daleko
vétsi kvantité¢ nez HPMA polymer, a tedy i 1épe maskovat piivodni bio-nano rozhrani z mysiho

polyomaviru.
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Obrazek 18. Charakterizace interakce ¢astic s GCPII na bunéénych liniich. Oznaceni nanoéastic je identické jako

u tabulky 4 obrazku 8. A) Interakce nanocastic s buitkami bunééné linie U251-MG exprimujicich GCPII (U251*

20 ym

MG) respektive neexprimujicich GCPII (U251~ MG). Data jsou prezentovany jako median intensity fluorescence
normalizovany na autofluorescenci negativnich bunék (U251 - MG) a korigovany dle relativni fluorescence Castic.
Standardni odchylka je vypoctena z triplikatu méfeni. V levé Casti jsou zobrazeny vysledky s nanocasticemi
modifikovanych inhibitorem GCPII, kdezto v pravé ¢asti jsou vysledky s nanoc¢asticemi bez navazaného inhibitoru
B) Reprezentativni obrazky z konfokalni mikroskopie zobrazujici vazbu nanocéstic odvozenych s VLP mysiho
polyomaviru na buiiky U251 MG bunééné linie s expresi GCPII (U251" MG), resp. bez exprese GCPII
(U251~ MQG). Zelen¢ je zobrazena fluorescence nanoc¢astic, modfe jsou znazornény jadra (barveni pomoci Hoechst

barviva).
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Lze shrnout, ze silné interakce GCPII-inhibitor umoznuje specifické cileni velmi riznorodymi
typy nanocastic, pfi¢emz pro dalsi zvySeni specifity je kritické omezeni nespecifickych

interakci optimalizaci bio-nano rozhrani vlastnich ¢astic.

Miij prispévek

Mym piinosem na této praci byla optimalizace modifikace bio-nano rozhrani VLP ¢astic
mysiho polyomaviru k redukci nespecifické vazby a pomoc s piipravou nanocastic
modifikovanych polymery. Dale jsem provedl charakterizaci Castic stran fluorescen¢nich
vlastnosti, métfeni inhibicnich konstant Castic a pfipravu obrazku z konfokalni mikroskopie.
Podilel jsem se i na méfeni vstiebavani Castic bunkami pomoci pratokové cytometrie a
zobrazovani navazanych nanocéstic pomoci konfokalni mikroskopie. Podilel jsem se na navrhu
jednotlivych experimentl, analyze vzniklych experimentélnich dat, jejich diskusi a kone¢né

1 na sepsani rukopisu.
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5. Diskuze

V prvni casti disertace jsem se zamétil na zhodnoceni dostupnych moznosti a vyvoj novych
metod a bioanalytickych néstroji pro analyzu obsahu GCPII. Tyto metody umoziuji méfit
zastoupeni a sledovat GCPII, jak na tirovni organismu, tkani, bunék, tak i subcelularné, a tim
i pomahaji pochopit jeho biologickou funkci. Protilatky obzvlasté monoklondlni, diky své
specifické interakci s antigenem, tvoii klicovy analyticky nastroj (Packer, 2021) a vskutku
prave protilatka 7E11-C5.3., vznikla imunizaci lyzatem prostatické bunécné linie LNCaP, vedla
v minulosti k objevu PSMA (alias GCPII) (Horoszewicz a kol., 1987). Nasim prvnim krokem
proto bylo diikladné zhodnoceni vlastnosti protilatek. Spatné charakterizace protilatek totiz
muze pro ptipadné nespecifické interakce vést k zavadéjicim vysledkiim, obzvlasté v ptipadé
komplexnéjSich biologickych vzorkl. Uziti nevhodnych protilatek soufasné muze vést

k rozdilnym vysledkGim rtznych autord.

Protilatky pro studium GCPII byly uzity v fadé metod jako imunohistochemie (Baccala a kol.,
2007; Haffner a kol., 2009; Chang a kol., 1999; Kinoshita a kol., 2006; Liu a kol., 1997; Silver
a kol., 1997), ELISA (Navratil a kol., 2017; Sokoloff a kol., 2000) a imunoblot — ,,western
blotu®“ (Rovenska a kol., 2008; Troyer a kol., 1995), ptesto doposud nebylo v literatufe
provedeno komparativni srovnani dostupnych monoklondlnich protildtek. Srovnani neni
dostupné 1 proto, Ze fada publikaci neuvadi experimentalni podminky do dostate¢nych detail.
NaSe vysledky, méteni interakce jednotlivych protilatek s denaturovanou a nativni formou
GCPII pomoci metody ELISA, umoznily urcit kromé odhadované sily interakce 1 preferencni
formu antigenu, kterou dand protilatka rozpozndva (nativni vs. denaturovany). To nam
umoznilo roztfidit protilatky do skupiny vhodné pro metody s denaturovanym antigenem (napf.
imunohistochemie na parafinovych fezech, imunoblot — ,,western blot*) a pro metody spise
s antigenem nativnim (pratokova cytometrie, ELISA, imunoprecipitace) a odhadnout dle sily
interakce 1 nutnou koncentraci protilatky pro danou metodu. Oproti dostupné literatuie
(Horoszewicz a kol., 1987; Chang a kol., 1999; Kinoshita a kol., 2006) jsme nebyli schopni
uspésné vyuzit protilatku 7E11-C5.3, jak na imunohistochemii, tak ani na priitokové cytometrii,
coz miize byt zplisobeno tim, Ze jako jedina dostupna protilatka interaguje s intracelularnim
epitopem, ktery miize vyZadovat odlisné metody provedeni analyzy. Né&které dalsi protilatky
(zejména napt. protilatka J591), které interaguji prevazné s nativnim antigenem, jsou
piekvapiveé uspesné vyuzivany v literatuie (Wang a kol., 2011) pro metody s denaturovanym
antigenem jako je imunoblot — ,,western blot*“. Mozné vysvétleni mlze byt napt. nedostatecna

denaturace antigenu vedouci k pfitomnosti nativniho antigenu.
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Protilatky kromé pozitivnich vlastnosti maji i fadu nevyhod jako napft. Casto velmi zdlouhavou
ptipravu, omezenou stabilitu, v n¢kterych ptipadech 1 obtiznou modifikovatelnost danou vlastni
proteinovou strukturou. To nés vedlo, zejména v ptipadé protilatek proti nativni GCPII, k tomu
pokusit se najit jejich adekvatni nahradu. V literatuie byla popsdna fada rtiznych ndhrad
protilatek, zalozenych na biopolymerech, jako napi. protein, RNA, ¢i syntetickych polymerech
nebo dokonce malych molekulach (McEnaney a kol., 2014). Co se ty¢e proteinovych nahrad,
jedna se napft. o ,,affibodies na zakladé¢ modifikovaného bakteridlniho receptoru (Nord a kol.,
1997), ¢i o navrhované proteiny s opakujicimi se ankyrinovymi doménami (Binz a kol., 2003).
U RNA se pouzivaji kratké, cca 100 para basi dlouhé, sekvence zvané aptamery (Ellington a
Szostak, 1990). Zastupcem skupiny syntetickych polymertt mizou byt napt. ,,molecular
imprinted polymers* ziskané polymerizaci za pfitomnosti antigenu, ktery je vzniklym
polymerem obklopen (Haupt a Mosbach, 1998; Wulff, 1995). Vyuziti HPMA polymeru jako
nosice pro diagnostiku a terapii bylo jiz ovéfeno diive (Kopecek a Kopeckova, 2010; Lu, 2010).
Nas inovativni ptistup, kdy jsme na HPMA polymer kovalentn¢ navézali malou cilici molekulu
(inhibitor) - iBodies, se ukazal jako mimofadné univerzalni. Podafilo se ndm takto uspésné
nahradit protilatky v pritokové cytometrii, ve vizualizaci na bunéénych liniich, v metodé
ELISA i v afinitni purifikaci, ptfi¢emz v nékterych ptipadech tato nami vytvotfena nahrada

vykazovala lepsi vlastnosti nez dostupné protilatky, mimo jiné napt. ve stabilité.

Po ovéfeni vlastnosti analytickych nastroji jsme pro dalsi studium fyziologickych a
patofyzioloickych efekti GCPII pfistoupili k charakterizaci jednoho z nejdostupnéjSich
biomodelti, tj. myS$i. Jediné in vivo studie totiz muze poskytnout dostate¢né mnozstvi
relevantnich informaci na urovni celého organismu. Vyrazna podobnost uzitého biomodelu
s ¢lovékem je podminkou, aby vzniklé poznatky mohly byt uZite€né i pro humanni medicinu.
Mys tvofi pro svoji dostupnost jeden ze zékladnich biomodell pro studium fyziologickych a
patofyziologicky jevi. Co se tyée GCPII vSak mysi biomodel nebyl doposud plné
charakterizovan, ptestoze v literatuie je dostupna fada praci, kterd analyzuje efekt GCPII na
mys$im modelu, zejména v oblasti nervového systému — napi. (Bacich a kol., 2005; Gao a kol.,
2015; Vornov a kol., 1999). Z toho diivodu jsme nejprve zevrubné prozkoumali enzymologické
a biochemické vlastnosti my$iho homologu GCPII. AZ na mirné niZsi aktivitu z divodi vyssiho
KM a striktnéj$i substratovou specifitu, nevykazovala mysi GCPII vyraznéj$i biochemické
odchylky oproti lidské GCPIIL. Dale jsme provedli analyzu expresniho profilu GCPII v mysi,
ktery oproti jinym biomodelim, jako potkan, prase (Rovenska a kol., 2008), nebyl dosud

zevrubné studovéan a byly dostupné pouze limitované informace tykajici se vybranych tkani
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(Aggarwal a kol., 2006; Bacich a kol., 2001; Bacich a kol., 2002). Obdobn¢ jako v piedchozich
pracich (Bacich a kol., 2001; Bacich a kol., 2002) jsme identifikovali vyraznou expresi v mozku
a ledvinach, zatimco expresi v prostaté jsme nepozorovali (Aggarwal a kol., 2006). Mimo to
jsme zachytili expresi ve slinnych zlazach, zejména u zldzy podjazykové. Tento nalez je
v souladu i se znamou expresi GCPII ve slinnych zlazach ¢loveka (Israeli a kol., 1994; Troyer
a kol., 1995; Wolf a kol., 2010). Pfestoze v mysi i ¢lovéku je GCPII ptitomna ve slinnych
zlazéach, histologicka lokalizace je odli$na, u clovéka prevazuje lokalizace v acinarnich buiikach
(Wolf a kol., 2010), zatimco v mysSi jsme pozorovali pozitivitu zejména v nesekreCnich
abluminalnich bunkéch. Obdobné jako u potkana (Rovenska a kol., 2008) jsme u mysi
nepozorovali vyraznou expresi GCPII v tenkém stfevé. Expresni profil v orgénech
urogenitalniho traktu jsme dale uptesnili v dalsi publikaci, kde jsme opét nebyli schopni nalézt
expresi GCPII v zadné c¢asti mySi prostaty. Nov€ jsme ale zachytili vyraznou expresi

v nadvarleti, a to jak u mysi, tak u ¢lovéka.

Celkove¢ lze shrnout, ze my$ pro biochemické podobnosti mysiho homologu GCPII a podobny
expresni profil tvofi adekvatniho biomodel pro in vivo studie nervového systému a patrné
iledvin. Naproti tomu vzhledem k neptitomnosti GCPII v mySim tenkém stfevé (ileum a
jejunum) lze predpokladat, ze GCPII neni pro vstfebavani folati u mysi zdsadni. Muize to
souviset 1 s niZsi aktivitou mySiho homologu GCPII viici pteroyl-di-glutamatu oproti lidskému
homologu. Lze ptedpokladat, Ze u mysi i u potkana, je misto GCPII odStépovani y-vazanych
glutamat z folylpolyglutamath zprosttedkovano y-glutamyl hydrolazou (Shafizadeh a Halsted,
2007). Mys$ tak pro folatovy metabolismus nejspiSe neni vhodnym biomodelem.
V urogenitalnim traktu jsme souhrnné zachytili vyrazngjsi expresi GCPII pouze v nadvarleti, v
prostaté oproti clovéku v souladu s literaturou (Aggarwal a kol., 2006; Bacich a kol., 2001)
jsme piitomnost GCPII nepozorovali. Lze tedy piedpokladat, Ze poznatky ziskané na mySim
modelu spojené s aktivitou GCPII v urogenitalnim systému budou mit limitovanou
ptenositelnost do huméanni mediciny. Vzhledem k tomu, Ze v mySi prostaté nebyla GCPII
detekovana, mizeme uvaZovat ve vztahu ke GCPII nad spravnosti ortotopickych mysich
modelil karcinogeneze prostaty. Ostatné i u mySich transgennich modell karcinomu prostaty
nejsou data v plném souladu — viz kapitola 1.3. Stru¢né, v ,,Hi-Myc* modelu, kde exprese
onkogenu Myc je fizend probasinovym promotorem specifickym pro prostatu, byla pozitivita
popsana (Simons a kol., 2019). V TRAMP modelu, vytvofenych expresi SV40 T antigenu opét
pod probasinovym promotorem, byla exprese GCPII v n¢kterych pracich nalezena (Caromile a

kol., 2017; Schmittgen a kol., 2003b; Yang a kol., 2001), kdezto v jinych nikoli (Simons a kol.,
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2019). Na druhou stranu neni zjisténi absence GCPII v mySi prostaté natolik prekvapivé
vzhledem k vyraznym anatomickym a histologickym rozdilim mezi mysi a lidskou prostatou

(Oliveira a kol., 2016).

Prokazana ¢astecna podobnost mezi biochemickymi vlastnostmi a expresnimi profily u ¢lovéka
a mysi, ndm umoznila pouzit model mysi deficientni v genu pro GCPII k dal§imu studiu
fyziologické a patofyziologické funkce GCPII. Dosavadni vysledky fenotypi mysi
deficientnich v GCPII byly ve zna¢ném rozporu. Zatimco ncktefi autofi pozorovali
embryondlni letalitu (Han a kol., 2009; Tsai a kol., 2003b), jini nepozorovali zddny vyrazné
nepfiznivy fenotyp (Bacich a kol., 2002; Gao a kol., 2015). VSechny tyto kmeny mysi
deficientni v genu pro GCPII byly vytvofeny standardni technikou pomoci manipulace
embryonalnich kmenovych bunék, jednotlivé cile zdsahu vSak byly odlisné. V jedné z prvnich
praci byl zésah v intron-exonovém rozhrani prvniho a druhého exonti s vlozenim nékolika stop-
kodont (Bacich a kol., 2002). Dalsimi pfistupy byla delece exond 9 a 10 (Tsai a kol., 2003b),
exond 3-5 (Gao a kol., 2015), nebo prvniho a druhého exonu (Han a kol., 2009). Zda tyto vlastni
konkrétni postupy pfimo vedly k embryondlni imrtnosti neni dosud zcela objasnéno (Vorlova

a kol., 2019).

V nasi praci jsme vytvofili novy mysi model v genu pro GCPII odliSnou metodou — pomoci
specifickych TALEN (endonukléz). Vzniklé mysi deficientni v GCPII nevykazovaly Zadny
prvni nalezeny fenotyp delece GCPII genu v urogenitalni oblasti. Patofyziologicky proces,
ktery vedl k této dilataci, se ndm zatim nepodafilo rozkli¢ovat. Mezi mozné hypotézy mize
patfit napft. defekt vnitini signalizace mezi jednotlivymi organy urogenitalniho systému pii
chybéjici fyziologické expresi GCPII v nadvarleti. Alternativné, absence GCPII v centralnim
nervovém systéml muze ovlivnit miru fyzické aktivity, a tak druhotné ovlivnit velikost

semennych vacku (Chigurupati a kol., 2008).

V ramci vyzkumu fyziologické funkce GCPII jsme se zaméfili 1 na publikovanou velmi
piekvapivou schopnost $tépit amyloidogenni peptidy ABi-40 a APi-42 (Kim a kol., 2010b; Lee a
kol., 2013). Tato aktivita by totiz méla dalekosdhlé¢ disledky v pfipadném klinickém uziti
inhibitortt GCPII, nebot’ snizenim degradace amyloidogenich peptida inhibici GCPII by mohlo
dojit k zvySeni rizika tvorby amyloidogennich plaki, a tedy i dojit ke zvySeni rizika vzniku
Alzheimerovy choroby. Neobvyklost amyloidogennich peptida jako substrati GCPII vyplyva
Jiz ze zakladni katalytické a enzymové specifity GCPII, kde GCPII ma primarné

karboxypeptidasovou aktivitu pro C-terminalni acidické aminokyseliny. Schopnost degradace
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amyloidogennich peptidl se nam stejné€ jako v praci (Alt a kol., 2013) nepodaftilo potvrdit (viz

kapitola 4.5).

GCPII alias PSMA, diky své expresi na nadorovych buiikach se stava jednou z Casto uzivanych
cilovych molekul pro sméfovani 1é&iv i pro diagnostiku. Rada publikaci uZila pro cileni riiznych
ptistupti, napt. protilaitek (Mukherjee a kol., 2014; Nagesh a kol., 2016; Tian a kol., 2021),
aptamertt (Kim a kol., 2010a; Kolishetti a kol., 2010), peptidi (Severic a kol., 2021) ¢i
inhibitort (Banerjee a kol., 2017; Chen a kol., 2016; Sanna a kol., 2017; Xu a kol., 2017; Yari
a kol., 2019), piicemz vlastni ¢astice byly tvoieny nanocasticemi s anorganickym jadrem (Kim
akol., 2010a; Mukherjee a kol., 2014; Nagesh a kol., 2016), polymernimi strukturami (Banerjee
a kol., 2017; Kolishetti a kol., 2010; Sanna a kol., 2017; Xu a kol., 2017), liposomy (Tian a
kol., 2021; Yari a kol., 2019) ¢i exosomy (Severic a kol., 2021).

Velmi slibné vysledky s HPMA polymery vézajici GCPII nas vedly k hypotéze, zda interakce
GCPII-inhibitor nemlZe slouzit jako univerzalni metoda pro sméfovani nanostuktur. DalSim
voditkem byla i hodnota inhibi¢ni konstanty ndmi pouzitych inhibitorii, ktera se pohybovala
v nanomolarnim rozmezi, a tak se blizila k interakénim konstantdim bézné uzivanym
k sméfovani 1é¢iv — jako je interakce transferin-transferinovy receptor (Ward a kol., 1982) ¢i
interakce ,,RGD* peptidil s avf3 integriny (Sancey a kol., 2009). Modifikovali jsme ¢astice jak
rigidni (nanodiamanty), tak flexibiln€jsi (polymerni nanocéstice), tak i dva typy pivodné
biologickych castic — VLP castice bakteriofagu QB a VLP ¢astice mysSiho poliomaviru.
Kovalentni navazani prob¢ehlo jak cestou konjugace s malou molekulou, tak 1 navazanim celého
HPMA polymeru s jiz navazanymi inhibitory. VSechny pfistupy vedly k Casticim, které jak in
vitro, tak 1 na bunénych liniich byly schopny efektivné vazat GCPII, pfi¢emzZ byl pozorovan
signifikantni aviditni efekt, vedouci k vyraznému poklesu inhibi¢ni konstanty, dany tim, ze na

nanocastice bylo navdzano vice molekul inhibitoru.

Klicovym parametrem pro specifitu vazby nanocastic na buiiky bunécnych linii bylo vlastni
bio-nano rozhrani nanocastic. Zatimco HPMA polymerni castice, HPMA pokryté
nanodiamanty a castice bakteriofagu QP vykazovaly samy o sobé nizkou interakci
s testovanymi bunéénymi liniemi, tak VLP ¢astice mySiho polyomaviru vykazovaly bez dalSich
modifikaci pomérné vyraznou nespecifickou interakci. Tato nespecifickd vazba, je nejspiSe
zpusobena faktem, ze mysi polyomavirus je schopen se diky VP1 kapsidovému proteinu vazat
na gangliosidy na buiikach (Tsai a kol., 2003a; You a kol., 2015). Tato nespecifita je vSak
odstranitelnd modifikaci pfirozeného bio-nano rozhrani VLP ¢astic navazanim velkého

proteinu (Zackova Suchanova a kol., 2017). V naSem piipad¢ byla velmi G¢inna modifikace
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pomoci PEG-karboxylové kyseliny, kdezto navdzani HPMA polymera bylo G¢inné vyraznégji
mén¢, nejspiSe vzhledem k nizkému mnozstvi navazanych molekul polymeru a tim i malou
chranénou plochou nanocastice. Prokazali jsme tim zna¢nou miru univerzalnosti ciliciho

systému s vyuzitim GCPII inhibitoru pro dalsi potencidlni biomedicinské pouZziti.
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6. Souhrn

Ve své disertacni praci jsem se v prvni fad¢ zaméiil na analyzu vhodnych analytickych néstroji
pro studium GCPIL. Zevrubné jsme charakterizovali komeréné¢ dostupné pouzivané
monoklonélni protildtky a soucasné jsme vyvinuli plné¢ syntetickou nahradu protilatek
zalozenou na HPMA polymeru s navazanymi inhibitory GCPII, kterd v néktery parametrech
vykazovala, napf. ve stabilite, lepsi vlastnosti. Pro in vivo studii fyziologické a patofyziologické
role GCPII jsme zvolili my$ jako experimentalni biomodel, tento model jsme charakterizovali
jak na biochemické, tak i expresni Grovni a porovnali s dostupnymi poznatky u ¢lovéka. Nase
vysledky prokazaly dobrou ptenositelnost ziskanych poznatkli v oblasti nervového systému.
Data ziskand v urogenitalni oblasti a trdvicim traktu budou vzhledem k rozdilnému expresnimu
profilu aplikovatelna do humanni biomediciny jen ¢astené. Jako vedlejsi vysledek jsme nové
pozorovali expresi v nadvarleti a slinnych zldzach. Nasledné jsme vzhledem k dosavadnim
nesouladim v literatufe (Bacich a kol., 2005; Gao a kol., 2015; Han a kol., 2009; Tsai a kol.,
2003b) vytvotili ve spolupréci se skupinou funkéni genomiky Dr. Sedla¢ka (BIOCEV) vlastni
myS$i GCPII-deficientni model pomoci TALEN (endonukledz). Tento model jsme
charakterizovali, a kromé& pozorovani zvétSenych semennych vackt u starSich samcii jsme
nezaznamenali zadny dal§i zjevny fenotyp. ZvétSeni semennych vackd mize souviset
s chybéjici expresi GCPII v nadvarleti, ale nelze ani vyloucit napt. ovlivnéni vzorct fyzické
aktivity zpétné ovliviiujici urogenitalni systém (Han a kol., 2009; Chigurupati a kol., 2008). Pro
dukladnéj$i pochopeni patofyziologie vSak bude jist¢ nutny dal§i vyzkum. Nepiitomnost
zaddného vyrazného fenotypu, a v souladu s praci (Alt a kol., 2013) vyvracena schopnost Stépit
amyloidni peptidy (APi-40 a APi42) ukazuje, Ze chybéjici aktivita GCPII v organismu nema
zadné evidentni negativni dopady. Toto pozorovani je obzvlasté dalezité pro uziti inhibice a
cileni GCPII jako dulezitého ptistupu v terapii a diagnostice neurologickych a onkologickych
onemocnéni. Kdyz nepfitomnost enzymu nevyvolavd zadné vyrazné nezadouci ucinky, lze
predpokladat, Ze ani farmakologické inhibice GCPII nebude vést k signifikantnim nezddoucim
ucinkiim. Zavérem jsme, diky vyborné schopnosti nasSich polymernich HPMA ¢astic vazat
GCPII, provedli rozsahlou analyzu, zda interakce GCPII-inhibitor mlze slouZit jako
univerzalni pfistup k specifickému cileni 1é¢iv do nadorovych bun€k. Vazba inhibitor-GCPII
umoznila specifické sméfovani jak anorganickych a rigidnich (nanodiamanty), flexibilnich
(polymerni castice) tak i VLP ¢astic, pficemz klicova byla optimalizace bio-nano rozhrani
k redukci nespecifické vazby. Nanocastice s navazanym GCPII inhibitorem tak mohou tvofit

novou cestu, jak specificky dopravovat 1é¢ivo napt. do nddorovych bunék.

68



7. Seznam publikaci

Publikace, které jsou podkladem dizertacni prace

1.

Tykvart J, Navratil V, Sedlak F, Corey E, Colombatti M, Fracasso G, Koukolik F,
Bafinka C, Sacha P, Konvalinka J. Comparative analysis of monoclonal antibodies
against prostate-specific membrane antigen (PSMA). Prostate. 2014
Dec;74(16):1674-90. IF (2014) = 4,051

Sacha P, Knedlik T, Schimer J, Tykvart J, Parolek J, Navratil V, Dvorakova P,
Sedlak F, Ulbrich K, Strohalm J, Majer P, Subr V, Konvalinka J. iBodies: Modular
Synthetic Antibody Mimetics Based on Hydrophilic Polymers Decorated with
Functional Moieties. Angew Chem Int Ed Engl. 2016 Feb 12;55(7):2356-60. IF (2016)
=11,994

Knedlik T, Vorlova B, Navratil V, Tykvart J, Sedlak F, Vaculin S, Frangk M, Sacha P,
Konvalinka J.: Mouse glutamate carboxypeptidase II (GCPII) has a similar enzyme
activity and inhibition profile but a different tissue distribution to human GCPII.

FEBS Open Bio. 2017 Aug 29;7(9):1362-1378. IF (2017) = 1,81

Vorlova B, Sedlak F, KaSparek P, Sramkova K, Maly M, Zamecnik J, Sacha P,
Konvalinka J.: A novel PSMA/GCPII-deficient mouse model shows enlarged
seminal vesicles upon aging. Prostate. 2019 Feb;79(2):126-139. IF (2013) = 3,279

. Sedlik F, Sacha P, Blechova M, Biezinova A, Safatik M, Sebestik J, Konvalinka J.:

Glutamate carboxypeptidase II does not process amyloid-f peptide. FASEB J. 2013
Jul;27(7):2626-32. IF (2013) = 3,188

Neburkova J, Sedlak F, Zackova Suchanova J, Kostka L, Sacha P, Subr V, Etrych T,
Simon P, Bafinkova J, Krystufek R, gpanielové H, Forstova J, Konvalinka J, Cigler P:
Inhibitor-GCPII Interaction: Selective and Robust System for Targeting Cancer
Cells with Structurally Diverse Nanoparticles. Mol Pharm. 2018 Aug 6;15(8):2932-
2945. 1F (2013) = 4,65

UOHCB AV CR, UMCH AVCR, PiF UK. Macromolecular conjugates for
visualization and separation of proteins and cells, Piivodci: Sacha P, Konvalinka J,
Schimer J, Knedlik T, Navratil V, Tykvart J, Sedlak F, Majer P, Cigler P, Subr V,
Ulbrich K. Strohalm J. Evropsky patent EP3245514B1. Publikovano 10.¢ervence 2019,
ptihlaSeno 14.1.2015. — Bez IF.

69



Ostatni publikace

70

1.

Slegerova J, Hajek M, Rehot 1, Sedlak F, Stursa J, Hruby M, Cigler P.: Designing the
nanobiointerface of fluorescent nanodiamonds: highly selective targeting of glioma

cancer cells. Nanoscale. 2015 Jan 14;7(2):415-20 IF (2015) = 7.76

Siva M, Svoboda M, Veverka V, Trempe JF, Hofmann K, Kozisek M, Hexnerova R,
Sedlak F, Belza J, Brynda J, Sacha P, Hubalek M, Starkova J, Flaisigova I, Konvalinka
J, Sagkova KG: Human DNA-Damage-Inducible 2 Protein Is Structurally and
Functionally Distinct from Its Yeast Ortholog. Sci Rep. 2016 Jul 27;6:30443. IF
(2016) = 4,59

. Fassmannova D, Sedlak F, Sedlacek J, gpiéka I, Grantz Saskovéa K: Nelfinavir Inhibits

the TCF11/Nrfl-Mediated Proteasome Recovery Pathway in Multiple Myeloma.
Cancers (Basel). 2020 Apr 25;12(5):1065. IF (2020) = 6,639

Radocha J, Jelinek T, Pour L, Spicka I, Minarik J, Popkova T, Jungova A, Pavlicek P,
Brozova L, Stork M, Sedliak F, Krhovska P, Maisnar V, Heindorfer A, Sykora M,
Wrobel M, Mikula P, Kessler P, Ullrychova J, Hajek R: Urine immunofixation
negativity is not necessary for complete response in intact immunoglobulin
multiple myeloma: Retrospective real-world confirmation. /nt J Lab Hematol. 2021

Oct;43(5):e244-¢247. TF (2021) = 2,877

Hejdankova Z, Van¢k V, Sedlak F, Prochazka J, Diederichs A, Kereiche S, Novotna
B, Budesinsky M, Birku§ G, Saskova KG, Cigler P: Lipid Nanoparticles for Broad-
Spectrum Nucleic Acid Delivery. Adv. Funct. Mater. 2021, 31, 2101391. IF
(2020/2021) = 18,808

Sedlak F.: Lécba epizody bolesti u pacienta s pokrocilym B-bunéénym
lymfomem. Acta Medicinae, 2016, vol. 5, s. 34-35. Bez IF.

Spi¢ka I, Sedlak F: Mnoho¢etny myelom - jsme schopni pacienta v roce 2020

vylé¢it?. Postgradudalni medicina, 2020, vol. 22, s. 53-58. Bez IF.

UOCHB AV CR. Odbérova sada k nasilnimu steru s integrovanym imuno-
chromatografickym testem. Piivodci: Pokorny V, Sacha P, Krystifek R, Sedlak F,
Bakes R. Uzitny vzor. CZ35263U1, piihlaseno 10.3.2021. Bez IF.

Sedlak, F., Jednoduché méreni geomagnetického pole, Jemna mechanika a optika, 2005, 50

(5), 155-156. Bez IF.



8. Seznam referenci

Afman, L.A., Trijbels, F.J., and Blom, H.J. (2003). The H475Y polymorphism in the glutamate
carboxypeptidase II gene increases plasma folate without affecting the risk for neural tube
defects in humans. The Journal of nutrition /33, 75-77.

Afshar-Oromieh, A., da Cunha, M.L., Wagner, J., Haberkorn, U., Debus, N., Weber, W., Eiber,
M., Holland-Letz, T., and Rauscher, I. (2021). Performance of [(68)Ga]Ga-PSMA-11 PET/CT
in patients with recurrent prostate cancer after prostatectomy-a multi-centre evaluation of 2533
patients. Eur J Nucl Med Mol Imaging 48, 2925-2934.

Aggarwal, S., Ricklis, R.M., Williams, S.A., and Denmeade, S.R. (2006). Comparative study
of PSMA expression in the prostate of mouse, dog, monkey, and human. The Prostate 66, 903-
910.

Alt, J., Stathis, M., Rojas, C., and Slusher, B. (2013). Glutamate carboxypeptidase II is not an
amyloid peptide-degrading enzyme. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology 27, 2620-2625.

Althaus, M.A., and Pichler, W.J. (1994). Nasal application of a gel formulation of N-acetyl-
aspartyl glutamic acid (NAAGA) compared with placebo and disodium cromoglycate in the
symptomatic treatment of pollinosis. Allergy 49, 184-188.

Anderson, K.J., Monaghan, D.T., Cangro, C.B., Namboodiri, M.A., Neale, J.H., and Cotman,
C.W. (1986). Localization of N-acetylaspartylglutamate-like immunoreactivity in selected
areas of the rat brain. Neuroscience letters 72, 14-20.

Anilkumar, G., Barwe, S.P., Christiansen, J.J., Rajasekaran, S.A., Kohn, D.B., and Rajasekaran,
A.K. (2006). Association of prostate-specific membrane antigen with caveolin-1 and its
caveolae-dependent internalization in microvascular endothelial cells: implications for
targeting to tumor vasculature. Microvascular research 72, 54-61.

Anilkumar, G., Rajasekaran, S.A., Wang, S., Hankinson, O., Bander, N.H., and Rajasekaran,
A.K. (2003). Prostate-specific membrane antigen association with filamin A modulates its
internalization and NAALADase activity. Cancer research 63, 2645-2648.

Ardies, P.J., Gykiere, P., Goethals, L., De Mey, J., De Geeter, F., and Everaert, H. (2017).
PSMA Uptake in Mediastinal Sarcoidosis. Clinical nuclear medicine 42, 303-305.

Arun, P., Madhavarao, C.N., Moffett, J.R., and Namboodiri, M.A. (2006). Regulation of N-
acetylaspartate and N-acetylaspartylglutamate biosynthesis by protein kinase activators. J
Neurochem 98, 2034-2042.

Auton, A., Abecasis, G.R., Altshuler, D.M., Durbin, R.M., Abecasis, G.R., Bentley, D.R.,
Chakravarti, A., Clark, A.G., Donnelly, P., Eichler, E.E., a kol. (2015). A global reference for
human genetic variation. Nature 526, 68-74.

Baccala, A., Sercia, L., Li, J., Heston, W., and Zhou, M. (2007). Expression of prostate-specific
membrane antigen in tumor-associated neovasculature of renal neoplasms. Urology 70, 385-
390.

Bacich, D.J., Pinto, J.T., Tong, W.P., and Heston, W.D. (2001). Cloning, expression, genomic
localization, and enzymatic activities of the mouse homolog of prostate-specific membrane
antigen/NAALADase/folate hydrolase. Mammalian genome : official journal of the
International Mammalian Genome Society /2, 117-123.

71



Bacich, D.J., Ramadan, E., O'Keefe, D.S., Bukhari, N., Wegorzewska, 1., Ojeifo, O., Olszewski,
R., Wrenn, C.C., Bzdega, T., Wroblewska, B., a kol (2002). Deletion of the glutamate
carboxypeptidase II gene in mice reveals a second enzyme activity that hydrolyzes N-
acetylaspartylglutamate. J Neurochem 83, 20-29.

Bacich, D.J., Wozniak, K.M., Lu, X.C., O'Keefe, D.S., Callizot, N., Heston, W.D., and Slusher,
B.S. (2005). Mice lacking glutamate carboxypeptidase II are protected from peripheral
neuropathy and ischemic brain injury. J Neurochem 95, 314-323.

Bander, N.H., Milowsky, M.L, Nanus, D.M., Kostakoglu, L., Vallabhajosula, S., and
Goldsmith, S.J. (2005). Phase I trial of 177lutetium-labeled J591, a monoclonal antibody to
prostate-specific membrane antigen, in patients with androgen-independent prostate cancer. J
Clin Oncol 23, 4591-4601.

Bander, N.H., Trabulsi, E.J., Kostakoglu, L., Yao, D., Vallabhajosula, S., Smith-Jones, P.,
Joyce, M.A., Milowsky, M., Nanus, D.M., and Goldsmith, S.J. (2003). Targeting metastatic
prostate cancer with radiolabeled monoclonal antibody J591 to the extracellular domain of
prostate specific membrane antigen. J Urol /70, 1717-1721.

Banerjee, S.R., Foss, C.A., Horhota, A., Pullambhatla, M., McDonnell, K., Zale, S., and
Pomper, M.G. (2017). (111)In- and IRDye800CW-Labeled PLA-PEG Nanoparticle for
Imaging Prostate-Specific Membrane Antigen-Expressing Tissues. Biomacromolecules /8,
201-2009.

Barinka, C., Hlouchova, K., Rovenska, M., Majer, P., Dauter, M., Hin, N., Ko, Y.S.,
Tsukamoto, T., Slusher, B.S., Konvalinka, J., a kol. (2008). Structural basis of interactions

between human glutamate carboxypeptidase II and its substrate analogs. Journal of molecular
biology 376, 1438-1450.

Barinka, C., Rinnova, M., Sacha, P., Rojas, C., Majer, P., Slusher, B.S., and Konvalinka, J.
(2002). Substrate specificity, inhibition and enzymological analysis of recombinant human
glutamate carboxypeptidase II. ] Neurochem 80, 477-487.

Barinka, C., Rovenskd, M., Mlcochovda, P., Hlouchova, K., Plechanovova, A., Majer, P.,
Tsukamoto, T., Slusher, B.S., Konvalinka, J., and Lubkowski, J. (2007a). Structural insight into

the pharmacophore pocket of human glutamate carboxypeptidase II. Journal of medicinal
chemistry 50, 3267-3273.

Barinka, C., Sacha, P., Sklenar, J., Man, P., Bezouska, K., Slusher, B.S., and Konvalinka, J.
(2004). Identification of the N-glycosylation sites on glutamate carboxypeptidase Il necessary
for proteolytic activity. Protein science : a publication of the Protein Society /3, 1627-1635.

Barinka, C., Starkova, J., Konvalinka, J., and Lubkowski, J. (2007b). A high-resolution
structure of ligand-free human glutamate carboxypeptidase II. Acta crystallographica Section
F, Structural biology and crystallization communications 63, 150-153.

Baum, V., Biihler, P., Gierschner, D., Herchenbach, D., Fiala, G.J., Schamel, W.W., Wolf, P.,
and FElsasser-Beile, U. (2013). Antitumor activities of PSMAxCD3 diabodies by redirected T-
cell lysis of prostate cancer cells. Inmunotherapy 5, 27-38.

Becker, I., Lodder, J., Gieselmann, V., and Eckhardt, M. (2010). Molecular characterization of
N-acetylaspartylglutamate synthetase. J Biol Chem 285, 29156-29164.

Beckett, M.L., Cazares, L.H., Vlahou, A., Schellhammer, P.F., and Wright, G.L. (1999).
Prostate-specific Membrane Antigen Levels in Sera from Healthy Men and Patients with
Benign Prostate Hyperplasia or Prostate Cancer. Clinical Cancer Research 5, 4034.

72



Behnam Azad, B., Banerjee, S.R., Pullambhatla, M., Lacerda, S., Foss, C.A., Wang, Y., Ivkov,
R., and Pomper, M.G. (2015). Evaluation of a PSMA-targeted BNF nanoparticle construct.
Nanoscale 7, 4432-4442.

Bendell, J., Saleh, M., Rose, A.A., Siegel, P.M., Hart, L., Sirpal, S., Jones, S., Green, J.,
Crowley, E., Simantov, R., a kol. (2014). Phase I/Il study of the antibody-drug conjugate

glembatumumab vedotin in patients with locally advanced or metastatic breast cancer. J Clin
Oncol 32, 3619-3625.

Berger, U.V., Carter, R.E., and Coyle, J.T. (1995). The immunocytochemical localization of N-
acetylaspartyl glutamate, its hydrolysing enzyme NAALADase, and the NMDAR-1 receptor at
a vertebrate neuromuscular junction. Neuroscience 64, 847-850.

Berger, U.V., Luthi-Carter, R., Passani, L.A., Elkabes, S., Black, 1., Konradi, C., and Coyle,
J.T. (1999). Glutamate carboxypeptidase II is expressed by astrocytes in the adult rat nervous
system. J] Comp Neurol 4735, 52-64.

Binz, H.K., Stumpp, M.T., Forrer, P., Amstutz, P., and Pliickthun, A. (2003). Designing repeat
proteins: well-expressed, soluble and stable proteins from combinatorial libraries of consensus
ankyrin repeat proteins. Journal of molecular biology 332, 489-503.

Blasco, H., Mavel, S., Corcia, P., and Gordon, P.H. (2014). The glutamate hypothesis in ALS:
pathophysiology and drug development. Current medicinal chemistry 27, 3551-3575.

Boarman, D.M., and Allegra, C.J. (1992). Intracellular metabolism of 5-formy] tetrahydrofolate
in human breast and colon cell lines. Cancer research 52, 36-44.

Bois, F., Noirot, C., Dietemann, S., Mainta, 1.C., Zilli, T., Garibotto, V., and Walter, M. A.
(2020). [(68)Ga]Ga-PSMA-11 in prostate cancer: a comprehensive review. Am J Nucl Med
Mol Imaging 10, 349-374.

Bostwick, D.G., Pacelli, A., Blute, M., Roche, P., and Murphy, G.P. (1998). Prostate specific
membrane antigen expression in prostatic intraepithelial neoplasia and adenocarcinoma. Cancer
82,2256-2261.

Bouhlal, H., Blondin, C., Haeffner-Cavaillon, N., and Goldschmidt, P. (2002). [N acetyl-
aspartyl glutamic acid (NAAGA) inhibits the adhesion of leukocytes to activated endothelial

cells and down-modulates the cytokine-induced expression of adhesion molecules]. Journal
francais d'ophtalmologie 25, 993-1000.

Brignole-Baudouin, F., Robert, P.Y., Creuzot-Garcher, C., Olmiere, C., Delval, L., and
Baudouin, C. (2009). [Evaluation of NAAGA efficacy in dry eye syndrome]. Journal francais
d'ophtalmologie 32, 613-620.

Bruno, V., Battaglia, G., Casabona, G., Copani, A., Caciagli, F., and Nicoletti, F. (1998a).
Neuroprotection by glial metabotropic glutamate receptors is mediated by transforming growth
factor-beta. J Neurosci /8, 9594-9600.

Bruno, V., Wroblewska, B., Wroblewski, J.T., Fiore, L., and Nicoletti, F. (1998Db).
Neuroprotective activity of N-acetylaspartylglutamate in cultured cortical cells. Neuroscience
85, 751-757.

Burlina, A.P., Ferrari, V., Burlina, A.B., Ermani, M., Boespflug-Tanguy, O., and Bertini, E.
(2006). N-acetylaspartylglutamate (NAAG) in Pelizaeus-Merzbacher disease. Adv Exp Med
Biol 576, 353-359; discussion 361-353.

73



Butterworth, C.E., Jr., Baugh, C.M., and Krumdieck, C. (1969). A study of folate absorption
and metabolism in man utilizing carbon-14--labeled polyglutamates synthesized by the solid
phase method. J Clin Invest 48, 1131-1142.

Bychkov, A., Vutrapongwatana, U., Tepmongkol, S., and Keelawat, S. (2017). PSMA
expression by microvasculature of thyroid tumors - Potential implications for PSMA
theranostics. Scientific reports 7, 5202.

Cai, Z., Lin, S., and Rhodes, P.G. (2002). Neuroprotective effects of N-acetylaspartylglutamate
in a neonatal rat model of hypoxia-ischemia. European journal of pharmacology 437, 139-145.

Cangro, C.B., Namboodiri, M.A., Sklar, L.A., Corigliano-Murphy, A., and Neale, J.H. (1987).
Immunohistochemistry and biosynthesis of N-acetylaspartylglutamate in spinal sensory
ganglia. J Neurochem 49, 1579-1588.

Cao, K.Y., Mao, X.P., Wang, D.H., Xu, L., Yuan, G.Q., Dai, S.Q., Zheng, B.J., and Qiu, S.P.
(2007). High expression of PSM-E correlated with tumor grade in prostate cancer: a new

alternatively spliced variant of prostate-specific membrane antigen. The Prostate 67, 1791-
1800.

Cao, K.Y., Xu, L., Zhang, D.M., Zhang, X.M., Zhang, T., He, X., Wang, Z., Feng, F.S., Qiu,
S.P., and Shen, G.X. (2012). New alternatively spliced variant of prostate-specific membrane
antigen PSM-E suppresses the proliferation, migration and invasiveness of prostate cancer cells.
International journal of oncology 40, 1977-1985.

Carlton, S.M., Hargett, G.L., and Coggeshall, R.E. (2001). Localization of metabotropic
glutamate receptors 2/3 on primary afferent axons in the rat. Neuroscience /05, 957-969.

Caromile, L.A., Dortche, K., Rahman, M.M., Grant, C.L., Stoddard, C., Ferrer, F.A., and
Shapiro, L.H. (2017). PSMA redirects cell survival signaling from the MAPK to the PI3K-AKT
pathways to promote the progression of prostate cancer. Science signaling /0.

Cartmell, J., Monn, J.A., and Schoepp, D.D. (1999). The metabotropic glutamate 2/3 receptor
agonists LY354740 and LY379268 selectively attenuate phencyclidine versus d-amphetamine

motor behaviors in rats. The Journal of pharmacology and experimental therapeutics 297, 161-
170.

Collard, F., Stroobant, V., Lamosa, P., Kapanda, C.N., Lambert, D.M., Muccioli, G.G.,
Poupaert, J.H., Opperdoes, F., and Van Schaftingen, E. (2010). Molecular identification of N-

acetylaspartylglutamate synthase and beta-citrylglutamate synthase. J Biol Chem 285, 29826-
29833.

Collard, F., Vertommen, D., Constantinescu, S., Buts, L., and Van Schaftingen, E. (2011).
Molecular identification of B-citrylglutamate hydrolase as glutamate carboxypeptidase 3. J Biol
Chem 286, 38220-38230.

Colombatti, M., Grasso, S., Porzia, A., Fracasso, G., Scupoli, M.T., Cingarlini, S., Poffe, O.,
Naim, H.Y., Heine, M., Tridente, G., a kol. (2009). The prostate specific membrane antigen
regulates the expression of IL-6 and CCLS5 in prostate tumour cells by activating the MAPK
pathways. PloS one 4, e4608.

Conway, R.E., Joiner, K., Patterson, A., Bourgeois, D., Rampp, R., Hannah, B.C., McReynolds,
S., Elder, J.M., Gilfilen, H., and Shapiro, L.H. (2013). Prostate specific membrane antigen
produces pro-angiogenic laminin peptides downstream of matrix metalloprotease-2.
Angiogenesis 16, 847-860.

74



Conway, R.E., Petrovic, N., Li, Z., Heston, W., Wu, D., and Shapiro, L.H. (2006). Prostate-
specific membrane antigen regulates angiogenesis by modulating integrin signal transduction.
Mol Cell Biol 26, 5310-5324.

Conway, R.E., Rojas, C., Alt, J., Novakov4, Z., Richardson, S.M., Rodrick, T.C., Fuentes, J.L.,
Richardson, N.H., Attalla, J., Stewart, S., a kol. (2016). Prostate-specific membrane antigen
(PSMA)-mediated laminin proteolysis generates a pro-angiogenic peptide. Angiogenesis /9,
487-500.

Crowley, M.J., Scognamiglio, T., Liu, Y.F., Kleiman, D.A., Beninato, T., Aronova, A., Liu, H.,
Jhanwar, Y.S., Molina, A., Tagawa, S.T., a kol. (2016). Prostate-Specific Membrane Antigen
Is a Potential Antiangiogenic Target in Adrenocortical Carcinoma. The Journal of clinical
endocrinology and metabolism /017, 981-987.

Cummings, D., Dowling, K.F., Silverstein, N.J., Tanner, A.S., Eryilmaz, H., Smoller, J.W., and
Roffman, J.L. (2017). A Cross-Sectional Study of Dietary and Genetic Predictors of Blood
Folate Levels in Healthy Young Adults. Nutrients 9.

Cunha, A.C., Weigle, B., Kiessling, A., Bachmann, M., and Rieber, E.P. (2006). Tissue-
specificity of prostate specific antigens: comparative analysis of transcript levels in prostate and
non-prostatic tissues. Cancer letters 236, 229-238.

Czernin, J., and Calais, J. (2021). &lt;sup&gt;177&1t;/sup&gt;Lu-PSMA617 and the VISION
Trial: One of the Greatest Success Stories in the History of Nuclear Medicine. Journal of
Nuclear Medicine 62, 1025.

Damaraju, V.L., Cass, C.E., and Sawyer, M.B. (2008). Renal conservation of folates role of
folate transport proteins. Vitamins and hormones 79, 185-202.

Darcy-Vrillon, B., Selhub, J., and Rosenberg, I.LH. (1988). Analysis of sequential events in
intestinal absorption of folylpolyglutamate. The American journal of physiology 255, G361-
366.

Date, A.A., Rais, R., Babu, T., Ortiz, J., Kanvinde, P., Thomas, A.G., Zimmermann, S.C.,
Gadiano, A.J., Halpert, G., Slusher, B.S., a kol. (2017). Local enema treatment to inhibit
FOLHI1/GCPII as a novel therapy for inflammatory bowel disease. Journal of controlled release
: official journal of the Controlled Release Society 263, 132-138.

Datz, B., Sieger, C., and Weibel, M.A. (1988). [NAAGA and cromoglycate. A comparison in
the treatment of seasonal allergic rhinitis]. Laryngologie, Rhinologie, Otologie 67, 300-303.

Deb, N., Goris, M., Trisler, K., Fowler, S., Saal, J., Ning, S., Becker, M., Marquez, C., and
Knox, S. (1996). Treatment of hormone-refractory prostate cancer with 90Y-CYT-356

monoclonal antibody. Clinical cancer research : an official journal of the American Association
for Cancer Research 2, 1289-1297.

Deegen, P., Thomas, O., Nolan-Stevaux, O., Li, S., Wahl, J., Bogner, P., Aeftner, F., Friedrich,
M., Liao, M.Z., Matthes, K., a kol. (2021). The PSMA-targeting Half-life Extended BiTE
Therapy AMG 160 has Potent Antitumor Activity in Preclinical Models of Metastatic
Castration-resistant Prostate Cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research 27, 2928-2937.

Denis, D., Bloch-Michel, E., Verin, P., Sebastiani, A., Tazartes, M., Helleboid, L., Di Giovanni,
A., and Lecorvec, M. (1998). Treatment of common ocular allergic disorders; a comparison of
lodoxamide and NAAGA. The British journal of ophthalmology 82, 1135-1138.

75



Devlin, A.M., Clarke, R., Birks, J., Evans, J.G., and Halsted, C.H. (2006). Interactions among
polymorphisms in folate-metabolizing genes and serum total homocysteine concentrations in a
healthy elderly population. Am J Clin Nutr 83, 708-713.

DeVos, L., Chanson, A., Liu, Z., Ciappio, E.D., Parnell, L.D., Mason, J.B., Tucker, K.L., and
Crott, J.W. (2008). Associations between single nucleotide polymorphisms in folate uptake and

metabolizing genes with blood folate, homocysteine, and DNA uracil concentrations. Am J Clin
Nutr 88, 1149-1158.

Dias, A.H., Holm Vendelbo, M., and Bouchelouche, K. (2017). Prostate-Specific Membrane
Antigen PET/CT: Uptake in Lymph Nodes With Active Sarcoidosis. Clinical nuclear medicine
42, el175-e176.

Diekmann, S., Henneke, M., Burckhardt, B.C., and Gértner, J. (2010). Pelizaeus-Merzbacher-
like disease is caused not only by a loss of connexin47 function but also by a hemichannel
dysfunction. European journal of human genetics : EJHG /8, 985-992.

DiPippo, V.A., Olson, W.C., Nguyen, H.M., Brown, L.G., Vessella, R.L., and Corey, E. (2015).
Efficacy studies of an antibody-drug conjugate PSMA-ADC in patient-derived prostate cancer
xenografts. The Prostate 75, 303-313.

Doble, A. (1999). The role of excitotoxicity in neurodegenerative disease: implications for
therapy. Pharmacology & therapeutics 87, 163-221.

Ducker, G.S., and Rabinowitz, J.D. (2017). One-Carbon Metabolism in Health and Disease.
Cell metabolism 25, 27-42.

Duda, D.G., Fukumura, D., and Jain, R.K. (2004). Role of eNOS in neovascularization: NO for
endothelial progenitor cells. Trends in molecular medicine /0, 143-145.

Dumas, F., Gala, J.L., Berteau, P., Brasseur, F., Eschwege, P., Paradis, V., Lacour, B., Philippe,
M., and Loric, S. (1999). Molecular expression of PSMA mRNA and protein in primary renal
tumors. International Journal of Cancer 80, 799-803.

Ellington, A.D., and Szostak, J.W. (1990). In vitro selection of RNA molecules that bind
specific ligands. Nature 346, 818-822.

Emmett, L., Metser, U., Bauman, G., Hicks, R.J., Weickhardt, A., Davis, I.D., Punwani, S.,
Pond, G., Chua, S., Ho, B., a kol. (2019). Prospective, Multisite, International Comparison of
(18)F-Fluoromethylcholine PET/CT, Multiparametric MRI, and (68)Ga-HBED-CC PSMA-11
PET/CT in Men with High-Risk Features and Biochemical Failure After Radical
Prostatectomy: Clinical Performance and Patient Outcomes. Journal of nuclear medicine :
official publication, Society of Nuclear Medicine 60, 794-800.

Evazalipour, M., D'Huyvetter, M., Tehrani, B.S., Abolhassani, M., Omidfar, K., Abdoli, S.,
Arezumand, R., Morovvati, H., Lahoutte, T., Muyldermans, S., a kol. (2014). Generation and
characterization of nanobodies targeting PSMA for molecular imaging of prostate cancer.
Contrast media & molecular imaging 9, 211-220.

Fan, X., Guo, Y., Wang, L., Xiong, X., Zhu, L., and Fang, K. (2016). Diagnosis of prostate
cancer using anti-PSMA aptamer A10-3.2-oriented lipid nanobubbles. International journal of
nanomedicine //, 3939-3950.

Feuillard, J., Maillet, F., Goldschmidt, P., Weiss, L., and Kazatchkine, M.D. (1991).
Comparative study of in vitro inhibition of activation of the classical and alternative pathways
of human complement by the magnesium and sodium salts of the anti-inflammatory peptide N-
acetyl-aspartyl-glutamic acid (NAAGA). Agents and actions 32, 343-346.

76



Fielding, A.B., Schonteich, E., Matheson, J., Wilson, G., Yu, X., Hickson, G.R., Srivastava, S.,
Baldwin, S.A., Prekeris, R., and Gould, G.W. (2005). Rab11-FIP3 and FIP4 interact with Arf6
and the exocyst to control membrane traffic in cytokinesis. The EMBO journal 24, 3389-3399.

Finch, C.E., and Girgis, F.G. (1974). Enlarged seminal vesicles of senescent C57BL-6J mice.
Journal of gerontology 29, 134-138.

Fong, M.Y., McDunn, J., and Kakar, S.S. (2011). Identification of metabolites in the normal
ovary and their transformation in primary and metastatic ovarian cancer. PloS one 6, €¢19963.

Foran, E., and Trotti, D. (2009). Glutamate transporters and the excitotoxic path to motor
neuron degeneration in amyotrophic lateral sclerosis. Antioxid Redox Signal /7, 1587-1602.

Foss, C.A., Mease, R.C., Cho, S.Y., Kim, H.J., and Pomper, M.G. (2012). GCPII imaging and
cancer. Current medicinal chemistry /9, 1346-1359.

Francis, J.S., Wojtas, 1., Markov, V., Gray, S.J., McCown, T.J., Samulski, R.J., Bilaniuk, L.T.,
Wang, D.-J., De Vivo, D.C., Janson, C.G., a kol. (2016). N-acetylaspartate supports the

energetic demands of developmental myelination via oligodendroglial aspartoacylase.
Neurobiol Dis 96, 323-334.

Fricker, A.C., Mok, M.H., de la Flor, R., Shah, A.J., Woolley, M., Dawson, L.A., and Kew,
J.N. (2009). Effects of N-acetylaspartylglutamate (NAAG) at group II mGluRs and NMDAR.
Neuropharmacology 56, 1060-1067.

Frigerio, B., Franssen, G., Luison, E., Satta, A., Seregni, E., Colombatti, M., Fracasso, G.,
Valdagni, R., Mezzanzanica, D., Boerman, O., a kol. (2017). Full preclinical validation of the
1231-labeled anti-PSMA antibody fragment ScFvD2B for prostate cancer imaging. Oncotarget
8, 10919-10930.

Frigerio, B., Morlino, S., Luison, E., Seregni, E., Lorenzoni, A., Satta, A., Valdagni, R., Bogni,
A., Chiesa, C., Mira, M., a kol. (2019). Anti-PSMA (124)I-scFvD2B as a new immuno-PET
tool for prostate cancer: preclinical proof of principle. Journal of experimental & clinical cancer
research : CR 38, 326.

Gala, J.L., Loric, S., Guiot, Y., Denmeade, S.R., Gady, A., Brasseur, F., Heusterspreute, M.,
Eschwege, P., De Nayer, P., Van Cangh, P., a kol. (2000). Expression of prostate-specific
membrane antigen in transitional cell carcinoma of the bladder: prognostic value? Clinical
cancer research : an official journal of the American Association for Cancer Research 6, 4049-
4054.

Gao, X.R., Huang, H., Nannini, D.R., Fan, F., and Kim, H. (2018). Genome-wide association
analyses identify new loci influencing intraocular pressure. Human molecular genetics 27,
2205-2213.

Gao, Y., Xu, S., Cui, Z., Zhang, M., Lin, Y., Cai, L., Wang, Z., Luo, X., Zheng, Y., Wang, Y.,
a kol. (2015). Mice lacking glutamate carboxypeptidase II develop normally, but are less
susceptible to traumatic brain injury. J Neurochem /34, 340-353.

Gehl, L.M., Saab, O.H., Bzdega, T., Wroblewska, B., and Neale, J.H. (2004). Biosynthesis of
NAAG by an enzyme-mediated process in rat central nervous system neurons and glia. J
Neurochem 90, 989-997.

Ghadge, G.D., Slusher, B.S., Bodner, A., Canto, M.D., Wozniak, K., Thomas, A.G., Rojas, C.,
Tsukamoto, T., Majer, P., Miller, R.J., a kol. (2003). Glutamate carboxypeptidase II inhibition
protects motor neurons from death in familial amyotrophic lateral sclerosis models. Proc Natl
Acad Sci U S A 100, 9554-9559.

77



Ghose, S., Wroblewska, B., Corsi, L., Grayson, D.R., De Blas, A.L., Vicini, S., and Neale, J.H.
(1997). N-acetylaspartylglutamate stimulates metabotropic glutamate receptor 3 to regulate
expression of the GABA(A) alpha6 subunit in cerebellar granule cells. J Neurochem 69, 2326-
2335.

Goldschmidt, P., and Luyckx, J. (1996). Effects of lodoxamide (LOD), disodium cromoglycate
(DSCG) and N-acetyl-aspartyl-glutamate sodium salt (NAAGA) on ocular active anaphylaxis.
Allergie et immunologie 28, 124-126.

Good, D., Schwarzenberger, P., Eastham, J.A., Rhoads, R.E., Hunt, J.D., Collins, M., Batzer,
M., Theodossiou, C., Kolls, J.K., and Grimes, S.R. (1999). Cloning and characterization of the
prostate-specific membrane antigen promoter. Journal of cellular biochemistry 74, 395-405.

Gordon, I.O., Tretiakova, M.S., Noffsinger, A.E., Hart, J., Reuter, V.E., and Al-Ahmadie, H.A.
(2008). Prostate-specific membrane antigen expression in regeneration and repair. Modern
Pathology 21, 1421-1427.

Grant, C.L., Caromile, L.A., Ho, V., Durrani, K., Rahman, M.M., Claffey, K.P., Fong, G.H.,
and Shapiro, L.H. (2012). Prostate specific membrane antigen (PSMA) regulates angiogenesis
independently of VEGF during ocular neovascularization. PloS one 7, e41285.

Gulhane, B., Ramsay, S., and Fong, W. (2017). 68Ga-PSMA Uptake in Neurofibromas
Demonstrated on PET/CT in a Patient With Neurofibromatosis Type 1. Clinical nuclear
medicine 42, 776-778.

Guo, J., Xie, H., Wang, J., Zhao, H., Wang, F., Liu, C., Wang, L., Lu, X., Bao, Y., Zou, J,, a
kol. (2013). The maternal folate hydrolase gene polymorphism is associated with neural tube
defects in a high-risk Chinese population. Genes & nutrition 8, 191-197.

Haftner, M.C., Kronberger, L.LE., Ross, J.S., Sheehan, C.E., Zitt, M., Miihlmann, G., Ofner, D.,
Zelger, B., Ensinger, C., Yang, X.J., a kol. (2009). Prostate-specific membrane antigen

expression in the neovasculature of gastric and colorectal cancers. Human pathology 40, 1754-
1761.

Halsted, C.H. (1991). Jejunal brush-border folate hydrolase. A novel enzyme. West J Med /55,
605-609.

Halsted, C.H., Wong, D.H., Peerson, J.M., Warden, C.H., Refsum, H., Smith, A.D., Nygard,
O.K., Ueland, P.M., Vollset, S.E., and Tell, G.S. (2007). Relations of glutamate
carboxypeptidase II (GCPII) polymorphisms to folate and homocysteine concentrations and to
scores of cognition, anxiety, and depression in a homogeneous Norwegian population: the
Hordaland Homocysteine Study. Am J Clin Nutr 86, 514-521.

Han, L., Picker, J.D., Schaevitz, L.R., Tsai, G., Feng, J., Jiang, Z., Chu, H.C., Basu, A.C.,
Berger-Sweeney, J., and Coyle, J.T. (2009). Phenotypic characterization of mice heterozygous
for a null mutation of glutamate carboxypeptidase II. Synapse (New York, NY) 63, 625-635.

Hanks, S.K., and Polte, T.R. (1997). Signaling through focal adhesion kinase. BioEssays : news
and reviews in molecular, cellular and developmental biology 79, 137-145.

Haseman, M.K., Reed, N.L., and Rosenthal, S.A. (1996). Monoclonal antibody imaging of
occult prostate cancer in patients with elevated prostate-specific antigen. Positron emission
tomography and biopsy correlation. Clinical nuclear medicine 2/, 704-713.

Haupt, K., and Mosbach, K. (1998). Plastic antibodies: developments and applications. Trends
in biotechnology /6, 468-475.

78



Hehnly, H., Chen, C.T., Powers, C.M., Liu, H.L., and Doxsey, S. (2012). The centrosome
regulates the Rabl1- dependent recycling endosome pathway at appendages of the mother
centriole. Current biology : CB 22, 1944-1950.

Heitkotter, B., Steinestel, K., Trautmann, M., Griinewald, 1., Barth, P., Gevensleben, H.,
Bogemann, M., Wardelmann, E., Hartmann, W., Rahbar, K., a kol. (2018). Neovascular PSMA
expression is a common feature in malignant neoplasms of the thyroid. Oncotarget 9, 9867-
9874.

Heitkotter, B., Trautmann, M., Griinewald, 1., Boégemann, M., Rahbar, K., Gevensleben, H.,
Wardelmann, E., Hartmann, W., Steinestel, K., and Huss, S. (2017). Expression of PSMA in
tumor neovasculature of high grade sarcomas including synovial sarcoma, rhabdomyosarcoma,
undifferentiated sarcoma and MPNST. Oncotarget 8, 4268-4276.

Hermann, R.M., Djannatian, M., Czech, N., and Nitsche, M. (2016). Prostate-Specific
Membrane Antigen PET/CT: False-Positive Results due to Sarcoidosis? Case reports in
oncology 9, 457-463.

Hlouchova, K., Barinka, C., Konvalinka, J., and Lubkowski, J. (2009). Structural insight into
the evolutionary and pharmacologic homology of glutamate carboxypeptidases II and III. The
FEBS journal 276, 4448-4462.

Hlouchova, K., Navratil, V., Tykvart, J., Sacha, P., and Konvalinka, J. (2012). GCPII variants,
paralogs and orthologs. Current medicinal chemistry /9, 1316-1322.

Hofman, M.S., Violet, J., Hicks, R.J., Ferdinandus, J., Thang, S.P., Akhurst, T., Iravani, A.,
Kong, G., Ravi Kumar, A., Murphy, D.G., a kol. (2018). [(177)Lu]-PSMA-617 radionuclide
treatment in patients with metastatic castration-resistant prostate cancer (LuPSMA trial): a
single-centre, single-arm, phase 2 study. Lancet Oncol 79, 825-833.

Hollinger, K.R., Alt, J., Riechm, A.M., Slusher, B.S., and Kaplin, A.L. (2016). Dose-dependent
inhibition of GCPII to prevent and treat cognitive impairment in the EAE model of multiple
sclerosis. Brain research /635, 105-112.

Holm, J., Hansen, S.I., and Heier-Madsen, M. (1993). High-affinity folate binding in human
prostate. Bioscience reports /3, 99-105.

Horoszewicz, J.S., Kawinski, E., and Murphy, G.P. (1987). Monoclonal antibodies to a new
antigenic marker in epithelial prostatic cells and serum of prostatic cancer patients. Anticancer
research 7, 927-935.

Hrkach, J., Von Hoff, D., Mukkaram Ali, M., Andrianova, E., Auer, J., Campbell, T., De Witt,
D., Figa, M., Figueiredo, M., Horhota, A., a kol. (2012). Preclinical development and clinical
translation of a PSMA-targeted docetaxel nanoparticle with a differentiated pharmacological
profile. Science translational medicine 4, 128ral39.

Huang, B., Otis, J., Joice, M., Kotlyar, A., and Thomas, T.P. (2014). PSMA-targeted stably
linked "dendrimer-glutamate urea-methotrexate" as a prostate cancer therapeutic.
Biomacromolecules /5, 915-923.

Huang, C.T., Guo, X., Bafinka, C., Lupold, S.E., Pomper, M.G., Gabrielson, K., Raman, V.,
Artemov, D., and Hapuarachchige, S. (2020). Development of SD3-DM1: A Novel Anti-
Prostate-Specific Membrane Antigen Antibody-Drug Conjugate for PSMA-Positive Prostate
Cancer Therapy. Mol Pharm 77, 3392-3402.

Huang, X., Bennett, M., and Thorpe, P.E. (2004). Anti-tumor effects and lack of side effects in
mice of an immunotoxin directed against human and mouse prostate-specific membrane
antigen. The Prostate 67, 1-11.

79



Chandler, C.J., Wang, T.T., and Halsted, C.H. (1986). Pteroylpolyglutamate hydrolase from
human jejunal brush borders. Purification and characterization. J Biol Chem 267, 928-933.

Chandran, S.S., Banerjee, S.R., Mease, R.C., Pomper, M.G., and Denmeade, S.R. (2008).
Characterization of a targeted nanoparticle functionalized with a urea-based inhibitor of
prostate-specific membrane antigen (PSMA). Cancer biology & therapy 7, 974-982.

Chang, S.S., Reuter, V.E., Heston, W.D., Bander, N.H., Grauer, L.S., and Gaudin, P.B. (1999).
Five different anti-prostate-specific membrane antigen (PSMA) antibodies confirm PSMA
expression in tumor-associated neovasculature. Cancer research 59, 3192-3198.

Chatalic, K.L., Veldhoven-Zweistra, J., Bolkestein, M., Hoeben, S., Koning, G.A., Boerman,
0.C., de Jong, M., and van Weerden, W.M. (2015). A Novel '""In-Labeled Anti-Prostate-
Specific Membrane Antigen Nanobody for Targeted SPECT/CT Imaging of Prostate Cancer.
Journal of nuclear medicine : official publication, Society of Nuclear Medicine 56, 1094-1099.

Chen, J., Kyte, C., Valcin, M., Chan, W., Wetmur, J.G., Selhub, J., Hunter, D.J., and Ma, J.
(2004). Polymorphisms in the one-carbon metabolic pathway, plasma folate levels and
colorectal cancer in a prospective study. Int J Cancer /10, 617-620.

Chen, S.R., Wozniak, K.M., Slusher, B.S., and Pan, H.L. (2002). Effect of 2-(phosphono-
methyl)-pentanedioic acid on allodynia and afferent ectopic discharges in a rat model of
neuropathic pain. The Journal of pharmacology and experimental therapeutics 300, 662-667.

Chen, Z., Penet, M.F., Krishnamachary, B., Banerjee, S.R., Pomper, M.G., and Bhujwalla, Z.M.
(2016). PSMA-specific theranostic nanoplex for combination of TRAIL gene and 5-FC prodrug
therapy of prostate cancer. Biomaterials 80, 57-67.

Cheng, Y., Schlosser, P., Hertel, J., Sekula, P., Oefner, P.J., Spiekerkoetter, U., Mielke, J.,
Freitag, D.F., Schmidts, M., Kronenberg, F., a kol. (2021). Rare genetic variants affecting urine
metabolite levels link population variation to inborn errors of metabolism. Nature
communications /2, 964.

Chigurupati, S., Son, T.G., Hyun, D.-H., Lathia, J.D., Mughal, M.R., Savell, J., Li, S.C.,
Nagaraju, G.P.C., Chan, S.L., Arumugam, T.V., a kol. (2008). Lifelong running reduces
oxidative stress and degenerative changes in the testes of mice. J Endocrinol 799, 333-341.

Chopra, M., Yao, Y., Blake, T.J., Hampson, D.R., and Johnson, E.C. (2009). The Neuroactive
Peptide &lt;em&gt;N&lt;/em&gt;-Acetylaspartylglutamate Is Not an Agonist at the
Metabotropic Glutamate Receptor Subtype 3 of Metabotropic Glutamate Receptor. Journal of
Pharmacology and Experimental Therapeutics 330, 212.

Israeli, R.S., Powell, C.T., Corr, J.G., Fair, W.R., and Heston, W.D. (1994). Expression of the
prostate-specific membrane antigen. Cancer research 54, 1807-1811.

Jambou, D., and Lapalus, P. (1990). Effect of N-acetyl-aspartyl-glutamate (Naaga) on in-vitro
leukotriene synthesis by macrophage cell line P388D1. International journal of tissue reactions
12,273-280.

Janczura, K.J., Olszewski, R.T., Bzdega, T., Bacich, D.J., Heston, W.D., and Neale, J.H. (2013).
NAAG peptidase inhibitors and deletion of NAAG peptidase gene enhance memory in novel
object recognition test. European journal of pharmacology 701, 27-32.

Jiao, Y., Xu, P., Luan, S., Wang, X., Gao, Y., Zhao, C., and Fu, P. (2021). Molecular imaging
and treatment of PSMA-positive prostate cancer with (99m)Tc radiolabeled aptamer-siRNA
chimeras. Nuclear medicine and biology 104-105, 28-37.

80



Junghans, R.P., Ma, Q., Rathore, R., Gomes, E.M., Bais, A.J., Lo, A.S., Abedi, M., Davies,
R.A., Cabral, H.J., Al-Homsi, A.S., a kol. (2016). Phase I Trial of Anti-PSMA Designer CAR-
T Cells in Prostate Cancer: Possible Role for Interacting Interleukin 2-T Cell
Pharmacodynamics as a Determinant of Clinical Response. The Prostate 76, 1257-1270.

Kahn, D., Austin, J.C., Maguire, R.T., Miller, S.J., Gerstbrein, J., and Williams, R.D. (1999).
A phase II study of [90Y] yttrium-capromab pendetide in the treatment of men with prostate
cancer recurrence following radical prostatectomy. Cancer biotherapy & radiopharmaceuticals
14,99-111.

Kahn, D., Williams, R.D., Seldin, D.W., Libertino, J.A., Hirschhorn, M., Dreicer, R., Weiner,
G.J., Bushnell, D., and Gulfo, J. (1994). Radioimmunoscintigraphy with 111indium labeled
CYT-356 for the detection of occult prostate cancer recurrence. J Urol 752, 1490-1495.

Kasoha, M., Unger, C., Solomayer, E.F., Bohle, R.M., Zaharia, C., Khreich, F., Wagenpfeil, S.,
and Juhasz-Boss, 1. (2017). Prostate-specific membrane antigen (PSMA) expression in breast
cancer and its metastases. Clinical & experimental metastasis 34, 479-490.

Kasten, B.B., Liu, T., Nedrow-Byers, J.R., Benny, P.D., and Berkman, C.E. (2013). Targeting
prostate cancer cells with PSMA inhibitor-guided gold nanoparticles. Bioorganic & medicinal
chemistry letters 23, 565-568.

Keam, S.J. (2021). Piflufolastat F 18: Diagnostic First Approval. Molecular diagnosis &
therapy 25, 647-656.

Kim, D., Jeong, Y.Y., and Jon, S. (2010a). A drug-loaded aptamer-gold nanoparticle
bioconjugate for combined CT imaging and therapy of prostate cancer. ACS Nano 4, 3689-
3696.

Kim, M.J., Chae, S.S., Koh, Y.H., Lee, S.K., and Jo, S.A. (2010b). Glutamate carboxypeptidase
II: an amyloid peptide-degrading enzyme with physiological function in the brain. FASEB

journal : official publication of the Federation of American Societies for Experimental Biology
24, 4491-4502.

Kinoshita, Y., Kuratsukuri, K., Landas, S., Imaida, K., Rovito, P.M., Jr., Wang, C.Y., and Haas,
G.P. (2006). Expression of prostate-specific membrane antigen in normal and malignant human
tissues. World journal of surgery 30, 628-636.

Kloss, C.C., Lee, J., Zhang, A., Chen, F., Melenhorst, J.J., Lacey, S.F., Maus, M.V, Fraietta,
J.A., Zhao, Y., and June, C.H. (2018). Dominant-Negative TGF-f3 Receptor Enhances PSMA-
Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer Eradication.
Molecular therapy : the journal of the American Society of Gene Therapy 26, 1855-1866.

Knedlik, T., Navratil, V., Vik, V., Pacik, D., Sacha, P., and Konvalinka, J. (2014). Detection
and quantitation of glutamate carboxypeptidase II in human blood. The Prostate 74, 768-780.
Kobe, C., Maintz, D., Fischer, T., Drzezga, A., and Chang, D.H. (2015). Prostate-Specific
Membrane Antigen PET/CT in Splenic Sarcoidosis. Clinical nuclear medicine 40, 897-898.
Kolishetti, N., Dhar, S., Valencia, P.M., Lin, L.Q., Karnik, R., Lippard, S.J., Langer, R., and
Farokhzad, O.C. (2010). Engineering of self-assembled nanoparticle platform for precisely

controlled combination drug therapy. Proceedings of the National Academy of Sciences /07,
17939.

Kopecek, J., and Kopeckova, P. (2010). HPMA copolymers: origins, early developments,
present, and future. Advanced drug delivery reviews 62, 122-149.

81



Kozikowski, A.P., Zhang, J., Nan, F., Petukhov, P.A., Grajkowska, E., Wroblewski, J.T.,
Yamamoto, T., Bzdega, T., Wroblewska, B., and Neale, J.H. (2004). Synthesis of urea-based
inhibitors as active site probes of glutamate carboxypeptidase II: efficacy as analgesic agents.
Journal of medicinal chemistry 47, 1729-1738.

Kratochwil, C., Giesel, F.L., Stefanova, M., BeneSova, M., Bronzel, M., Afshar-Oromieh, A.,
Mier, W., Eder, M., Kopka, K., and Haberkorn, U. (2016). PSMA-Targeted Radionuclide
Therapy of Metastatic Castration-Resistant Prostate Cancer with 177Lu-Labeled PSMA-617.
Journal of nuclear medicine : official publication, Society of Nuclear Medicine 57, 1170-1176.

Kuroda, K., Liu, H., Kim, S., Guo, M., Navarro, V., and Bander, N.H. (2010). Saporin toxin-
conjugated monoclonal antibody targeting prostate-specific membrane antigen has potent
anticancer activity. The Prostate 70, 1286-1294.

Lane, Z., Hansel, D.E., and Epstein, J.I. (2008). Immunohistochemical expression of prostatic
antigens in adenocarcinoma and villous adenoma of the urinary bladder. The American journal
of surgical pathology 32, 1322-1326.

Lea, P.M.t., Wroblewska, B., Sarvey, J.M., and Neale, J.H. (2001). beta-NAAG rescues LTP
from blockade by NAAG in rat dentate gyrus via the type 3 metabotropic glutamate receptor. J
Neurophysiol 85, 1097-1106.

Leamon, C.P., Reddy, J.A., Bloomfield, A., Dorton, R., Nelson, M., Vetzel, M., Kleindl, P.,
Hahn, S., Wang, K., and Vlahov, L.R. (2019). Prostate-Specific Membrane Antigen-Specific
Antitumor Activity of a Self-Immolative Tubulysin Conjugate. Bioconjug Chem 30, 1805-
1813.

Leconet, W., Liu, H., Guo, M., Le Lamer-Déchamps, S., Molinier, C., Kim, S., Vrlinic, T.,
Oster, M., Liu, F., Navarro, V., a kol. (2018). Anti-PSMA/CD3 Bispecific Antibody Delivery
and Antitumor Activity Using a Polymeric Depot Formulation. Molecular cancer therapeutics
17,1927-1940.

Lee, S.J., Lee, K., Yang, X., Jung, C., Gardner, T., Kim, H.S., Jeng, M.H., and Kao, C. (2003).
NFATcl with AP-3 site binding specificity mediates gene expression of prostate-specific-
membrane-antigen. Journal of molecular biology 330, 749-760.

Lee, S.K., Kim, H., Cheong, Y.H., Kim, M.J., Jo, S.A., Youn, H.S., and Park, S.I. (2013). S1
pocket of glutamate carboxypeptidase II: a new binding site for amyloid-f degradation.
Biochemical and biophysical research communications 438, 765-771.

Leonardi, A., Bremond-Gignac, D., Bortolotti, M., Violato, D., Pouliquen, P., Delval, L.,
Grouin, J.M., and Fregona, I.A. (2007). Clinical and biological efficacy of preservative-free
NAAGA eye-drops versus levocabastine eye-drops in vernal keratoconjunctivitis patients. The
British journal of ophthalmology 917, 1662-1666.

Lievers, K.J., Kluijtmans, L.A., Boers, G.H., Verhoef, P., den Heijer, M., Trijbels, F.J., and
Blom, H.J. (2002). Influence of a glutamate carboxypeptidase II (GCPII) polymorphism
(1561C-->T) on plasma homocysteine, folate and vitamin B(12) levels and its relationship to
cardiovascular disease risk. Atherosclerosis 164, 269-273.

Liu, H., Moy, P., Kim, S., Xia, Y., Rajasekaran, A., Navarro, V., Knudsen, B., and Bander,
N.H. (1997). Monoclonal antibodies to the extracellular domain of prostate-specific membrane
antigen also react with tumor vascular endothelium. Cancer research 57, 3629-3634.

Liu, H., Rajasekaran, A.K., Moy, P., Xia, Y., Kim, S., Navarro, V., Rahmati, R., and Bander,
N.H. (1998). Constitutive and antibody-induced internalization of prostate-specific membrane
antigen. Cancer research 58, 4055-4060.

82



Liu, T., Jabbes, M., Nedrow-Byers, J.R., Wu, L.Y., Bryan, J.N., and Berkman, C.E. (2011).
Detection of prostate-specific membrane antigen on HUVECs in response to breast tumor-
conditioned medium. International journal of oncology 38, 1349-1355.

Lodder-Gadaczek, J., Becker, 1., Gieselmann, V., Wang-Eckhardt, L., and Eckhardt, M. (2011).
N-acetylaspartylglutamate synthetase Il synthesizes N-acetylaspartylglutamylglutamate. The
Journal of biological chemistry 286, 16693-16706.

Lodder-Gadaczek, J., Gieselmann, V., and Eckhardt, M. (2013). Vesicular uptake of N-
acetylaspartylglutamate is catalysed by sialin (SLC17A5). The Biochemical journal 454, 31-
38.

Lopes, A.D., Davis, W.L., Rosenstraus, M.J., Uveges, A.J., and Gilman, S.C. (1990).
Immunohistochemical and pharmacokinetic characterization of the site-specific

immunoconjugate CYT-356 derived from antiprostate monoclonal antibody 7E11-C5. Cancer
research 50, 6423-6429.

Lu, X.M., Tang, Z., Liu, W., Lin, Q., and Slusher, B.S. (2000). N-acetylaspartylglutamate
protects against transient focal cerebral ischemia in rats. European journal of pharmacology
408, 233-239.

Lu, Z.R. (2010). Molecular imaging of HPMA copolymers: visualizing drug delivery in cell,
mouse and man. Advanced drug delivery reviews 62, 246-257.

Ma, Q., Gomes, E.M., Lo, A.S., and Junghans, R.P. (2014). Advanced generation anti-prostate
specific membrane antigen designer T cells for prostate cancer immunotherapy. The Prostate
74, 286-296.

Ma, S., Li, X., Wang, X., Cheng, L., Li, Z., Zhang, C., Ye, Z., and Qian, Q. (2019). Current
Progress in CAR-T Cell Therapy for Solid Tumors. Int J Biol Sci /5, 2548-2560.

Machulkin, A.E., Uspenskaya, A.A., Zyk, N.Y., Nimenko, E.A., Ber, A.P., Petrov, S.A.,
Shafikov, R.R., Skvortsov, D.A., Smirnova, G.B., Borisova, Y.A., a kol. (2022). PSMA-
targeted small-molecule docetaxel conjugate: Synthesis and preclinical evaluation. European
journal of medicinal chemistry 227, 113936.

Manyak, M.J., Hinkle, G.H., Olsen, J.O., Chiaccherini, R.P., Partin, A.W., Piantadosi, S.,
Burgers, J.K., Texter, J.H., Neal, C.E., Libertino, J.A., a kol. (1999). Immunoscintigraphy with
indium-111-capromab pendetide: evaluation before definitive therapy in patients with prostate
cancer. Urology 54, 1058-1063.

Matsuda, M., Ishikawa, E., Yamamoto, T., Hatano, K., Joraku, A., lizumi, Y., Masuda, Y.,
Nishiyama, H., and Matsumura, A. (2018). Potential use of prostate specific membrane antigen
(PSMA) for detecting the tumor neovasculature of brain tumors by PET imaging with (89)Zr-
Df-IAB2M anti-PSMA minibody. Journal of neuro-oncology 738, 581-589.

McDevitt, M.R., Barendswaard, E., Ma, D., Lai, L., Curcio, M.J., Sgouros, G., Ballangrud,
A.M., Yang, W.H., Finn, R.D., Pellegrini, V., a kol. (2000). An alpha-particle emitting antibody
([213Bi]J591) for radioimmunotherapy of prostate cancer. Cancer research 60, 6095-6100.

McEnaney, P.J., Fitzgerald, K.J., Zhang, A.X., Douglass, E.F., Jr., Shan, W., Balog, A.,
Kolesnikova, M.D., and Spiegel, D.A. (2014). Chemically synthesized molecules with the
targeting and effector functions of antibodies. ] Am Chem Soc 736, 18034-18043.

McNulty, H., and Pentieva, K. (2004). Folate bioavailability. The Proceedings of the Nutrition
Society 63, 529-536.

83



Melse-Boonstra, A., Lievers, K.J., Blom, H.J., and Verhoef, P. (2004). Bioavailability of
polyglutamyl folic acid relative to that of monoglutamyl folic acid in subjects with different
genotypes of the glutamate carboxypeptidase II gene. Am J Clin Nutr 80, 700-704.

Meng, F.D., Wang, S., Jiang, Y.H., and Sui, C.G. (2016). Antitumor effect of dendritic cells
transfected with prostate-specific membrane antigen recombinant adenovirus on prostate
cancer: An in vitro study. Molecular medicine reports /3, 2124-2134.

Meng, P., Dong, Q.C., Tan, G.G., Wen, W.H., Wang, H., Zhang, G., Wang, Y.Z., Jing, Y.M.,
Wang, C., Qin, W.J., a kol. (2017). Anti-tumor effects of a recombinant anti-prostate specific
membrane antigen immunotoxin against prostate cancer cells. BMC urology /7, 14.

Mennini, T., and Bendotti, C. (2004). Excitotoxicity in Amyotrophic Lateral Sclerosis:
Selective Vulnerability of Motor Neurons. In Excitotoxicity in Neurological Diseases: New
Therapeutic Challenge, C. Ferrarese, and M.F. Beal, eds. (Boston, MA: Springer US), pp. 217-
227.

Mesters, J.R., Barinka, C., Li, W., Tsukamoto, T., Majer, P., Slusher, B.S., Konvalinka, J., and
Hilgenfeld, R. (2006). Structure of glutamate carboxypeptidase II, a drug target in neuronal
damage and prostate cancer. The EMBO journal 25, 1375-1384.

Mhawech-Fauceglia, P., Zhang, S., Terracciano, L., Sauter, G., Chadhuri, A., Herrmann, F.R.,
and Penetrante, R. (2007). Prostate-specific membrane antigen (PSMA) protein expression in
normal and neoplastic tissues and its sensitivity and specificity in prostate adenocarcinoma: an
immunohistochemical study using mutiple tumour tissue microarray technique. Histopathology
50,472-483.

Michalska, M., Schultze-Seemann, S., Bogatyreva, L., Hauschke, D., Wetterauer, U., and Wolf,
P.(2016). In vitro and in vivo effects of a recombinant anti-PSMA immunotoxin in combination
with docetaxel against prostate cancer. Oncotarget 7, 22531-22542.

Milowsky, M.L., Galsky, M.D., Morris, M.J., Crona, D.J., George, D.J., Dreicer, R., Tse, K.,
Petruck, J., Webb, 1.J., Bander, N.H., a kol. (2016). Phase 1/2 multiple ascending dose trial of
the prostate-specific membrane antigen-targeted antibody drug conjugate MLN2704 in
metastatic castration-resistant prostate cancer. Urologic oncology 34, 530.e515-530.e521.

Milowsky, M.1., Nanus, D.M., Kostakoglu, L., Vallabhajosula, S., Goldsmith, S.J., and Bander,
N.H. (2004). Phase I trial of yttrium-90-labeled anti-prostate-specific membrane antigen

monoclonal antibody J591 for androgen-independent prostate cancer. J Clin Oncol 22, 2522-
2531.

Minner, S., Wittmer, C., Graefen, M., Salomon, G., Steuber, T., Haese, A., Huland, H.,
Bokemeyer, C., Yekebas, E., Dierlamm, J., a kol. (2011). High level PSMA expression is
associated with early PSA recurrence in surgically treated prostate cancer. The Prostate 71, 281-
288.

Miyake, M., Kakimoto, Y., and Sorimachi, M. (1981). A gas chromatographic method for the
determination of N-acetyl-L-aspartic acid, N-acetyl-alpha-aspartylglutamic acid and beta-
citryl-L-glutamic acid and their distributions in the brain and other organs of various species of
animals. J Neurochem 36, 804-810.

Moghaddam, B., and Adams, B.W. (1998). Reversal of phencyclidine effects by a group II
metabotropic glutamate receptor agonist in rats. Science 281, 1349-1352.

Morin, 1., Devlin, A.M., Leclerc, D., Sabbaghian, N., Halsted, C.H., Finnell, R., and Rozen, R.
(2003). Evaluation of genetic variants in the reduced folate carrier and in glutamate
carboxypeptidase II for spina bifida risk. Molecular genetics and metabolism 79, 197-200.

84



Morris, M.J., Vogelzang, N.J., Sartor, O., Armour, A., Groaning, M., Robarts, A., Petrylak,
D.P., Tolcher, A.W., Gordon, M.S., and Babiker, H.M. (2017). Phase 1 study of the PSMA-
targeted small-molecule drug conjugate EC1169 in patients with metastatic castrate-resistant
prostate cancer (mMCRPC). Journal of Clinical Oncology 35, 5038-5038.

Mukherjee, A., Darlington, T., Baldwin, R., Holz, C., Olson, S., Kulkarni, P., DeWeese, T.L.,
Getzenberg, R.H., Ivkov, R., and Lupold, S.E. (2014). Development and screening of a series
of antibody-conjugated and silica-coated iron oxide nanoparticles for targeting the prostate-
specific membrane antigen. ChemMedChem 9, 1356-1360.

Nagesh, P.K.B., Johnson, N.R., Boya, V.K.N., Chowdhury, P., Othman, S.F., Khalilzad-
Sharghi, V., Hafeez, B.B., Ganju, A., Khan, S., Behrman, S.W., a kol. (2016). PSMA targeted
docetaxel-loaded superparamagnetic iron oxide nanoparticles for prostate cancer. Colloids and
surfaces B, Biointerfaces /44, 8-20.

Namboodiri, A.M., Peethambaran, A., Mathew, R., Sambhu, P.A., Hershfield, J., Moffett, J.R.,
and Madhavarao, C.N. (2006). Canavan disease and the role of N-acetylaspartate in myelin
synthesis. Molecular and cellular endocrinology 252, 216-223.

Navratil, M., Ptadek, J., Sacha, P., Starkova, J., Lubkowski, J., Batinka, C., and Konvalinka, J.
(2014). Structural and biochemical characterization of the folyl-poly-y-1-glutamate hydrolyzing
activity of human glutamate carboxypeptidase II. The FEBS journal 281, 3228-3242.

Navritil, M., Tykvart, J., Schimer, J., Pachl, P., Navratil, V., Rokob, T.A., Hlouchova, K.,
Rulisek, L., and Konvalinka, J. (2016). Comparison of human glutamate carboxypeptidases II
and III reveals their divergent substrate specificities. The FEBS journal 283, 2528-2545.

Navratil, V., Schimer, J., Tykvart, J., Knedlik, T., Vik, V., Majer, P., Konvalinka, J., and Sacha,
P. (2017). DNA-linked Inhibitor Antibody Assay (DIANA) for sensitive and selective enzyme
detection and inhibitor screening. Nucleic acids research 45, e10-e10.

Nawaz, S., Mullen, G.E.D., Sunassee, K., Bordoloi, J., Blower, P.J., and Ballinger, J.R. (2017).
Simple, mild, one-step labelling of proteins with gallium-68 using a tris(hydroxypyridinone)
bifunctional chelator: a (68)Ga-THP-scFv targeting the prostate-specific membrane antigen.
EJNMMI research 7, 86.

Neale, J.H. (2011). N-acetylaspartylglutamate is an agonist at mGIuRs in vivo and in vitro.
Journal of neurochemistry 779, 891-895.

Neale, J.H., Bzdega, T., and Wroblewska, B. (2000). N-Acetylaspartylglutamate: the most
abundant peptide neurotransmitter in the mammalian central nervous system. J Neurochem 75,
443-452.

Neale, J.H., and Olszewski, R. (2019). A role for N-acetylaspartylglutamate (NAAG) and
mGluR3 in cognition. Neurobiology of learning and memory /58, 9-13.

Neale, J.H., Olszewski, R.T., Gehl, L.M., Wroblewska, B., and Bzdega, T. (2005). The
neurotransmitter N-acetylaspartylglutamate in models of pain, ALS, diabetic neuropathy, CNS
injury and schizophrenia. Trends in pharmacological sciences 26, 477-484.

Neale, J.H., and Yamamoto, T. (2020). N-acetylaspartylglutamate (NAAG) and glutamate
carboxypeptidase II: An abundant peptide neurotransmitter-enzyme system with multiple
clinical applications. Progress in neurobiology /84, 101722.

Neels, O.C., Kopka, K., Liolios, C., and Afshar-Oromieh, A. (2021). Radiolabeled PSMA
Inhibitors. Cancers (Basel) /3, 6255.

85



Nguyen, D.P., Xiong, P.L., Liu, H., Pan, S., Leconet, W., Navarro, V., Guo, M., Moy, J., Kim,
S., Ramirez-Fort, M.K., a kol. (2016). Induction of PSMA and Internalization of an Anti-PSMA
mADb in the Vascular Compartment. Molecular cancer research : MCR 74, 1045-1053.

Nguyen, T., Kirsch, B.J., Asaka, R., Nabi, K., Quinones, A., Tan, J., Antonio, M.J., Camelo,
F., Li, T., Nguyen, S., a kol. (2019). Uncovering the Role of N-Acetyl-Aspartyl-Glutamate as
a Glutamate Reservoir in Cancer. Cell Rep 27, 491-501.e496.

Nomura, N., Pastorino, S., Jiang, P., Lambert, G., Crawford, J.R., Gymnopoulos, M., Piccioni,
D., Juarez, T., Pingle, S.C., Makale, M., a kol. (2014). Prostate specific membrane antigen
(PSMA) expression in primary gliomas and breast cancer brain metastases. Cancer cell
international /4, 26.

Nord, K., Gunneriusson, E., Ringdahl, J., Stdhl, S., Uhlén, M., and Nygren, P.A. (1997).
Binding proteins selected from combinatorial libraries of an alpha-helical bacterial receptor
domain. Nature biotechnology 75, 772-777.

Nordengen, K., Morland, C., Slusher, B.S., and Gundersen, V. (2020). Dendritic Localization
and Exocytosis of NAAG in the Rat Hippocampus. Cerebral cortex (New York, NY : 1991) 30,
1422-1435.

Noss, K.R., Wolfe, S.A., and Grimes, S.R. (2002). Upregulation of prostate specific membrane
antigen/folate hydrolase transcription by an enhancer. Gene 285, 247-256.

O'Keefe, D.S., Su, S.L., Bacich, D.J., Horiguchi, Y., Luo, Y., Powell, C.T., Zandvliet, D.,
Russell, P.J., Molloy, P.L., Nowak, N.J., a kol. (1998). Mapping, genomic organization and
promoter analysis of the human prostate-specific membrane antigen gene. Biochimica et
biophysica acta /443, 113-127.

O’Keefe, D.S., Bacich, D.J., and Heston, W.D.W. (2001). Prostate Specific Membrane Antigen.
In Prostate Cancer: Biology, Genetics, and the New Therapeutics, L.W.K. Chung, W.B. Isaacs,
and J.W. Simons, eds. (Totowa, NJ: Humana Press), pp. 307-326.

Oliveira, D.S.M., Dzinic, S., Bonfil, A.lL,, Saliganan, A.D., Sheng, S., and Bonfil, R.D. (2016).
The mouse prostate: a basic anatomical and histological guideline. Bosn J Basic Med Sci /6,
8-13.

Olszewski, R.T., Janczura, K.J., Bzdega, T., Der, E.K., Venzor, F., O'Rourke, B., Hark, T.J.,
Craddock, K.E., Balasubramanian, S., Moussa, C., a kol. (2017). NAAG Peptidase Inhibitors
Act via mGluR3: Animal Models of Memory, Alzheimer's, and Ethanol Intoxication.
Neurochemical research 42, 2646-2657.

Packer, D. (2021). The history of the antibody as a tool. Acta Histochemica /23, 151710.

Pandit-Taskar, N., O'Donoghue, J.A., Beylergil, V., Lyashchenko, S., Ruan, S., Solomon, S.B.,
Durack, J.C., Carrasquillo, J.A., Lefkowitz, R.A., Gonen, M., a kol (2014). *¥Zr-huJ591
immuno-PET imaging in patients with advanced metastatic prostate cancer. Eur J Nucl Med
Mol Imaging 41, 2093-2105.

Pandit-Taskar, N., O'Donoghue, J.A., Divgi, C.R., Wills, E.A., Schwartz, L., Gonen, M., Smith-
Jones, P., Bander, N.H., Scher, H.I., Larson, S.M., a kol. (2015). Indium 111-labeled J591 anti-
PSMA antibody for vascular targeted imaging in progressive solid tumors. EJNMMI research
5,28-28.

Pangalos, M.N., Neefs, .M., Somers, M., Verhasselt, P., Bekkers, M., van der Helm, L.,
Fraiponts, E., Ashton, D., and Gordon, R.D. (1999). Isolation and expression of novel human
glutamate carboxypeptidases with N-acetylated alpha-linked acidic dipeptidase and dipeptidyl
peptidase IV activity. J Biol Chem 274, 8470-8483.

86



Patterson, J.T., Isaacson, J., Kerwin, L., Atassi, G., Duggal, R., Bresson, D., Zhu, T., Zhou, H.,
Fu, Y., and Kaufmann, G.F. (2017). PSMA-targeted bispecific Fab conjugates that engage T
cells. Bioorganic & medicinal chemistry letters 27, 5490-5495.

Pavlicek, J., Ptacek, J., and Barinka, C. (2012). Glutamate carboxypeptidase II: an overview of
structural studies and their importance for structure-based drug design and deciphering the
reaction mechanism of the enzyme. Current medicinal chemistry 79, 1300-1309.

Pearse, B.M., Smith, C.J., and Owen, D.J. (2000). Clathrin coat construction in endocytosis.
Current opinion in structural biology 70, 220-228.

Perico, M.E., Grasso, S., Brunelli, M., Martignoni, G., Munari, E., Moiso, E., Fracasso, G.,
Cestari, T., Naim, H.Y., Bronte, V., a kol. (2016). Prostate-specific membrane antigen (PSMA)
assembles a macromolecular complex regulating growth and survival of prostate cancer cells
"in vitro" and correlating with progression "in vivo". Oncotarget 7, 74189-74202.

Perner, S., Hofer, M.D., Kim, R., Shah, R.B., Li, H., Mdéller, P., Hautmann, R.E., Gschwend,
J.E., Kuefer, R., and Rubin, M.A. (2007). Prostate-specific membrane antigen expression as a
predictor of prostate cancer progression. Human pathology 38, 696-701.

Perry, T.L., Krieger, C., Hansen, S., and Eisen, A. (1990). Amyotrophic lateral sclerosis: amino
acid levels in plasma and cerebrospinal fluid. Annals of neurology 28, 12-17.

Peters, D., Norris, L., Dash, R., Brayton, C., Rais, R., and Slusher, B. (2019). P135 ORALLY
ADMINISTERED FOLH1 /GCPII INHIBITORS AS NOVEL THERAPEUTICS IN
INFLAMMATORY BOWEL DISEASE (IBD). Inflammatory Bowel Diseases 25, S63-S63.

Petrylak, D.P., Kantoff, P., Vogelzang, N.J., Mega, A., Fleming, M.T., Stephenson, J.J., Jr.,
Frank, R., Shore, N.D., Dreicer, R., McClay, E.F., a kol. (2019). Phase 1 study of PSMA ADC,
an antibody-drug conjugate targeting prostate-specific membrane antigen, in chemotherapy-
refractory prostate cancer. The Prostate 79, 604-613.

Petrylak, D.P., Vogelzang, N.J., Chatta, K., Fleming, M.T., Smith, D.C., Appleman, L.J.,
Hussain, A., Modiano, M., Singh, P., Tagawa, S.T., a kol. (2020). PSMA ADC monotherapy
in patients with progressive metastatic castration-resistant prostate cancer following abiraterone
and/or enzalutamide: Efficacy and safety in open-label single-arm phase 2 study. The Prostate

80, 99-108.

Pienta, K.J., Gorin, M.A., Rowe, S.P., Carroll, P.R., Pouliot, F., Probst, S., Saperstein, L.,
Preston, M.A., Alva, A.S., Patnaik, A., a kol. (2021). A Phase 2/3 Prospective Multicenter
Study of the Diagnostic Accuracy of Prostate Specific Membrane Antigen PET/CT with (18)F-
DCFPyL in Prostate Cancer Patients (OSPREY). The Journal of urology 206, 52-61.

Plaitakis, A., and Constantakakis, E. (1993). Altered metabolism of excitatory amino acids, N-
acetyl-aspartate and N-acetyl-aspartyl-glutamate in amyotrophic lateral sclerosis. Brain
research bulletin 30, 381-386.

Pouwels, P.J., and Frahm, J. (1997). Differential distribution of NAA and NAAG in human
brain as determined by quantitative localized proton MRS. NMR in biomedicine /0, 73-78.

Ptacek, J., Nedvedova, J., Navratil, M., Havlinova, B., Konvalinka, J., and Barinka, C. (2018).
The calcium-binding site of human glutamate carboxypeptidase II is critical for dimerization,
thermal stability, and enzymatic activity. Protein science : a publication of the Protein Society
27,1575-1584.

Qiu, A., Min, S.H., Jansen, M., Malhotra, U., Tsai, E., Cabelof, D.C., Matherly, L.H., Zhao, R.,
Akabas, M.H., and Goldman, I.D. (2007). Rodent intestinal folate transporters (SLC46A1):

87



secondary structure, functional properties, and response to dietary folate restriction. Am J
Physiol Cell Physiol 293, C1669-1678.

Rahbar, K., Afshar-Oromieh, A., Jadvar, H., and Ahmadzadehfar, H. (2018). PSMA
Theranostics: Current Status and Future Directions. Mol Imaging /7, 1536012118776068-
1536012118776068.

Rais, R., Jiang, W., Zhai, H., Wozniak, K.M., Stathis, M., Hollinger, K.R., Thomas, A.G.,
Rojas, C., Vornov, J.J., Marohn, M., a kol. (2016). FOLH1/GCPII is elevated in IBD patients,
and its inhibition ameliorates murine IBD abnormalities. JCI Insight 7, e88634.

Rajasekaran, A.K., Anilkumar, G., and Christiansen, J.J. (2005). Is prostate-specific membrane
antigen a multifunctional protein? American Journal of Physiology-Cell Physiology 288, C975-
C98l.

Rajasekaran, S.A., Anilkumar, G., Oshima, E., Bowie, J.U., Liu, H., Heston, W., Bander, N.H.,
and Rajasekaran, A.K. (2003). A novel cytoplasmic tail MXXXL motif mediates the
internalization of prostate-specific membrane antigen. Molecular biology of the cell 74, 4835-
4845.

Rajasekaran, S.A., Christiansen, J.J., Schmid, 1., Oshima, E., Ryazantsev, S., Sakamoto, K.,
Weinstein, J., Rao, N.P., and Rajasekaran, A.K. (2008). Prostate-specific membrane antigen
associates with anaphase-promoting complex and induces chromosomal instability. Molecular
cancer therapeutics 7, 2142-2151.

Reisenauer, A.M., Krumdieck, C.L., and Halsted, C.H. (1977). Folate conjugase: two separate
activities in human jejunum. Science /98, 196-197.

Ren, H., Zhang, H., Wang, X., Liu, J., Yuan, Z., and Hao, J. (2014). Prostate-specific membrane
antigen as a marker of pancreatic cancer cells. Medical oncology (Northwood, London,
England) 37, 857.

Renneberg, H., Friedetzky, A., Konrad, L., Kurek, R., Weingértner, K., Wennemuth, G., Tunn,
U.W., and Aumiiller, G. (1999). Prostate specific membrane antigen (PSM) is expressed in
various human tissues: implication for the use of PSM reverse transcription polymerase chain
reaction to detect hematogenous prostate cancer spread. Urological research 27, 23-27.

Renno, W.M., Lee, J.H., and Beitz, A.J. (1997). Light and electron microscopic
immunohistochemical localization of N-acetylaspartylglutamate (NAAG) in the olivocerebellar
pathway of the rat. Synapse (New York, NY) 26, 140-154.

Robinson, M.B., Blakely, R.D., Couto, R., and Coyle, J.T. (1987). Hydrolysis of the brain
dipeptide N-acetyl-L-aspartyl-L-glutamate. Identification and characterization of a novel N-
acetylated alpha-linked acidic dipeptidase activity from rat brain. J Biol Chem 262, 14498-
14506.

Roffman, J.L., Lamberti, J.S., Achtyes, E., Macklin, E.A., Galendez, G.C., Raeke, L.H.,
Silverstein, N.J., Smoller, J.W., Hill, M., and Goff, D.C. (2013). Randomized multicenter
investigation of folate plus vitamin B12 supplementation in schizophrenia. JAMA psychiatry
70, 481-489.

Rogers, O.C., Rosen, D.M., Antony, L., Harper, H.M., Das, D., Yang, X., Minn, 1., Mease,
R.C., Pomper, M.G., and Denmeade, S.R. (2021). Targeted delivery of cytotoxic proteins to
prostate cancer via conjugation to small molecule urea-based PSMA inhibitors. Scientific
reports /7, 14925.

88



Rochon, Y.P., Horoszewicz, J.S., Boynton, A.L., Holmes, E.H., Barren, R.J., 3rd, Erickson,
S.J., Kenny, G.M., and Murphy, G.P. (1994). Western blot assay for prostate-specific
membrane antigen in serum of prostate cancer patients. The Prostate 25, 219-223.

Romei, C., Raiteri, M., and Raiteri, L. (2013). Glycine release is regulated by metabotropic
glutamate receptors sensitive to mGluR2/3 ligands and activated by N-acetylaspartylglutamate
(NAAG). Neuropharmacology 66, 311-316.

Rosenberg, I.H., Streiff, R.R., Godwin, H.A., and Castle, W.B. (1969). Absorption of
polyglutamic folate: participation of deconjugating enzymes of the intestinal mucosa. N Engl J
Med 280, 985-988.

Rothstein, J.D., Tsai, G., Kuncl, R.W., Clawson, L., Cornblath, D.R., Drachman, D.B.,
Pestronk, A., Stauch, B.L., and Coyle, J.T. (1990). Abnormal excitatory amino acid metabolism
in amyotrophic lateral sclerosis. Annals of neurology 28, 18-25.

Rovenska, M., Hlouchova, K., Sacha, P., Mlcochova, P., Horak, V., Zamecnik, J., Barinka, C.,
and Konvalinka, J. (2008). Tissue expression and enzymologic characterization of human
prostate specific membrane antigen and its rat and pig orthologs. The Prostate 68, 171-182.

Sacha, P., Zamecnik, J., Barinka, C., Hlouchova, K., Vicha, A., Mlcochova, P., Hilgert, 1.,
Eckschlager, T., and Konvalinka, J. (2007). Expression of glutamate carboxypeptidase II in
human brain. Neuroscience /44, 1361-1372.

Salas Fragomeni, R.A., Menke, J.R., Holdhoff, M., Ferrigno, C., Laterra, J.J., Solnes, L.B.,
Javadi, M.S., Szabo, Z., Pomper, M.G., and Rowe, S.P. (2017). Prostate-Specific Membrane
Antigen-Targeted Imaging With [18F]DCFPyL in High-Grade Gliomas. Clinical nuclear
medicine 42, e433-e435.

Samplaski, M.K., Heston, W., Elson, P., Magi-Galluzzi, C., and Hansel, D.E. (2011). Folate
hydrolase (prostate-specific membrane [corrected] antigen) 1 expression in bladder cancer
subtypes and associated tumor neovasculature. Modern pathology : an official journal of the
United States and Canadian Academy of Pathology, Inc 24, 1521-1529.

Sancey, L., Lucie, S., Garanger, E., Elisabeth, G., Foillard, S., Stéphanie, F., Schoehn, G., Guy,
S., Hurbin, A., Amandine, H., a kol. (2009). Clustering and internalization of integrin
alphavbeta3 with a tetrameric RGD-synthetic peptide. Molecular therapy : the journal of the
American Society of Gene Therapy 17, 837-843.

Sanna, V., Singh, C.K., Jashari, R., Adhami, V.M., Chamcheu, J.C., Rady, 1., Sechi, M.,
Mukhtar, H., and Siddiqui, I.A. (2017). Targeted nanoparticles encapsulating (-)-

epigallocatechin-3-gallate for prostate cancer prevention and therapy. Scientific reports 7,
41573.

Santoro, S.P., Kim, S., Motz, G.T., Alatzoglou, D., Li, C., Irving, M., Powell, D.J., Jr., and
Coukos, G. (2015). T cells bearing a chimeric antigen receptor against prostate-specific
membrane antigen mediate vascular disruption and result in tumor regression. Cancer Immunol
Res 3, 68-84.

Sartor, O., de Bono, J., Chi, K.N., Fizazi, K., Herrmann, K., Rahbar, K., Tagawa, S.T.,
Nordquist, L.T., Vaishampayan, N., El-Haddad, G., a kol. (2021). Lutetium-177-PSMA-617
for Metastatic Castration-Resistant Prostate Cancer. N Engl J Med 385, 1091-1103.

Sartori, S., Burlina, A.B., Salviati, L., Trevisson, E., Toldo, I., Laverda, A.M., and Burlina, A.P.
(2008). Increased level of N-acetylaspartylglutamate (NAAG) in the CSF of a patient with
Pelizaeus-Merzbacher-like disease due to mutation in the GJA12 gene. European journal of

89



paediatric neurology : EJPN : official journal of the European Paediatric Neurology Society /2,
348-350.

Scaglione, F., and Panzavolta, G. (2014). Folate, folic acid and 5-methyltetrahydrofolate are
not the same thing. Xenobiotica; the fate of foreign compounds in biological systems 44, 480-
488.

Serganova, 1., Moroz, E., Cohen, 1., Moroz, M., Mane, M., Zurita, J., Shenker, L., Ponomarev,
V., and Blasberg, R. (2017). Enhancement of PSMA-Directed CAR Adoptive Immunotherapy
by PD-1/PD-L1 Blockade. Molecular therapy oncolytics 4, 41-54.

Severic, M., Ma, G., Pereira, S.G.T., Ruiz, A., Cheung, C.C.L., and Al-Jamal, W.T. (2021).
Genetically-engineered anti-PSMA exosome mimetics targeting advanced prostate cancer in
vitro and in vivo. Journal of Controlled Release 330, 101-110.

Shafizadeh, T.B., and Halsted, C.H. (2007). gamma-Glutamyl hydrolase, not glutamate
carboxypeptidase II, hydrolyzes dietary folate in rat small intestine. The Journal of nutrition
137, 1149-1153.

Shaw, P.J., and Ince, P.G. (1997). Glutamate, excitotoxicity and amyotrophic lateral sclerosis.
Journal of neurology 244 Suppl 2, S3-14.

Schmidt, L.H., Heitkotter, B., Schulze, A.B., Schliemann, C., Steinestel, K., Trautmann, M.,
Marra, A., Hillejan, L., Mohr, M., Evers, G., a kol. (2017). Prostate specific membrane antigen
(PSMA) expression in non-small cell lung cancer. PloS one 72, e0186280.

Schmittgen, T.D., Teske, S., Vessella, R.L., True, L.D., and Zakrajsek, B.A. (2003a).
Expression of prostate specific membrane antigen and three alternatively spliced variants of
PSMA in prostate cancer patients. Int J Cancer /07, 323-329.

Schmittgen, T.D., Zakrajsek, B.A., Hill, R.E., Liu, Q., Reeves, J.J., Axford, P.D., Singer, M.J.,
and Reed, M.W. (2003b). Expression pattern of mouse homolog of prostate-specific membrane

antigen (FOLHI) in the transgenic adenocarcinoma of the mouse prostate model. The Prostate
55,308-316.

Schiilke, N., Varlamova, O.A., Donovan, G.P., Ma, D., Gardner, J.P., Morrissey, D.M.,
Arrigale, R.R., Zhan, C., Chodera, A.J., Surowitz, K.G., a kol. (2003). The homodimer of
prostate-specific membrane antigen is a functional target for cancer therapy. Proc Natl Acad
Sci U S A 100, 12590-12595.

Silver, D.A., Pellicer, 1., Fair, W.R., Heston, W.D., and Cordon-Cardo, C. (1997). Prostate-
specific membrane antigen expression in normal and malignant human tissues. Clinical cancer
research : an official journal of the American Association for Cancer Research 3, 81-85.

Simons, B.W., Turtle, N.F., Ulmert, D.H., Abou, D.S., and Thorek, D.L.J. (2019). PSMA
expression in the Hi-Myc model; extended utility of a representative model of prostate
adenocarcinoma for biological insight and as a drug discovery tool. The Prostate 79, 678-685.

Singhal, N.K., Huang, H., Li, S., Clements, R., Gadd, J., Daniels, A., Kooijman, E.E.,
Bannerman, P., Burns, T., Guo, F., a kol. (2017). The neuronal metabolite NAA regulates
histone H3 methylation in oligodendrocytes and myelin lipid composition. Experimental brain
research 235, 279-292.

Slusher, B.S., Vornov, J.J., Thomas, A.G., Hurn, P.D., Harukuni, 1., Bhardwaj, A., Traystman,
R.J., Robinson, M.B., Britton, P., Lu, X.C., a kol. (1999). Selective inhibition of NAALADase,
which converts NAAG to glutamate, reduces ischemic brain injury. Nat Med 35, 1396-1402.

90



Sokoloff, R.L., Norton, K.C., Gasior, C.L., Marker, K.M., and Grauer, L.S. (2000). A dual-
monoclonal sandwich assay for prostate-specific membrane antigen: levels in tissues, seminal
fluid and urine. The Prostate 43, 150-157.

Spreux-Varoquaux, O., Bensimon, G., Lacomblez, L., Salachas, F., Pradat, P.F., Le Forestier,
N., Marouan, A., Dib, M., and Meininger, V. (2002). Glutamate levels in cerebrospinal fluid in
amyotrophic lateral sclerosis: a reappraisal using a new HPLC method with coulometric
detection in a large cohort of patients. Journal of the neurological sciences 793, 73-78.

Su, S.L., Huang, L.P., Fair, W.R., Powell, C.T., and Heston, W.D. (1995). Alternatively spliced
variants of prostate-specific membrane antigen RNA: ratio of expression as a potential
measurement of progression. Cancer research 55, 1441-1443.

Tagawa, S.T., Beltran, H., Vallabhajosula, S., Goldsmith, S.J., Osborne, J., Matulich, D.,
Petrillo, K., Parmar, S., Nanus, D.M., and Bander, N.H. (2010). Anti-prostate-specific
membrane antigen-based radioimmunotherapy for prostate cancer. Cancer /76, 1075-1083.

Tagawa, S.T., Milowsky, M.L., Morris, M., Vallabhajosula, S., Christos, P., Akhtar, N.H.,
Osborne, J., Goldsmith, S.J., Larson, S., Taskar, N.P., a kol. (2013). Phase II study of Lutetium-
177-1abeled anti-prostate-specific membrane antigen monoclonal antibody J591 for metastatic
castration-resistant prostate cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research 79, 5182-5191.

Tagawa, S.T., Milowsky, M.I., Morris, M.J., Vallabhajosula, S., Goldsmith, S., Matulich, D.,
Kaplan, J., Berger, F., Scher, H.I., Bander, N.H., a kol. (2008). Phase II trial of 177Lutetium
radiolabeled anti-prostate-specific membrane antigen (PSMA) monoclonal antibody J591
(177Lu- J591) in patients (pts) with metastatic castrate-resistant prostate cancer (metCRPC).
Journal of Clinical Oncology 26, 5140-5140.

Thomas, A.G., Liu, W., Olkowski, J.L., Tang, Z., Lin, Q., Lu, X.C., and Slusher, B.S. (2001a).
Neuroprotection mediated by glutamate carboxypeptidase II (NAALADase) inhibition requires
TGF-beta. European journal of pharmacology 430, 33-40.

Thomas, A.G., Olkowski, J.L., and Slusher, B.S. (2001b). Neuroprotection afforded by NAAG
and NAALADase inhibition requires glial cells and metabotropic glutamate receptor activation.
European journal of pharmacology 426, 35-38.

Tian, J.-y., Chi, C.-1., Bian, G., Xing, D., Guo, F.-j., and Wang, X.-q. (2021). PSMA conjugated
combinatorial liposomal formulation encapsulating genistein and plumbagin to induce
apoptosis in prostate cancer cells. Colloids and Surfaces B: Biointerfaces 203, 111723.

Tieman, S.B., Cangro, C.B., and Neale, J.H. (1987). N-acetylaspartylglutamate
immunoreactivity in neurons of the cat's visual system. Brain research 420, 188-193.

Tolkach, Y., Gevensleben, H., Bundschuh, R., Koyun, A., Huber, D., Kehrer, C., Hecking, T.,
Keyver-Paik, M.D., Kaiser, C., Ahmadzadehfar, H., a kol. (2018). Prostate-specific membrane
antigen in breast cancer: a comprehensive evaluation of expression and a case report of
radionuclide therapy. Breast cancer research and treatment /69, 447-455.

Tortella, F.C., Lin, Y., Ved, H., Slusher, B.S., and Dave, J.R. (2000). Neuroprotection produced
by the NAALADase inhibitor 2-PMPA in rat cerebellar neurons. European journal of
pharmacology 402, 31-37.

Trover, J.K., Beckett, M.L., and Wright Jr., G.L. (1995). Detection and characterization of the
prostate-specific membrane antigen (PSMA) in tissue extracts and body fluids. International
Journal of Cancer 62, 552-558.

91



Troyer, J.K., Beckett, M.L., and Wright, G.L., Jr. (1995). Detection and characterization of the
prostate-specific membrane antigen (PSMA) in tissue extracts and body fluids. Int J Cancer 62,
552-558.

Tsai, B., Gilbert, J.M., Stehle, T., Lencer, W., Benjamin, T.L., and Rapoport, T.A. (2003a).
Gangliosides are receptors for murine polyoma virus and SV40. The EMBO journal 22, 4346-
4355.

Tsai, G., and Coyle, J.T. (2002). Glutamatergic mechanisms in schizophrenia. Annual review
of pharmacology and toxicology 42, 165-179.

Tsai, G., Dunham, K.S., Drager, U., Grier, A., Anderson, C., Collura, J., and Coyle, J.T.
(2003b). Early embryonic death of glutamate carboxypeptidase II (NAALADase) homozygous
mutants. Synapse (New York, NY) 50, 285-292.

Tsai, G., Forloni, G., Robinson, M.B., Stauch, B.L., and Coyle, J.T. (1988). Calcium-dependent
evoked release of N-[3H]acetylaspartylglutamate from the optic pathway. J Neurochem 51/,
1956-1959.

Tsai, G.C., Stauch-Slusher, B., Sim, L., Hedreen, J.C., Rothstein, J.D., Kuncl, R., and Coyle,
J.T. (1991). Reductions in acidic amino acids and N-acetylaspartylglutamate in amyotrophic
lateral sclerosis CNS. Brain research 556, 151-156.

Tykvart, J., Sacha, P., Batinka, C., Knedlik, T., Starkova, J., Lubkowski, J., and Konvalinka, J.
(2012). Efficient and versatile one-step affinity purification of in vivo biotinylated proteins:
expression, characterization and structure analysis of recombinant human glutamate
carboxypeptidase II. Protein expression and purification §2, 106-115.

Van Den Bosch, L., Van Damme, P., Bogaert, E., and Robberecht, W. (2006). The role of
excitotoxicity in the pathogenesis of amyotrophic lateral sclerosis. Biochimica et Biophysica
Acta (BBA) - Molecular Basis of Disease /762, 1068-1082.

Vargas-Martinez, C., Ordovas, J.M., Wilson, P.W., and Selhub, J. (2002). The glutamate
carboxypeptidase gene II (C>T) polymorphism does not affect folate status in the Framingham
Offspring cohort. The Journal of nutrition /32, 1176-1179.

Viola-Villegas, N.T., Sevak, K.K., Carlin, S.D., Doran, M.G., Evans, H.-W., Bartlett, D.W., Wu,
A.M., and Lewis, J.S. (2014). Noninvasive Imaging of PSMA in prostate tumors with (89)Zr-
Labeled huJ591 engineered antibody fragments: the faster alternatives. Mol Pharm 77, 3965-
3973.

Von Hoff, D.D., Mita, M.M., Ramanathan, R.K., Weiss, G.J., Mita, A.C., LoRusso, P.M.,
Burris, H.A., 3rd, Hart, L.L., Low, S.C., Parsons, D.M., a kol. (2016). Phase I Study of PSMA-
Targeted Docetaxel-Containing Nanoparticle BIND-014 in Patients with Advanced Solid
Tumors. Clinical cancer research : an official journal of the American Association for Cancer
Research 22, 3157-3163.

Vorlova, B., Knedlik, T., Tykvart, J., and Konvalinka, J. (2019). GCPII and its close homolog
GCPIIIL: from a neuropeptidase to a cancer marker and beyond. Frontiers in bioscience
(Landmark edition) 24, 648-687.

Vornov, J.J., Wozniak, K., Lu, M., Jackson, P., Tsukamoto, T., Wang, E., and Slusher, B.
(1999). Blockade of NAALADase: a novel neuroprotective strategy based on limiting
glutamate and elevating NAAG. Annals of the New York Academy of Sciences §90, 400-405.

Walder, K.K., Ryan, S.B., Bzdega, T., Olszewski, R.T., Neale, J.H., and Lindgren, C.A. (2013).
Immunohistological and electrophysiological evidence that N-acetylaspartylglutamate is a co-

92



transmitter at the vertebrate neuromuscular junction. The European journal of neuroscience 37,
118-129.

Wang, T.T., Chandler, C.J., and Halsted, C.H. (1986). Intracellular pteroylpolyglutamate
hydrolase from human jejunal mucosa. Isolation and characterization. J Biol Chem 261, 13551-
13555.

Wang, X., Ma, D., Olson, W.C., and Heston, W.D. (2011). In vitro and in vivo responses of
advanced prostate tumors to PSMA ADC, an auristatin-conjugated antibody to prostate-specific
membrane antigen. Molecular cancer therapeutics /0, 1728-1739.

Ward, J.H., Kushner, J.P., and Kaplan, J. (1982). Transferrin receptors of human fibroblasts.
Analysis of receptor properties and regulation. Biochemical Journal 208, 19-26.

Watt, F., Martorana, A., Brookes, D.E., Ho, T., Kingsley, E., O'Keefe, D.S., Russell, P.J.,
Heston, W.D., and Molloy, P.L. (2001). A tissue-specific enhancer of the prostate-specific
membrane antigen gene, FOLHI1. Genomics 73, 243-254.

Wernicke, A.G., Edgar, M.A., Lavi, E., Liu, H., Salerno, P., Bander, N.H., and Gutin, P.H.
(2011). Prostate-specific membrane antigen as a potential novel vascular target for treatment of
glioblastoma multiforme. Archives of pathology & laboratory medicine /35, 1486-1489.

Wernicke, A.G., Varma, S., Greenwood, E.A., Christos, P.J., Chao, K.S., Liu, H., Bander, N.H.,
and Shin, S.J. (2014). Prostate-specific membrane antigen expression in tumor-associated

vasculature of breast cancers. APMIS : acta pathologica, microbiologica, et immunologica
Scandinavica 122, 482-489.

Williams, A.J., Lu, X.M., Slusher, B., and Tortella, F.C. (2001). Electroencephalogram analysis
and neuroprotective profile of the N-acetylated-alpha-linked acidic dipeptidase inhibitor,
GPI5232, in normal and brain-injured rats. The Journal of pharmacology and experimental
therapeutics 299, 48-57.

Williams, T., and Kole, R. (2006). Analysis of prostate-specific membrane antigen splice
variants in LNCap cells. Oligonucleotides /6, 186-195.

Williamson, L.C., and Neale, J.H. (1988). Ultrastructural localization of N-
acetylaspartylglutamate in synaptic vesicles of retinal neurons. Brain research 456, 375-381.

Wilson, G.M., Fielding, A.B., Simon, G.C., Yu, X., Andrews, P.D., Hames, R.S., Frey, A.M.,
Peden, A.A., Gould, G.W., and Prekeris, R. (2005). The FIP3-Rabl1 Protein Complex
Regulates Recycling Endosome Targeting to the Cleavage Furrow during Late Cytokinesis.
Molecular biology of the cell /6, 849-860.

Wolf, N.I., Willemsen, M.A., Engelke, U.F., van der Knaap, M.S., Pouwels, P.J., Harting, I.,
Zschocke, J., Sistermans, E.A., Rating, D., and Wevers, R.A. (2004). Severe hypomyelination
associated with increased levels of N-acetylaspartylglutamate in CSF. Neurology 62, 1503-
1508.

Wolf, P. (2021). Targeted Toxins for the Treatment of Prostate Cancer. Biomedicines 9, 986.

Wolf, P., Alt, K., Biihler, P., Katzenwadel, A., Wetterauer, U., Tacke, M., and Elsdsser-Beile,
U. (2008). Anti-PSMA immunotoxin as novel treatment for prostate cancer? High and specific

antitumor activity on human prostate xenograft tumors in SCID mice. The Prostate 68, 129-
138.

Wolf, P., Freudenberg, N., Biihler, P., Alt, K., Schultze-Seemann, W., Wetterauer, U., and
Elsédsser-Beile, U. (2010). Three conformational antibodies specific for different PSMA

93



epitopes are promising diagnostic and therapeutic tools for prostate cancer. The Prostate 70,
562-569.

Wright, A.J., Dainty, J.R., and Finglas, P.M. (2007). Folic acid metabolism in human subjects
revisited: potential implications for proposed mandatory folic acid fortification in the UK. The
British journal of nutrition 98, 667-675.

Wright, G.L., Jr., Haley, C., Beckett, M.L., and Schellhammer, P.F. (1995). Expression of
prostate-specific membrane antigen in normal, benign, and malignant prostate tissues. Urologic
oncology /7, 18-28.

Wroblewska, B., Santi, M.R., and Neale, J.H. (1998). N-acetylaspartylglutamate activates
cyclic AMP-coupled metabotropic glutamate receptors in cerebellar astrocytes. Glia 24, 172-
179.

Wroblewska, B., Wegorzewska, I.N., Bzdega, T., Olszewski, R.T., and Neale, J.H. (2006).
Differential negative coupling of type 3 metabotropic glutamate receptor to cyclic GMP levels
in neurons and astrocytes. J Neurochem 96, 1071-1077.

Wroblewska, B., Wroblewski, J.T., Pshenichkin, S., Surin, A., Sullivan, S.E., and Neale, J.H.
(1997). N-acetylaspartylglutamate selectively activates mGluR3 receptors in transfected cells.
J Neurochem 69, 174-181.

Wulff, G. (1995). Molecular Imprinting in Cross-Linked Materials with the Aid of Molecular
Templates— A Way towards Artificial Antibodies. Angewandte Chemie International Edition
in English 34, 1812-1832.

Xing, Y., Xu, K., Li, S., Cao, L., Nan, Y., Li, Q., Li, W., and Hong, Z. (2021). A Single-Domain
Antibody-Based Anti-PSMA Recombinant Immunotoxin Exhibits Specificity and Efficacy for
Prostate Cancer Therapy. International journal of molecular sciences 22.

Xu, X., Wu, J.,, Liu, Y., Saw, P.E., Tao, W., Yu, M., Zope, H., Si, M., Victorious, A.,
Rasmussen, J., a kol. (2017). Multifunctional Envelope-Type siRNA Delivery Nanoparticle
Platform for Prostate Cancer Therapy. ACS Nano /7, 2618-2627.

Yamamoto, T., Kozikowski, A., Zhou, J., and Neale, J.H. (2008). Intracerebroventricular
administration of N-acetylaspartylglutamate (NAAG) peptidase inhibitors is analgesic in
inflammatory pain. Molecular pain 4, 31.

Yamamoto, T., Nozaki-Taguchi, N., and Sakashita, Y. (2001a). Spinal N-acetyl-alpha-linked
acidic dipeptidase (NAALADase) inhibition attenuates mechanical allodynia induced by paw
carrageenan injection in the rat. Brain research 909, 138-144.

Yamamoto, T., Nozaki-Taguchi, N., Sakashita, Y., and Inagaki, T. (2001b). Inhibition of spinal
N-acetylated-alpha-linked acidic dipeptidase produces an antinociceptive effect in the rat
formalin test. Neuroscience 102, 473-479.

Yamamoto, T., Saito, O., Aoe, T., Bartolozzi, A., Sarva, J., Zhou, J., Kozikowski, A.,
Wroblewska, B., Bzdega, T., and Neale, J.H. (2007). Local administration of N-
acetylaspartylglutamate (NAAG) peptidase inhibitors is analgesic in peripheral pain in rats.
European Journal of Neuroscience 25, 147-158.

Yang, D., Holt, G.E., Velders, M.P., Kwon, E.D., and Kast, W.M. (2001). Murine six-
transmembrane epithelial antigen of the prostate, prostate stem cell antigen, and prostate-
specific membrane antigen: prostate-specific cell-surface antigens highly expressed in prostate
cancer of transgenic adenocarcinoma mouse prostate mice. Cancer research 6/, 5857-5860.

94



Yao, V., and Bacich, D.J. (2006). Prostate specific membrane antigen (PSMA) expression gives
prostate cancer cells a growth advantage in a physiologically relevant folate environment in
vitro. The Prostate 66, 867-875.

Yao, V., Berkman, C.E., Choi, J.K., O'Keefe, D.S., and Bacich, D.J. (2010). Expression of
prostate-specific membrane antigen (PSMA), increases cell folate uptake and proliferation and
suggests a novel role for PSMA in the uptake of the non-polyglutamated folate, folic acid. The
Prostate 70, 305-316.

Yari, H., Nkepang, G., and Awasthi, V. (2019). Surface Modification of Liposomes by a
Lipopolymer Targeting Prostate Specific Membrane Antigen for Theranostic Delivery in
Prostate Cancer. Materials (Basel) 72, 756.

You, J., O'Hara, S.D., Velupillai, P., Castle, S., Levery, S., Garcea, R.L., and Benjamin, T.
(2015). Ganglioside and Non-ganglioside Mediated Host Responses to the Mouse
Polyomavirus. PLoS pathogens /7, e1005175.

Younes, A., Bartlett, N.L., Leonard, J.P., Kennedy, D.A., Lynch, C.M., Sievers, E.L., and
Forero-Torres, A. (2010). Brentuximab vedotin (SGN-35) for relapsed CD30-positive
lymphomas. N Engl J Med 363, 1812-1821.

Zackova Suchanova, J., Neburkova, J., Spanielova, H., Forstova, J., and Cigler, P. (2017).
Retargeting Polyomavirus-Like Particles to Cancer Cells by Chemical Modification of Capsid
Surface. Bioconjugate Chemistry 28, 307-313.

Zeng,C.,Ke,Z.F., Yang, Z., Wang, Z., Yang, S.C., Luo, C.Q., and Wang, L.T. (2012). Prostate-
specific membrane antigen: a new potential prognostic marker of osteosarcoma. Medical
oncology (Northwood, London, England) 29, 2234-2239.

Zhang, A.X., Murelli, R.P., Barinka, C., Michel, J., Cocleaza, A., Jorgensen, W.L., Lubkowski,
J., and Spiegel, D.A. (2010). A Remote Arene-Binding Site on Prostate Specific Membrane

Antigen Revealed by Antibody-Recruiting Small Molecules. Journal of the American Chemical
Society 132, 12711-12716.

Zhang, F., Shan, L., Liu, Y., Neville, D., Woo, J.H., Chen, Y., Korotcov, A., Lin, S., Huang,
S., Sridhar, R., a kol. (2013). An anti-PSMA bivalent immunotoxin exhibits specificity and
efficacy for prostate cancer imaging and therapy. Advanced healthcare materials 2, 736-744.

Zhang, T., Song, B., Zhu, W., Xu, X., Gong, Q.Q., Morando, C., Dassopoulos, T., Newberry,
R.D., Hunt, S.R., and Li, E. (2012). An ileal Crohn's disease gene signature based on whole
human genome expression profiles of disease unaffected ileal mucosal biopsies. PloS one 7,
e37139.

Zhao, J., Ramadan, E., Cappiello, M., Wroblewska, B., Bzdega, T., and Neale, J.H. (2001).
NAAG inhibits KCl-induced [(3)H]-GABA release via mGluR3, cAMP, PKA and L-type
calcium conductance. The European journal of neuroscience /3, 340-346.

Zhao, R., Matherly, L.H., and Goldman, [.D. (2009). Membrane transporters and folate
homeostasis: intestinal absorption and transport into systemic compartments and tissues. Expert
Rev Mol Med 11, e4-e4.

Zhong, C., Zhao, X., Van, K.C., Bzdega, T., Smyth, A., Zhou, J., Kozikowski, A.P., Jiang, J.,
O'Connor, W.T., Berman, R.F., a kol. (2006). NAAG peptidase inhibitor increases dialysate
NAAG and reduces glutamate, aspartate and GABA levels in the dorsal hippocampus following
fluid percussion injury in the rat. Journal of Neurochemistry 97, 1015-1025.

Zhu, C., Bandekar, A., Sempkowski, M., Banerjee, S.R., Pomper, M.G., Bruchertseifer, F.,
Morgenstern, A., and Sofou, S. (2016). Nanoconjugation of PSMA-Targeting Ligands

95



Enhances Perinuclear Localization and Improves Efficacy of Delivered Alpha-Particle Emitters
against Tumor Endothelial Analogues. Molecular cancer therapeutics 75, 106-113.

Zink, C.F., Barker, P.B., Sawa, A., Weinberger, D.R., Wang, M., Quillian, H., Ulrich, W.S.,
Chen, Q., Jaffe, A.E., Kleinman, J.E., a kol. (2020). Association of Missense Mutation in
FOLH1 With Decreased NAAG Levels and Impaired Working Memory Circuitry and
Cognition. The American journal of psychiatry 777, 1129-1139.

Zollinger, M., Amsler, U., Do, K.Q., Streit, P., and Cuénod, M. (1988). Release of N-
acetylaspartylglutamate on depolarization of rat brain slices. J Neurochem 57, 1919-1923.

Zuccolotto, G., Penna, A., Fracasso, G., Carpanese, D., Montagner, .M., Dalla Santa, S., and
Rosato, A. (2021). PSMA-Specific CAR-Engineered T Cells for Prostate Cancer: CD28
Outperforms Combined CD28-4-1BB "Super-Stimulation". Frontiers in oncology 71, 708073.

96



9. P¥ilohy

1. Priloha 1: Tykvart J, Navratil V, Sedlak F, Corey E, Colombatti M, Fracasso G,
Koukolik F, Bafinka C, Sacha P, Konvalinka J. Comparative analysis of monoclonal
antibodies against prostate-specific membrane antigen (PSMA). Prostate. 2014
Dec;74(16):1674-90. ... 98

2. Piiloha 2: Sacha P, Knedlik T, Schimer J, Tykvart J, Parolek J, Navratil V,
Dvotékova P, Sedldk F, Ulbrich K, Strohalm J, Majer P, Subr V, Konvalinka J.

iBodies: Modular Synthetic Antibody Mimetics Based on Hydrophilic Polymers
Decorated with Functional Moieties. Angew Chem Int Ed Engl. 2016 Feb
12;55(7):2356-60. cuveesueecseecsnncsanssncssancssnnssansssaccssesssnsssssssssssssssssssssassssassssassssssssssssasss 114

3. Priloha 3: Knedlik T, Vorlova B, Navratil V, Tykvart J, Sedlak F, Vaculin S, Frangk
M, Sacha P, Konvalinka J.: Mouse glutamate carboxypeptidase II (GCPII) has a
similar enzyme activity and inhibition profile but a different tissue distribution to

human GCPIL FEBS Open Bio. 2017 Aug 29;7(9):1362-1378. 119

4. Priloha 4: Vorlova B, Sedlak F, Kasparek P, Sramkova K, Maly M, Zamecnik J, Sacha
P, Konvalinka J.: A novel PSMA/GCPII-deficient mouse model shows enlarged
seminal vesicles upon aging. Prostate. 2019 Feb;79(2):126-139. 136

5. Ptiloha 5: Sedlak F, Sacha P, Blechova M, Biezinova A, Safaiik M, Sebestik J,

Konvalinka J. Glutamate carboxypeptidase II does not process amyloid-p peptide.
FASEB J. 2013 Jul;27(7):2626-32.cucunueerurcrersressuecessesssnssssssessasssssssessssssssssasssssssssssssns 143

6. P¥iloha 6: Neburkova J, Sedlak F, Zac¢kova Suchanova J, Kostka L, Sacha P, Subr V,
Etrych T, Simon P, Batinkova J, Krystufek R, §panielové H, Forstova J, Konvalinka J,
Cigler P: Inhibitor-GCPII Interaction: Selective and Robust System for Targeting
Cancer Cells with Structurally Diverse Nanoparticles. Mol Pharm. 2018 Aug
6;15(8):2932-2945. e 157

97



Priloha 1

98

The Prostate 74:1674-1690 (2014)

Comparative Analysis of Monoclonal Antibodies Against
Prostate-Specific Membrane Antigen (PSMA)

J. Tykvar’cf’2 V. Navratil,"? F. Sedlak,' E. Core 4 M. Colombatti,® G. Fracasso,” F. Koukolik,®
C. Bafinka,” P. Sicha,'” and J. Konvalinka'**

'Gilead Sciences and IOCB Research Centre, Institute of Organic Chemistry and Biochemistry,
Academy of Sciences of the Czech Republic, Czech Republic
2Department of Biochemistry, Faculty of Natural Science, Charles University, Czech Republic
3First Faculty of Medicine, Charles University in Prague, Czech Republic
*Genitourinary Cancer Research Laboratory, Department of Urology, University of Washington, Seattle
sDepartment of Pathology and Diagnostics, Section of Immunology, University of Verona, Verona, Italy
Department of Pathology and Molecular Medicine, Thomayer Teaching Hospital, Czech Republic
7 Institute of Biotechnology, Academy of Sciences of the Czech Republic, Czech Republic

BACKGROUND. Prostate-specific membrane antigen (PSMA), also known as glutamate
carboxypeptidase II (GCPII), is generally recognized as a diagnostic and therapeutic cancer
antigen and a molecular address for targeted imaging and drug delivery studies. Due to its
significance in cancer research, numerous monoclonal antibodies (mAbs) against GCPII have
been described and marketed in the past decades. Unfortunately, some of these mAbs are
poorly characterized, which might lead to their inappropriate use and misinterpretation of the
acquired results.

METHODS. We collected the 13 most frequently used mAbs against GCPII and quantita-
tively characterized their binding to GCPII by enzyme-linked immunosorbent assay
(ELISA) and surface plasmon resonance (SPR). Using a peptide library, we mapped
epitopes recognized by a given mAb. Finally, we assessed the applicability of these mAbs
to routine experimental setups, including Western blotting, immunohistochemistry, and
flow cytometry.

RESULTS. ELISA and SPR analyses revealed that mAbs ]591, J415, D2B, 107-1A4, GCP-05,
and 2G7 bind preferentially to GCPII in native form, while mAbs YPSMA-1, YPSMA-2, GCP-
02, GCP-04, and 3E6 bind solely to denatured GCPII. mAbs 24.4E6 and 7E11-C5.3 recognize
both forms of GCPII. Additionally, we determined that GCP-02 and 3E6 cross-react with
mouse GCPII, while GCP-04 recognizes GCPII and GCPIII proteins from both human and
mouse.

CONCLUSION. This comparative analysis provides the first detailed quantitative characteri-
zation of the most commonly used mAbs against GCPII and can serve as a guideline for the
scientific community to use them in a proper and efficient way. Prostate 74: 1674-1690, 2014.
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INTRODUCTION

Over the past 20 years, prostate specific membrane
antigen (PSMA), also known as glutamate carboxypep-
tidase II (GCPII), has been investigated for use in
cancer diagnostics and targeted drug delivery due to
its elevated and highly restricted expression in prostate
adenocarcinoma [1]. In 1997, GCPII was also found to
be expressed in the neovasculature of newly formed
solid tumors [2-3]. This finding turned GCPII into an
even more attractive target for diagnostic and thera-
peutic applications [4]. Furthermore, GCPII has become
widely used as a model molecular address for various
targeted drug delivery strategies due to its favorable
features, including its topology (it is a transmembrane
protein with the majority of the molecule facing
outside of the cell [5]), ability to internalize ligands
upon binding [6] and restricted tissue expression [7-11].

Several laboratories are currently studying GCPII from
various perspectives, and the majority of them routinely
use monoclonal antibodies (mAbs) in a variety of
experimental methods [12-15]. There is a large pool of
available anti-GCPII mAbs produced by both academia
and industry. Unfortunately, some of them are not
sufficiently well characterized to allow appropriate use
and interpretation of results. This may occasionally lead
to inconsistent or even contradictory results. For example,
numerous research groups intensively studied the expres-
sion profile of GCPII in the human body. The researchers
utilized several detection methods (immunohistochemis-
try (IHC) [2-3,16-22], Western blot (WB) [23-24],
enzyme-linked immunosorbent assay (ELISA) [25]) and
various mAbs (7E11-C5.3 [3,18-20,24-25], ]591 [2,18],
PEQ226.5 [18,25], 24.4E6 [20], YPSMA-1 [21], 3D16 [16],
PM2J004.5 [17-18], GCP-04 [23], and 3E6 [22]). Taken
together, the studies provided some clear and consistent
results (e.g., GCPII was detected in prostate tissue in all
studies) but also yielded some major inconsistencies and
contradictions (e.g., expression of GCPII in tumor-associ-
ated neovasculature was detected by some scientists
[16-17,22] but not others [20-21]; the expression of GCPII
in brain was confirmed in some studies [20-21,24] but
not others [3,18-19]).

Therefore, our objective was to gather the most
frequently used mAbs against GCPII and perform
their thorough analysis and comparison. These mAbs
are listed in Table I.

Two mAbs from our collected panel are either in
clinical use or advanced stage of clinical trials. 7E11-

C5.3 was the first mouse mAb developed against
GCPIL It was generated in 1987 by immunizing mice
with crude LNCaP cell lysate, and it recognizes the
intracellular portion of GCPII [29]. The In radio-
conjugate of 7E11-C5.3 (ProstaScint™™) is currently the
only anti-GCPII agent employed in clinical practice. It
is used for detection of prostate cancer recurrence and
metastases [26-28].

1591 is a second-generation mAb that recognizes the
extracellular portion of GCPIL. It was prepared and
characterized in 1997 by Liu et al. J591 recognizes
viable LNCaP’ cells expressing GCPII and enables
visualization of GCPII in frozen tissue sections [2].
591 has been intensively investigated for potential use
in the clinic. Various conjugates of this mAb have been
prepared and characterized as potential diagnostic
and therapeutic agents, and some are now being tested
in phase II clinical trials [31-39].

We could not possibly cover all available mAbs
against GCPII, but we believe that we included most of
those that are commonly used. The notable exceptions
involve a panel of mAbs prepared in the laboratory of
Dr. Ursula Elsasser-Beile (Universitatsklinikum Frei-
burg, Experimentelle Urologie, Germany) [61] and a
panel of mAbs developed by Progenics [62-63]. These
mAbs were unfortunately not provided to us for the
purpose of this study.

We believe the results of this study will help clarify
the inconsistent results published in the GCPII litera-
ture. We also hope that our observations will help
scientists choose the most appropriate mAbs for their
experiments and plan them in the most effective
manner (e.g., information about the binding affinity of
a particular mAb would enable facile estimation of its
working concentration). Finally, we point out some
misconceptions and the erroneous performances of
some of the methods involving these mAbs, specific-
ally Western blot and immunohistochemistry.

MATERIALS AND METHODS
Purification of Recombinant Avi-tagged Proteins

The extracellular portion of human GCPII with an
N-terminal Avi-tag (Avi-GCPII) was prepared as pre-
viously described [64]. Human GCPII homologs (hu-
man GCPIII, mouse GCPII and mouse GCPIII) were
prepared and denoted in a similar fashion. See
Supplementary Material for more details.
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mouse Avi-GCPIIl were used in a similar fashion as
human GCPII. For mAb 7E11-C5.3, intraGCPII peptide
in native binding buffer was used instead of human
Avi-GCPIL. Then, solutions of various mAbs prepared
by 2x serial dilution (11 concentrations in total) were
added into the wells, followed by addition of HRP-
conjugated goat anti-mouse polyclonal antibody. The
chemiluminiscent substrate was added into each
well, and the chemiluminiscence was measured. See
Supplementary Material for more details.

Epitope Determination Assay

The protocol described for the native GCPII ELISA
assay was also used for this experiment. A library of
83 biotinylated 18-mer peptides was synthesized.
These peptides, which cover the entire sequence of
human GCPII, were immobilized on a 96-well plate
via neutravidin and then treated with the appropriate
mAb. Experiments without any primary antibody and
with indifferent mouse IgG were also performed as
negative controls. See Supplementary Material for
more details.

Characterization of mAb Binding by SPR

All SPR measurements were performed on a four-
channel SPR sensor platform (PLASMON IV) devel-
oped at the Institute of Photonics and Electronics (IPE)
of the Academy of Sciences of the Czech Republic,
Prague [65-66]. First, a gold chip was functionalized
with alkanethiols containing carboxylic terminal
groups (Prochimia) in pure ethanol and then mounted
to the prism on the SPR sensor. All experiments were
performed at 25°C. Activation of carboxylic terminal
groups on the sensor surface was performed in situ
by injecting a solution of N-hydroxysuccinimide and
N-ethyl-N-(dimethylaminopropyl) carbodiimide in
pure water. Then, neutravidin was covalently immo-
bilized on the chip surface, followed by a high ionic
strength solution and ethanolamine to wash out
non-covalently bound neutravidin and deactivate
residual carboxylic groups, respectively. Recombi-
nant human Avi-GCPII in PBS was immobilized to
the prepared layer, followed by injection of an
appropriate mAb (D2B, J591, J415, 107-1A4 or 2G7).
Four different mAb concentrations in PBS were used
for each experiment (association phase). Then, PBS
was loaded to the chip to wash out the bound mAb
(dissociation phase).

TraceDrawer 1.5 (Ridgeview Instruments AB) was
used to calculate k,, and k¢ parameters of mAb
binding. Measurements were performed twice for
each mAb. See Supplementary Material for more
details.

Western Blotting

Western blots were performed using standard pro-
cedures and overnight incubation with appropriate
mAbs, namely GCP-02, GCP-04, YPSMA-1, YPSMA-2,
3E6, 24.4E6, J591 (1 pg/ml) and D2B (10 pg/ml). See
Supplementary Material for more details.

Immunohistochemistry

A prostate adenocarcinoma sample (Gleason score
3 +4) was obtained by radical prostatectomy at Tho-
mayer’s Hospital in Prague. Patient consent and local
ethical commission approval were obtained. Formalin-
fixed paraffin-embedded tissues (3-pm-thick slides)
were used for IHC that was performed according to a
standard procedure with overnight incubation of the
anti-GCPII mAbs at 4°C. The mAb concentration
differed depending on the particular experiment, rang-
ing from 0.01 pg/ml to 10 pwg/ml. For visualization of
antibody-antigen complexes, the slides were incubated
with Histofine® Simple Stain™ MAX PO (MULTI)
(Nichirei Biosciences Inc.). See Supplementary Material
for more details.

Flow Cytometry

LNCaP and PC3 cells were grown under standard
tissue culture conditions. After reaching 80% conflu-
ence, the cells were trypsinized, harvested, counted
and diluted in 10% FBS/PBS to a final concentration
4 x 10°cells/ml.

The experiments were performed in a 96-well plate
format with 2 x 10°cells in each well. All subsequent
procedures were performed strictly at 4°C to prevent
internalization of a bound primary antibody. An
appropriate mAb was added into each well to reach a
final concentration of 10pg/ml. After 1hour, cells
were washed several times and incubated for another
hour with secondary F(ab’) fragment donkey anti-
mouse IgG (H+ L) antibody conjugated with phycoer-
ythrin (Jackson ImmunoResearch). Finally, the cells
were diluted in 10% FBS/PBS, and single cell suspen-
sions were measured on a BD LSRFortessa™ cell
analyzer (Becton, Dickinson and Company). All
experiments (all mAbs and both cell lines) were
measured in triplicate. See Supplementary Material for
more details.

RESULTS

We sorted the mAbs based on the nature of the
antigen they recognize (i.e., GCPII in native or dena-
tured form) since this feature predetermines mAb
effectiveness in all the methods tested. Throughout
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this manuscript, we use the term “GCPII in native
form” to refer to the biophysical properties of GCPII,
that is, properly folded and enzymatically active
protein. We use the term “GCPII in denatured form”
to refer to protein that has been heat-denatured in the
presence of the detergents.

In this study, we used GCPII of two different origins.
For ELISA, SPR, and WB experiments, we used the
extracellular portion of recombinant human GCPII
(Avi-GCPII) or its three homologs (human Avi-GCPIII,
mouse Avi-GCPII, and mouse Avi-GCPIII) produced in
insect cells with N-terminal biotin (covalently attached
to the Avi-tag™) [64] while for FC, IHC, and WB
experiments, we used GCPII endogenously expressed
in LNCaP cells or prostate adenocarcinoma tissue.

Quantitative Analysis

The affinities of mAbs for Avi-GCPII were deter-
mined by ELISA and SPR. First, we used ELISA to
qualitatively test the ability of the mAbs to bind Avi-
GCPII in its native or denatured form. Based on these
results, we measured a titration curve for each mAb
and its appropriate antigen. From these measure-
ments, we obtained the 50% saturation binding value,
which describes the affinity of the mAb, and the
maximal saturation signal value, which corresponds to
the overall output signal of the mAb.

Using ELISA, we also tested mAb binding to three
GCPII homologs (human Avi-GCPIII, mouse Avi-GCPII,

TABLE Il. Characteristics of mAb Binding to Human
Avi-GCPIl in Native Form

Antibody 50% saturation Maximal signal #
D2B 0.072+0.013 nM 48 2
J415 0.163 £0.022 nM 39 3
J591 1.40+0.27 nM 6.9 3
2G7 2.89+0.25 nM 1.0 2
107-1A4 3.81+£0.43 nM 2.6 2
24.4E6 365+77 nM NC 4
GCP-05 550+ 130 nM NC 2

ELISA experiments under native conditions were performed
with various mAbs to measure their saturation binding curves
to Avi-GCPIL. “50% saturation” indicates the mAb concentration
at which 50% of the maximal saturation signal was obtained.
“#" stands for the number of measurements performed. “Maxi-
mal signal” shows the ratio of maximal saturation signals
among all mAbs (the lowest maximal saturation signal was
taken as the standard). The maximal signal values for GCP-05
and 24.4E6 were not calculated (NC) because a different amount
of immobilized Avi-GCPII was used in those experiments. 50%
saturation values are shown as arithmetic means with weighted
standard errors calculated from the individual measurements.
The saturation curves for each mAb are shown in Fig. 51 in the
Supplementary Material.
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and mouse Avi-GCPIII). Additionally, to gain an even
better understanding of the binding event, we used SPR
to determine the kinetic profile of binding for the tight-
binding mAbs against Avi-GCPII in native form.

ELISA Using Avi-GCPIl in Native Form

mAbs that bind to Avi-GCPII in native form are listed
in Table II. Our results show that mAbs 2G7, J415, J591,
D2B and 107-1A4 bind Avi-GCPII very tightly (with
nanomolar to high picomolar 50% saturation values),
while GCP-05 and 24.4E6 bind Avi-GCPII much weakly
(with submicromolar 50% saturation values). Moreover,
a comparison of the maximal saturation values of the
tight-binding mAbs showed an almost sevenfold differ-
ence in maximal signal output (2G7 vs. J591).

ELISA Using Denatured Avi-GCPlland mAb
Epitope Mapping

mAbs that bind Avi-GCPII in denatured form are
listed in Table III. The results show a wide range of 50%

TABLEIIl. Characteristics of mAb Binding to
Denatured Human Avi-GCPII

Maximal
Antibody 50% saturation signal Epitope  #
GCP-04 0.628 +0.066 nM 54 91-108 2
J591 3.06 +0.89 nM 1 ND 3
GCP-02 52+12nM 40 271-288 4
3E6 9.8+4+1.7 nM 9 118-135 2
7E11-C5.3 9.943.0 nM NC 1-21 2
YPSMA-1 61 +17 nM 7 469-486 2
YPSMA-2 216 +55 nM 42 469-486 3
24 4E6 267 £49 nM 5 640-657 2

ELISA experiments under denaturing conditions were per-
formed with various mAbs to measure their binding to Avi-
GCPII (for 7E11-C5.3, a synthetic biotinylated peptide was
used). “50% saturation” indicates the mAb concentration at
which 50% of the maximal saturation signal was obtained. “#”
stands for the number of measurements performed. “Maximal
signal” shows the ratio of maximal saturation signals among all
mAbs (the lowest maximal saturation signal was taken as
standard). “Epitope” indicates the sequence of the biotinylated
peptide used in the epitope determination assay. Positions of
mAb epitopes refer to the GCPII sequence of accession number
Q04609-1. The assay did not provide any positive results for
J591. In the case of 7E11-C5.3, the sequence of intraGCPII
peptide, which was used for measurement of saturation binding
curve, is stated. The maximal signal value for 7E11-C5.3 was not
calculated (NC) because a different amount of immobilized
antigen was used in the experiment. 50% saturation values are
shown as arithmetic means with weighted standard errors
calculated from the individual measurements. The saturation
curves for each mAb are shown in Fig. S1 in the Supplementary
Material.
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saturation values (from subnanomolar for GCP-04 to
submicromolar for 24.4E6 and YPSMA-2). The variation
in the maximal saturation signals is even higher, with a
54-fold difference between mAbs GCP-04 and J591. In
addition to the mAbs listed in Table III, we also
observed detectable binding of D2B to denatured Avi-
GCPIL However, due to the very low signal, we were
unable to obtain an appropriate saturation-binding
curve to characterize this interaction (data not shown).
For measurements with 7E11-C5.3, we used a synthetic
peptide (intraGCPII peptide) as antigen because the
7E11-C5.3 epitope lies within the intracellular portion of
GCPII, which is not included in Avi-GCPIL.

To further characterize the epitopes of the mAbs
tested, we used a library of biotinylated peptides that
cover the entire GCPII sequence. Using this library, we
identified the epitopes of all tested mAbs except J591
and D2B. For 7E11-C5.3, GCP-04 and 24.4E6, we
confirmed already known epitopes, and for 3E6, we
substantially narrowed the previously suggested epi-
tope. Furthermore, we identified the epitopes of
YPSMA-1 (aa 469-486), YPSMA-2 (aa 469-486), and
GCP-02 (aa 271-288).

ELISA Using Avi-GCPIlHomologs

None of the tested mAbs recognize human GCPII
homologs (human Avi-GCPIII, mouse Avi-GCPII, and
mouse Avi-GCPIII) in native form. On the other hand,
three of the 13 mAbs tested cross-react with the
denatured form of the human GCPII homologs (see
Table IV). GCP-02 and 3E6 recognize mouse Avi-
GCPII with similar affinity as human Avi-GCPII, but
GCP-02 has a much lower maximal saturation signal
value toward the mouse enzyme. GCP-04 recognizes
all tested homologs, binding to mouse Avi-GCPII
with similar affinity as to human Avi-GCPII and
recognizing both Avi-GCPIII proteins with approxi-
mately 10-fold lower affinity and threefold lower
maximal saturation signal compared to their Avi-
GCPII counterparts.

SPR Using Avi-GCPIlin Native Form

To further characterize binding of the tested mAbs
to Avi-GCPII, we determined their binding kinetics
using SPR. Due to persistent problems with prepara-
tion of a stable denatured Avi-GCPII layer, we were
only able to analyze mAb binding to Avi-GCPII in its
native form. We performed this kinetic analysis for
mAbs J415, J591, 107-1A4, D2B, and 2G7. GCP-05 and
24.4E6 did not provide sufficient signal for proper
measurement.

The results (summarized in Table V) show similar
kinetic profiles for mAbs ]591 and 2G7, with dissociation

TABLE V. Characteristics of mAb Binding to Denatured
Avi-GCPIll Homologs

Maximal
Antibody  50% saturation signal Antigen #
GCP-02 52+1.2nM 163 human GCPII 2
2.524+0.44 nM 1.0 mouse GCPII 3
3E6 98+1.7 nM 1.0 human GCPIT 2
28.6+3.0 nM 1.3 mouse GCPII 2
GCP-04  0.628 £0.066 nM 34 human GCPII 2
262+0.13nM 29 mouse GCPII 2
50.4+9.3 nM 1.0 human GCPIII 2
293+33nM 1.3 mouse GCPIIT 3

ELISA experiments were performed under denaturing condi-
tions with various mAbs to determine their binding affinity
toward human Avi-GCPIII, mouse Avi-GCPII and mouse Avi-
GCPIIL. “50% saturation” indicates the antibody concentration
at which 50% of maximal saturation signal was obtained. “#”
stands for the number of measurements performed. “Maximal
signal” shows the ratio of maximal saturation signals for one
mAb and several GCPII homologs (the lowest maximal satura-
tion signal was taken as the standard). 50% saturation values are
shown as arithmetic means with weighted standard errors
calculated from the individual measurements. The saturation
curves for each mAb are shown in Fig. S1 in the Supplementary
Material.

constants (Kp values) in the subnanomolar range. 107-
1A4 had a very high association rate (k. value) but also
the highest dissociation rate (k.¢ value) leading to a
similar Kp as those calculated for J591 and 2G7. J415
and D2B showed high k., and very low k. values. The
ko values were under the detection limit of our SPR
instrument. However, our results indicate that the Kp

TABLE V. Kinetic Parameters of mAb Binding to Avi-
GCPIlin Native Form

Kon Kot Kp
Antibody  [10° (M*s)"]  [10 %5 ] [10-% M]
J415 1105+35 <2 <0018
D2B 492431 <2 < 0.041
107-1A4 461413 102438 022140083
2G7 11.45+0.78 41415 0.36+0.13
1591 11,15+ 0.64 84415 0.75+0.14

Recombinant human Avi-GCPII was immobilized via biotin to
the SPR chip. Four different concentrations of each mAb were
applied to the layer, and their association and dissociation
curves were measured. Each measurement was performed
twice. The ko, and k. values represent the average of both
measurements with the deviation from the mean. The k. values
of J415 and 107-1A4 were below the detection limit of our SPR
sensor and thus could not be reliably determined. The fitted
binding curves for each mAb are shown in Figure 52 in the
Supplementary Material.
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values for these two mAbs are in the picomolar range.
The SPR results are in agreement with the results from
ELISA experiments, in which mAbs J415 and D2B
displayed the lowest 50% saturation values.

Qualitative Analysis

To obtain additional information about the character-
istics of the tested mAbs, we compared them using three
basic techniques: Western blot (WB), immunohistochem-
istry (IHC) and flow cytometry (FC). In the WB analysis,
the protein samples are denatured; therefore, we ana-
lyzed only those mAbs capable of binding to denatured
GCPIL In the other two methods, we exploited a larger
pool of mAbs because the methods can be performed
under both native and denaturing conditions.

Comparison of m Abs in Western Blot

We used mAbs GCP-02, GCP-04, 3E6, YPSMA-1,
YPSMA-2, 24 4E6, 591, D2B, and 7E11-C5.3 to detect

GCP-04 (1 pg/mL)

123456789

o- BT T
YPSMA-1 (1 pg/mL)

J591 (1 pg/mL)

— -

GCP-02 (1 pg/mL)
_ 5
YPSMA-2 (1 ug/mL)

D2B (10 pg/mL)

GCPII by Western blot (see Fig. 1). Our sample set
contained a dilution series of purified human Avi-
GCPII and its three homologs, lysate from LNCaP cells
(a cell line endogenously expressing GCPII) and lysate
from prostate adenocarcinoma tissue (only the latter
two samples were used with 7E11-C5.3 because this
mAb has an intracellular epitope and thus does not
recognize the recombinant protein constructs).

Our results show that all the mAbs are able to
detect GCPII under WB conditions. Based on signal
strength, the mAbs can be divided into three groups:
(a) GCP-02, GCP-04 and YPSMA-1, yielding a strong
signal even for low amounts of Avi-GCPII and lysates;
(b) 3E6, YPSMA-2 and 7E11-C5.3, providing an aver-
age signal for detection of GCPII in lysates and the
highest concentration of Avi-GCPII; and (c) 24.4E6,
J591 and D2B, showing weak signals (for D2B, we had
to increase the mAb concentration to obtain a detect-
able signal). Additionally, only mAbs GCP-02, GCP-
04, and 3E6 were able to detect some of the human
Avi-GCPII homologs, which is in agreement with

3E6 (1 pg/mL)

100
s

24.4E6 (1 pg/mL)

0
s

7E11-C5.3 (1 pg/mL)

(]

Fig. I. Western blot detection of human GCPII and its homologs by anti-GCPIl mAbs. Samples of purified human Avi-GCPIl and its
homologs (human Avi-GCPIll, mouse Avi-GCPIl and Avi-GCPIIl), lysate from LNCaP cells and lysate from prostate adenocarcinoma
tissue were resolved by SDS-PAGE, blotted onto nitrocellulose membranes and incubated with various mAbs. Sample legend: |. mouse
Avi-GCPIIl - 10 ng, 2. mouse Avi-GCPIl - 10 ng, 3. human Avi-GCPIIl - 10 ng, 4. human Avi-GCPII - 10 ng, 5. human Avi-GCPIl - 5 ng, 6. human
Avi-GCPIl — I ng, 7. human Avi-GCPIl — 500 pg, 8. human Avi-GCPIl —200 pg, 9. empty line, 10. LNCaP lysate — 20 p.g total protein 1. empty
line, 2. prostate adenocarcinoma lysate — 50 pg total protein, The chemiluminiscence detection was performed identically for all mAbs.
A: Figures were not processed with a graphical editor. B: Contains the same figures as in panels A, but processed with a graphical editor
(changesin color contrast and levels) to highlight the chemiluminiscence signal.
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results from ELISA. In Figure 1, panels “A” serve for
proper comparison of the signal outputs of the tested
mAbs (images were not processed with a graphical
editor), while panels “B” show images that were
individually processed with a graphical editor to
highlight the chemiluminiscence signal.

Comparison of mAbs in Immunchistochemistry

We prepared formalin-fixed paraffin-embedded tis-
sue sections (this preparation method leads to com-
plete denaturation of the sample proteins) from
high-grade prostate adenocarcinoma and tested the
ability of our mAb panel to visualize GCPII. We tested
the mAbs at a concentration of 10 pg/ml. As shown in
Figure 2, only mAbs GCP-02, GCP-04, YPSMA-1,
YPSMA-2, 3E6, and 24.4E6 provide visible staining of
GCPII in tissue sections. Even though the strength of
staining is different among these six mAbs, they all
provided clear visualization of GCPIL

Additionally, we performed an experiment with
these mAbs to map the dependence of the output
signal on the mAb working concentration. As shown
in Figure 3, all tested mAbs were able to visualize
GCPII in tissue sections at a concentration 0.1 pg/ml,
and GCP-04 was effective even at concentration
0.01 pg/ml.

Comparison of mAbs in Flow Cytometry

To assess the ability of the tested mAbs to bind
GCPII in native form, we used flow cytometry and
evaluated their binding to two prostate cancer cell
lines: one endogenously expressing GCPII (LNCaP)
and one lacking this expression (PC3). We incubated
live cells with mAbs (10 pg/ml final concentration)
and investigated the potential binding.

Results from these experiments are summarized in
Figure 4. Based on the overall fluorescent signal of the
cells, the mAbs can be divided into two groups: a)
mAbs that bind to LNCaP but not to PC3: J591, D2B,
107-1A4, J415, GCP-05, and 2G7 and b) mAbs that do
not bind either LNCaP or PC3 cells: 24.4E6, GCP-02,
GCP-04, 7E11-C5.3, YPMSA-1, YPSMA-2, and 3E6 (see
Fig, 4A).

Additionally, the mAbs binding to LNCaP cells
can be further divided based on their ability to
distinguish the LNCaP and PC3 cell populations. ]591,
D2B, 107-1A4, GCP-05, and J415 are able to separate
these populations quantitatively, while 2G7 provides
approximately 60% separation of these populations
(see Fig. 4B).

The results from all our presented experiments are
summarized in a simplified form in Table VI. All tested
mAbs are marked with “+ /—" signs to indicate their

TABLE V1. Summary of Basic Characteristics of Anti-
GCPIImAbs

GCPII in native form GCPII in denatured form

Antibody ~ ELISA FC ELISA WB  IHC-P
1591 +++ +++ + + -
J415 +++ +++ - - -
D2B +++ +++ + + -
107-1A4 +++ +++ - - -
2G7 ++ ++ - - -
GCP-05 + e - - -
7E11-C5.3* ++ - ++ ++ -
GCP-02 - - +++ A
GCP-04 - - +++ At
YPSMA-1 - - ++
YPSMA-2 - - ++ 4+
3E6 - - ++ ++ ++
24 4E6 + - + + ++

“for this mAb the intraGCPII peptide was used as antigen
instead of GCPII protein. ELISA, enzyme-linked immunosorbent
assay; WB, Western blot; FC, flow cytometry performed under
native conditions; IHC-P, immunohistochemistry performed on
paraffin-embedded tissue sections.

efficacy in the appropriate method (“ + + + " meaning
the highest efficacy and “—” meaning not working
at all).

Discussion

The form of the antigen (native or denatured) that
a mAb recognizes and its appropriate binding
constants are the two features that should suffice for
the proper utilization of a given mAb. Therefore, in
our study we did not aim to compare the efficacies
of all mAbs in all applicable methods, but rather
quantitatively analyze the binding of collected
mAbs to their antigens. Our results, together with
the understanding of a particular method’s princi-
ples and some basic biochemical knowledge, should
allow researchers to select the best mAb and con-
ditions for their particular experiments.

Evaluation of Quantitative Analysis Data

The data obtained from quantitative analysis of
mAbs from ELISA experiments can be used to
estimate the efficacies of the mAbs in other methods,
such as WB, THC, and FC. We can evaluate this
assumption based on the results presented in this
study, including the 50% saturation value (which
reflects binding affinity) and the maximal saturation
signal obtained from ELISA analysis. Comparing
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Fig. 2. Immunohistological staining of prostate adenocarcinoma tissue sections with anti-GCPIl mAbs. Formalin-fixed paraffin-embedded
sections were subjected to the panel of mAbs (all at 10 p.g/ml concentration) to compare their abilities to visualize GCPII. The immunoperoxi-
dase method was used for visualization of antibody-antigen complexes, followed by counterstaining with Harris' hematoxylin. Routine hema-
toxylin and eosin staining (H&E) was also performed to determine the morphological features of the cancer tissue. The specificity of
staining was confirmed by processing one slide with omission of the primary antibody (blank).

The Prostate

105



106

Analysis of mAbs Against PSMA 1683

GCP-02 - 0.1pg/mL

Fig. 3. Immunohistological staining of prostate adenocarcinoma tissue sections by different concentration of various anti-GCPIl mAbs. For-
malin-fixed paraffin-embedded tissue sections were subjected to two different concentrations (0.1 pg/ml and 0.0l pg/ml) of GCP-02,
GCP-04, YPSMA-I, YPSMA-2, 3E6 and 24.4E6. The immunoperoxidase method was used for visualization of bound mAbs, followed by

counterstaining with Harris hematoxylin.

the 50% saturation value to the working mAb
concentration used in a certain method (e.g., WB)
indicates whether the mAb is saturated with the
particular antigen. The maximal saturation signal
provides an estimate of the maximal signal output
given by the mAb in a particular method. However,
it is important to keep in mind that these are only
rough estimates because the conditions used for
the method studied (e.g., WB) differ slightly from
the conditions used for quantitative analysis (e.g.,
ELISA).

GCP-02 and GCP-04 should provide the best WB
results based on the ELISA experiments, and they are
indeed the most sensitive mAbs from the panel
YPSMA-2 has a high maximal saturation signal as
well, but also a high 50% saturation value (the
working concentration of mAbs in WB was approxi-
mately 7nM). Therefore, it did not provide a very
strong signal. In this case, increasing the mAb concen-
tration should significantly improve the signal output.
On the other hand, increasing the mAb concentration
is unlikely to greatly improve the results for J591 and
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Fig. 4. Flow cytometry analysis of mAb binding efficacy to viable prostate cancer cell lines. Single cell suspensions of cell lines that possess
(LNCaP) or lack (PC3) endogenous GCPIl expression were mixed with the tested mAbs. The antibody-antigen complex was subsequently
visualized by phycoerythrin-conjugated secondary antibody followed by flow cytometry analysis. For each measurement, 10,000 events
(gated to analyze only living cells) were processed. A: Graph showing the mean fluorescent intensity (MFI) of each mAb for either LNCaP or
PC3 cells. Each experiment was run in triplicate, and error bars represent the standard deviation. B: A series of histograms for each mAb
showing the population distribution based on the fluorescent intensity. Each histogram was created from a single representative experiment.
The LNCaP population is shown in dark grey and the PC3 population in light grey. The number in the top right corner of each histogram
indicates the percentage of the LNCaP population that has a higher MFI signal than the highest 5% of the PC3 population. This number was
calculated for each measurement (performedin triplicate), and the mean + SEM is presented.
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3E6 because they already have very low 50% satura-
tion values, and their weak signals are likely caused
by their low maximal saturation values.

A quantitative comparison of IHC staining is very
difficult to perform. Nevertheless, it appears that GCP-
02 and GCP-04 provided the strongest signals (see
Fig. 2). The working concentration of mAbs in ITHC
was approximately 70nM. Such a concentration
should, based on the results from ELISA, provide the
maximal saturation signal for all mAbs except
YPSMA-1, YPSMA-2, and 24.4E6. For those mAbs, an
additional increase in concentration should improve
the signal output obtained upon staining. Even though
we showed that many of the tested mAbs also work at
lower concentrations (as low as 0.07 nM for GCP-04),
it should be noted that we analyzed a sample of high-
grade prostate adenocarcinoma with very high expres-
sion of GCPII; the expression will likely be much lower
in other tissues. Therefore, we recommend following
the 50% saturation values determined by ELISA
(concentrations 10-fold higher than the 50% saturation
value should provide the highest signal output) to
estimate an appropriate mAb concentration for THC
experiments.

Interestingly, the mAb 7E11-C5.3 did not provide
any visible staining in our IHC experiments, even
though there is clear and repeated evidence of its
expected “positive” performance throughout the liter-
ature (see references in Table I). To elucidate this result,
we performed an additional experiment with two
different antigen retrieval buffers (acidic and basic).
This experiment showed that even though basic
retrieval buffer slightly improved the staining, 7E11-
(5.3 still provides very weak to no signal (see Fig. S3).
This might indicate that the intracellular epitope of
GCPII was not accessible under our experimental
conditions (perhaps due to the cross-linking with the
surrounding intracellular proteins during the fixation
step by formaldehyde), suggesting that the IHC proto-
col would require additional optimization to work
efficiently for this particular mAb. This result favors
mAbs with epitopes located in the extracellular por-
tion of GCPII (e.g., GCP-04 or YPSMA-1) over 7E11-
(5.3, because these mAbs likely do not require such
stringent and optimized experimental conditions to
work efficiently.

Data from FC experiments are in general agreement
with the estimations made from the ELISA results.
J591, J415, D2B, and 107-1A4 provided the highest
signals and full separation of the GCPII-positive and
GCPII-negative cell populations. 2G7 showed average
separation, which is probably caused by its low
maximal signal value. mAb 7E11-C5.3 did not bind to
viable LNCaP cells because the mAb was likely unable
to access its intracellular epitope in our experimental

setup. Both 24.4E6 and 7E11-C5.3 were also tested in
FC at a higher concentration (100 pg/ml), yielding the
same negative results (data not shown).

Discrepancies in Proposed m Ab Efficacies

Taken together, the results of our quantitative
analysis can be used to estimate mAb efficacy in other
methods. Nevertheless, we observed several examples
of poor data correlation; namely, 7E11-C5.3 efficacy in
IHC and FC, GCP-05 and 24.4E6 efficacy in FC and
YPSMA-1 efficacy in WB. As discussed earlier, 7E11-
C5.3 behaved differently than other tested mAbs
mainly due to its different epitope localization (intra-
cellular vs. extracellular).

GCP-05, which bound to Avi-GCPII weakly in
ELISA, provided very good results in FC experiments.
On the other hand mAb 24.4E6, which showed similar
affinity to Avi-GCPII as GCP-05 in the ELISA assay,
did not work in FC at all. There are at least two
potential explanations for these discrepancies. First,
there is a difference in experimental conditions (e.g.,
working with immobilized antigen in ELISA vs.
working in solution in FC and use of different second-
ary antibodies or different binding buffers). This
problem cannot be overcome and must always be
taken into account. Second, the antigens used for
ELISA and FC originate from different sources. We
performed the ELISA experiments with recombinant
Avi-GCPII protein expressed in insect cells, while FC
was performed with human cell lines. Even though it
has been repeatedly shown that the extracellular
portion of GCPII produced in insect cells is properly
folded, enzymatically active protein [64,67], there is a
difference in the protein‘s post-translational modifica-
tion, namely N-glycosylation, compared to that of its
mammalian counterpart.

There is little information about the epitopes of mAbs
binding to GCPII in native form and therefore we can
only speculate about the influence of N-glycosylation on
the binding of GCP-05. On the other hand, we have
determined the approximate epitopes of mAbs that bind
to denatured Avi-GCPII. As shown in Fig. S4, the
epitope of 24.4E6 does not contain an N-glycosylation
site, and therefore the discrepant results obtained from
ELISA and FC experiments cannot be explained by this
phenomenon. Contrary to 24.4E6 the determined epi-
tope sequences of YPSMA-1, YPSMA-2, and 3E6 contain
Asn residue which is N-glycosylated suggesting that
these three mAbs could bound differently to GCPII
expressed in insect and mammalian cells. However, the
results from WB experiment where both recombinant
Avi-GCPII from insect cells and endogenous GCPII
were detected (see Fig. 1) shows that these mAbs
recognize both forms of GCPII with similar affinity and
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thus N-glycosylation does not play role in the recogni-
tion of GCPII by these mAbs.

Specificity of m Abs Against Different Forms of
GCPIl

Our results suggest that most mAbs recognize
GCPII either in its native or denatured form. The
exceptions are 24.4E6 and 7E11-C5.3 because their
epitopes probably adopt the same conformation
regardless of the GCPII state. Additionally, we
observed binding of ]J591 and D2B to denatured
GCPII, but in comparison to their affinity toward
the native protein, this binding was negligible. We
hypothesize that the process of denaturation in some
methods was incomplete, and a small portion of
the protein (or at least the appropriate antibody
epitope) remained in the native state. This hypothe-
sis is supported by the fact that epitope determina-
tion assays using the panel of synthetic peptides
were inconclusive for J591 and D2B. This would
suggest that these mAbs require some additional
structural motive (secondary structure) for efficient
binding and they do not bind to a single unstruc-
tured polypeptide chain.

On the other hand, 24.4E6 showed very similar
binding to Avi-GCPII in both native and denaturing
ELISA setups. Since for this particular mAb the
amount of immobilized Avi-GCPII was identical
(10ng per well) in both experiments, the incomplete
denaturation of Avi-GCPII in the denaturing ELISA
setup or partial denaturation of Avi-GCPII in the
native ELISA setup would not explain the observed
binding. In addition, the epitope determination assay
provided a positive result for 24.4E6, unlike J591 and
D2B. Both facts support the finding that 24.4E6 can
bind to both the native and denatured forms of
Avi-GCPIL

Results from the epitope determination assay were
also helpful in predicting and validating the cross-
reactivities of the mAbs with close GCPII homologs in
denatured form. In this case, cross-reactivity is exclu-
sively dependent on the protein sequence similarity.
Therefore, it was not surprising to observe cross-
reactivity of 3E6 with mouse Avi-GCPII because the 3E6
epitope sequences of mouse and human GCPII are
identical (see Fig. 54). We can also turn this approach
around and narrow the determined 18 aa epitope for
YPSMA-1 and YPSMA-2, which do not recognize
mouse Avi-GCPIL. Because the only difference between
human and mouse GCPII in this region is Lys482, which
is a GIn residue in mouse GCPII, the epitopes of these
mAbs are likely located around this residue. Interest-
ingly, the determined epitope for YPSMA-1 does not
correspond to the suggested epitope (aa 716-723;
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information taken from Abcam datasheet). To address
this discrepancy, we tested two different batches of
YPSMA-1, from Anogen and Abcam. Both these mAbs
provided identical results in our epitope determination
assay.

Advantages and Disadvantages of the
Comparative Analysis Approach

Finally, we should note that we performed all
qualitative experiments with the same mAb concen-
trations (with the exception of D2B in WB) because we
focused primarily on comparative analysis of the
tested mAbs. The consequence of this approach was
that in some cases we performed an experiment with a
mAb concentration that was too low compared to its
corresponding 50% saturation value (e.g., YPSMA-2 in
WB) and thus did not obtain optimal results.

Additionally, direct comparison of our results with
those presented in the literature is difficult because
use of different instrumentation and protocols can
influence the results. Therefore, we decided to per-
form a large-scale comparative study of anti-GCPII
mAbs rather than characterize only mAbs developed
in our lab. For example, our results do not disprove
the fact that J591 can recognize GCPII with sufficient
sensitivity in WB if the experiment is performed with
a different blotting device or by using a different
blotting membrane or secondary antibody compared
to our WB protocol [2] (in that study, 100 nM J591 was
used). On the other hand, the result suggesting that
J591 works with similar efficacy as GCP-04 in WB as
presented by Wang et al. is quite surprising in light of
our observations [58].

General Remarks on the Lack of Experimental
Details in the Scientific Literature

Because comparative studies of mAbs in this field
are lacking, it is very challenging to compare pub-
lished results and determine their biological and/or
clinical relevance. The situation is further complicated
by the fact that the experimental sections of published
papers often lack sufficient and precise descriptions of
the experimental setups. For example, the amount of
protein sample loaded onto a WB or the exact
concentration of primary antibody used is often not
mentioned in the figure legend or Methods sec-
tion [20,39,48]. Sometimes, even the name of the mAb
is not stated clearly and a generalized denotation, such
as “antibody purchased from Abcam,” is given instead
(Abcam currently provides more than 30 different
mAbs against GCPII) [68].

It is even more complicated for methods such as
IHC or ICC, because these methods can generally be
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performed under either native or denaturing condi-
tions. Therefore, even if the mAb is suggested for use
in IHC or ICC by its manufacturer, the researcher
should always attempt to check the exact experimen-
tal conditions. For example, IHC from frozen tissue
sections is generally thought to visualize antigen in
its native form. But the experimental protocol often
includes fixation with acetone or methanol, which
leads to complete denaturation of the sample and
therefore requires different mAbs for proper visuali-
zation. If these seemingly minor differences are not
stated explicitly, it may lead to confusion. In the case
of YPSMA-1, several manufacturers state that it
works in ICC and IHC-Fr. These methods are
generally thought to visualize native proteins. There-
fore, it is not surprising that some studies used
YPSMA-1 in experimental setups in which GCPII in
native form was targeted, even though based on
our results YPSMA-1 binds solely to denatured
GCPII [10,69].

To avoid such pitfalls, precise description of experi-
mental details is essential. Unfortunately, this is not
the case for many studies, which use mAbs to visualize
GCPIIL. For example, the dilution rather than the
working concentration of 3E6, the most frequently
used mADb for visualizing GCPII in [HC experiments, is
almost exclusively stated in the literature [22,49-51].
Unfortunately, 3E6 is provided as dialyzed supernatant
with its concentration determined by the producer, and
this concentration varies batch-to-batch. For example,
we used two batches of 3E6 (#10041132 and #10067501,
which were provided at concentrations of 283 pg/ml
and 81 pg/ml, respectively) in our study. With such a
difference in concentrations between the batches, it is
not surprising that the dilution of 3E6 used varies from
1:20 to 1:200 in the literature [22,51]. Clearly, in this
case there is no way to calculate the actual working
concentration of 3E6. It is also worth noting that the
customer purchases a volume of supernatant, so the
actual amount of mAb purchased differs for each
batch.

The lack of detailed information regarding exper-
imental procedures may be partially caused by
the ongoing efforts of scientific journals to reduce
the length of published articles as much as
possible; the Materials and Methods sections are
most often the first choice for truncation. Even
though this effort is understandable, it should not
be done at the expense of scientific accuracy. The
authors may try to overcome this issue by provid-
ing a simplified method description in the main text
and full detailed experimental descriptions in the
Supplementary Material (as is already suggested by
some of scientific journals, e.g., Science).

CONCLUSION

We performed a thorough comparative analysis of
13 mAbs against GCPII. We divided them based on
their abilities to bind GCPII in either native or
denatured form and compared their efficacies in basic
molecular biology methods (WB, IHC, and FC). We
believe that our observations will help dissect some of
the discrepancies in the published results and that
they will be useful in helping researchers choose the
most appropriate mAb for their experimental setup.
We also dare to hope that the common inaccuracies in
method descriptions that we pointed out will become
less frequent in the future.
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Abstract: Antibodies are indispensable tools for biomedicine
and anticancer therapy. Nevertheless, their use is compromised
by high production costs, limited stability, and difficulty of
chemical modification. The design and preparation of synthetic
polymer conjugates capable of replacing antibodies in bio-
medical applications such as ELISA, flow cytomertry, immu-
nocytochemistry, and immunoprecipitation is reported. The
conjugates, named “iBodies”, consist of an HPMA copolymer
decorated with low-molecular-weight compounds that function
as targeting ligands, affinity anchors, and imaging probes. We
prepared specific conjugates targeting several proteins with
known ligands and used these iBodies for enzyme inhibition,
protein isolation, immobilization, quantification, and live-cell
imaging. Our data indicate that this highly modular and
versatile polymer system can be used to produce inexpensive
and stable antibody substitutes directed toward virtually any
protein of interest with a known ligand.

The discovery of antibodies specifically targeting biologically
relevant molecules revolutionized the life sciences. Never-
theless, the use of antibodies has several disadvantages, such
as limited stability, difficulty of chemical modification, and
difficulty targeting proteins in mouse models. To address
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these limitations, researchers have developed alternative
molecular recognition tools capable of replacing antibodies
in biomedical research applications (antibody mimetics).
These include affibodies,""! designed ankyrin repeat proteins
(DARPins),? and aptamers.”! Recently, chemically synthe-
sized small molecules that fulfill some functions of antibodies
have been described.® Polymers capable of molecular
recognition of other molecules were described several
decades ago. These molecularly imprinted polymers (MIPs)
are based on structure complementarity with the target
molecules and are used as molecular biosensors and binders.")

We set out to develop novel antibody mimetics based on
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer
conjugates decorated with three different low-molecular-
weight ligands. We chose water-soluble and biocompatible
HPMA copolymers since they have been used for the
development of drug delivery vectors, imaging agents, and
polymer drugs.) The HPMA copolymers are multivalent
synthetic macromolecules that carry a number of reactive
groups that enable covalent attachment of various ligands
such as fluorescent probes, therapeutics, proteins, and oligo-
nucleotides.!”!

Specific recognition, immobilization, and imaging of
a protein of interest require a specific targeting ligand (e.g.,
an inhibitor), an affinity anchor, and an imaging probe
attached to the polymer backbone (Figure 1a). As an affinity
tag, we chose biotin because it can be readily used for high-
affinity immobilization on a variety of commercially available
resins (Figure 1b). As an imaging probe, we chose the
fluorophore ATTO488 (Figure 1c¢). The choice of targeting
ligand depends on the protein of interest; we developed and
tested these antibody mimetics with glutamate carboxypepti-
dase II, HIV-1 protease, pepsin, and His-tagged proteins
(Figure 1d-g). To reflect functional similarity to antibodies
and the use of inhibitors as targeting ligands, we propose the
name iBodies for these polymer conjugates. All prepared
iBodies were characterized in terms of chemical identity and
the content of individual ligands, and their characteristics are
summarized in Table 1 and Table S2 in the Supporting
Information. We assume statistical distribution of the at-
tached moieties, since each ligand terminates with the same
sterically unhindered reactive moiety (-CH,CH,NH,). The
synthesis and characteristics of the conjugates are described
in detail in the Supporting Information.

For developing the technique, we chose human glutamate
carboxypeptidase II (GCPII; also known as prostate-specific
membrane antigen or PSMA). GCPII is a transmembrane
metallopeptidase that is strongly expressed in the brain and

Angew. Chem. Int. Ed. 2016, 55, 2356 -2360
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Figure 1. Structures of the iBodies and their functional modules.

a) HPMA copolymer decorated with functional molecules. b) The
affinity anchor biotin. ¢) ATTO488 fluorophore. d) GCPII inhibitor.

€) HIV-1 protease inhibitor. f) A class-specific inhibitor of aspartic
proteases. g) A nitrilotriacetic acid (NTA)-based ligand for binding the
His-tag.

Table 1: The composition and basic characteristics of the iBodies.

Conjugate Target No.of  No. of No. of K; [nM]
(M,) inhibitor ATTO488 biotin

moieties  units units
iBody 1 GCPIl 19 7 51 0.0043 +0.0005
(148800)
iBody 2 HIV-1 6 - 7 7.9£05
(40600)F  protease
iBody 3 Aspartic 7 - 9 18.9+0.2M
(42100)%  proteases
iBody4  Histag 12 7 46 350,19
(135800)¢  sequence
iBody5 - - 6 4 -
(108100)%
iBody 6 - - - 8 -
(37800)"

[a] M, =number-average molecular weight. For full molecular character-
istics of the conjugates, see Table S2-54 and Figure S8 in Supporting
Information. [b] K; value was determined for wild-type HIV-1 protease.
[c] For iBody 4, a dissociation constant K, is shown instead of an
inhibition constant K.

prostate; its expression is markedly increased in prostate
carcinoma.!®!

The polymer conjugate targeting GCPII (iBody 1, Fig-
ure S1 in the Supporting Information) contains a tight-bind-
ing GCPII inhibitor as a targeting ligand. To avoid steric
hindrance between GCPII and the polymer molecules, the
previously described inhibitor (called compound 22al’!
Table S1) was modified with a PEG, linker to yield com-
pound 1 (Figure 1d). As a negative control, we prepared the
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First, we tested whether iBody 1 inhibits the enzymatic
activity of GCPII and determined K; values for compound 1
and iBody 1 (Figure 2a). Interestingly, attachment of several
molecules of compound 1 to the HPMA copolymer led to
asignificant drop in the K; value [K;(compound 1) =2.0 nm vs.
Ki(iBody 1) =4.3 pm]. This nearly three-order-of-magnitude
decrease in K; can be explained by the synergic effect of
several inhibitor molecules on the polymer scaffold and
increased local inhibitor concentration (19 inhibitor mole-
cules per polymer chain).

The binding of iBody 1 to GCPII was further evaluated by
surface plasmon resonance (SPR), which revealed an
extremely high association rate and a low dissociation rate
(Figure 2b). The dissociation constant (Kp < 20 pM) is com-
parable to that of the tightest-binding anti-GCPII antibodies
available.

To analyze the utility of iBody 1 for visualizing GCPII-
expressing cells, we incubated LNCaP cells (a cell line that
endogenously expresses GCPII) and PC3 cells (which do not
express GCPII) with iBody 1. As controls, we used iBody 5
(which lacks a GCPII inhibitor) and a fluorescently labeled
anti-GCPII  monoclonal antibody 2G7") (mAb 2G7-
ATTO488). iBody 1 and the anti-GCPII mAb bound specif-
ically to LNCaP cells and not to PC3 cells, while iBody 5 did
not bind to either LNCaP or PC3 cells. iBody 1 and the mAb
were taken up into the cells through internalization of
membrane-embedded GCPII as expected."!! Additionally,
binding of iBody1 to LNCaP cells was blocked by 2-
(phosphonomethyl)pentanedioic acid (2-PMPA), a specific
GCPII inhibitor (Figure 2c).

To analyze the potential use of iBodies in flow cytometry,
LNCaP and PC3 cells were first incubated with iBody 1,
iBody 5, or 2G7-ATTO488"! and then analyzed by flow
cytometry. The results indicate that both iBody 1 and the anti-
GCPII mAb specifically recognize GCPll-expressing cells
(LNCaP) and enable their separation from GCPII-negative
cells (PC3). Moreover, iBody 1 and iBody 5 exhibited very
low non-specific binding to PC3 cells, which was approx-
imately 5-fold lower than that of mAb 2G7-ATTO488
(Figure 2d).

Furthermore, we used iBody 1 to isolate GCPII from cell
lysates. iBodies 1 and 5 were immobilized on Streptavidin
Sepharose resin, and GCPII was pulled down from LNCaP
cell lysate (Figure 2¢). An anti-GCPII mAb (J5910%) bound
to Protein G Sepharose was used as a positive control. As
shown by subsequent western blot analysis, the amount of
GCPII immunoprecipitated when using iBody 1 was compa-
rable to that obtained with mAb J591. These findings suggest
that iBodies could also be useful for the isolation of target
proteins from complex biological materials such as tissue
lysates or blood samples.
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Figure 2. Application of iBody 1, which targets glutamate carboxypeptidase Il (GCPII). a) The inhibition potency of iBody 1 in terms of GCPII
hydrolytic activity. b) SPR analysis of iBody 1 binding to immobilized GCPII (K5 <20 pm). c) Confocal microscopy of cells positive (LNCaP) and
negative (PC3) for GCPII expression. Cells were stained with iBody 1; to compare iBody staining with antibody staining, the anti-GCPIl monoclonal
antibody (mAb) 2G7'¥ labeled with ATTO488 (2G7-ATTO488) was used. Binding of iBody 1 to LNCaP cells can be blocked by using 2-PMPA,

a specific GCPII inhibitor. d) Flow cytometry analysis of LNCaP and PC3 cells incubated with iBody 1, iBody 5 (which lacks the targeting module),
or 2G7-ATTO488. ) Western blot analysis of affinity isolation of GCPII from LNCaP cell lysate using iBody 1 or the anti-GCPIl mAb |591. iBody 5,
blank Streptavidin Agarose (NC (SA)), and blank Protein G Sepharose (NC (PGS)) were used as negative controls. rhGCPII is a recombinant
extracellular GCPII. Load = LNCaP cell lysate. f) Sandwich ELISA with the anti-GCPII capture mAb 2G7 and either the biotinylated anti-GCPIl mAb

591 or iBody 1 used as the detecting agent.

Finally, we used iBodies for the quantitative detection of
GCPIL. We employed a sandwich ELISA in which the
detecting anti-GCPII mAb was replaced with iBody 1. The
detection limit was as low as 0.5 pg GCPII; furthermore, the
signal was linear over a nearly three-order-of-magnitude
concentration range (Figure 2 f).

To demonstrate versatility of iBodies, we also developed
iBodies targeting the aspartic proteases HIV-1 and pepsin.
HIV-1 protease plays a crucial role in viral replication™* and
a number of specific inhibitors are available. As aspartic

www.a ngewandte.org
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proteases, both HIV-1 protease and pepsin are also efficiently
inhibited by the peptidic inhibitor pepstatin A"

The polymer conjugate targeted towards HIV-1 protease
(iBody 2: Figure S3) contains compound 2, a specific HIV-1
protease inhibitor derived from the commercially available
inhibitor ritonavir (Figure le). as a targeting ligand. The
analogous iBody 3 (Figure S4) contains compound 3 (Fig-
ure 1f), a derivative of the class-specific aspartic protease
inhibitor pepstatin A, as a targeting ligand. As a negative
control, we prepared the corresponding conjugate lacking an

Angew. Chem. Int. Ed. 2016, 55, 2356 —2360
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inhibitor (iBody 6; Figure S5). We successfully used iBody 2
and iBody 3 to pull down HIV-1 protease from an LNCaP cell
lysate spiked with HIV-1 protease (Figure S7a).

Besides HIV-1 protease, another aspartic protease,
pepsin, was also successfully pulled down from LNCaP
lysate (spiked with pepsin) by using iBody 3 (Figure S7b),
thus showing the general applicability of this iBody. In both
experiments, iBody 6 (which contains only biotin and no
inhibitor) was used as a negative control. This iBody was
unable to pull down either HIV-1 protease or pepsin from an
LNCaP cell lysate (Figure $7a,b).

Finally, the use of iBodies is not limited to enzymes.
Theoretically, iBodies can be designed to target any molecule
of interest for which a ligand is known. To demonstrate this
general principle, we set out to target proteins containing
a polyhistidine tag (His-tag), the most common affinity tag
used for protein purification and visualization. Because the
His-tag is bound by nickel-loaded nitrilotriacetic acid (NTA)
derivatives, we prepared tris-NTA connected to a linker™!
(compound 4, Figure 1g) and subsequently iBody4 (Fig-
ure $6). iBody4 was decorated with the fluorophore
ATTO488 for visualization and biotin for both visualization
and immobilization. As a negative control, iBody 5, which
bears only the fluorophore ATTO488 and biotin, was used.

We compared the sensitivity and specificity of iBody 4
with that of commercially available peroxidase-conjugated
anti-polyhistidine antibody by western blot. iBody 4 exhibited
slightly increased sensitivity and equal specificity in compar-
ison to the commercial antibody (Figure 3a,b). When using
iBody 4, we detected as little as 100 pg of the His-tagged
DNA damage protein 1 (Ddil-His). Additionally, we specif-
ically pulled down the protein from an E. coli lysate (Fig-
ure 3¢). To quantify the binding, we analyzed the interaction
between iBody 4 and Ddil-His by SPR, which indicated K;, =
3.5 nm (Figure 3d).

Our approach has two major advantages. First, the system
is remarkably modular: any compound, functional group, or
tag for any specific purpose can be added to form the final
polymer conjugate. For the targeting of a specific protein with
an iBody, simple replacement of the targeting moiety (the
inhibitor) is sufficient to yield a new specific polymer
conjugate. To some extent, this resembles the concept of
molecularly imprinted polymers (MIPs). MIPs rely on lock-
and-key interaction with the target, which makes them more
suitable for the extraction of target compounds/proteins, even
though the targeting of proteins on the cell surface has been
reported.® Second, the system is truly versatile: a single
iBody can be used for several methods, as we have shown for
GCPIL One potential limitation of the system is the need for
a ligand that specifically binds to the target protein. More-
over, for attachment to the polymer backbone, the ligand
must be modified with a linker that does not significantly
compromise its binding affinity. Nonetheless, if a potent
ligand is known and the attachment of the linker does not lead
to a dramatic loss of potency, the preparation of a specific
iBody is rather straightforward.

In summary, we have developed inexpensive, stable, and
modular synthetic conjugates called iBodies for use as
antibody mimetics. The presented data demonstrate that the

Angew. Chem. Int. Ed. 2016, 55, 2356 —2360
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Figure 3. Application of iBody 4, which targets His-tagged proteins.

a) Comparison of iBody 4 and anti-polyhistidine antibody sensitivity for
the visualization of purified Ddil-His by western blot. b) Comparison
of iBody 4 and the anti-polyhistidine antibody for the visualization of
Ddil-His in a cell lysate by western blot. c) Affinity isolation of Ddil-
His by using iBody 4. iBody 5 (which does not possess the tris-NTA
ligand), and blank resin (NC) were used as negative controls.

MWM =molecular-weight marker. d) Binding of Ddil-His to immobi-
lized iBody 4 as analyzed by SPR.

prepared iBodies targeting various proteins of interest are
efficient substitutes for the corresponding antibodies in
standard immunochemical methods. Overall, iBodies offer
an inexpensive, non-animal-based alternative for antibodies
in biochemical methods involving the isolation and visual-
ization of proteins, cells, and tissues.
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Glutamate carboxypeptidase 1T (GCPII), also known as prostate-specific
membrane antigen (PSMA) or folate hydrolase, is a metallopeptidase
expressed predominantly in the human brain and prostate. GCPII expres-
sion is considerably increased in prostate carcinoma, and the enzyme also
participates in glutamate excitotoxicity in the brain. Therefore, GCPII rep-
resents an important diagnostic marker of prostate cancer progression and
a putative target for the treatment of both prostate cancer and neuronal
disorders associated with glutamate excitotoxicity. For the development of
novel therapeutics, mouse models are widely used. However, although
mouse GCPII activity has been characterized, a detailed comparison of the
enzymatic activity and tissue distribution of the mouse and human GCPIT
orthologs remains lacking. In this study, we prepared extracellular mouse
GCPII and compared it with human GCPIL. We found that mouse GCPII
possesses lower catalytic efficiency but similar substrate specificity com-
pared with the human protein. Using a panel of GCPII inhibitors, we dis-
covered that inhibition constants are generally similar for mouse and
human GCPIIL. Furthermore, we observed highest expression of GCPII
protein in the mouse kidney, brain, and salivary glands. Importantly, we
did not detect GCPII in the mouse prostate. Our data suggest that the dif-
ferences in enzymatic activity and inhibition profile are rather small; there-
fore, mouse GCPII can approximate human GCPII in drug development
and testing. On the other hand, significant differences in GCPII tissue
expression must be taken into account when developing novel GCPII-based
anticancer and therapeutic methods, including targeted anticancer drug
delivery systems, and when using mice as a model organism.

Glutamate carboxypeptidase IT (GCPII; EC 3.4.17.21)
is a membrane metalloprotease that has been studied
intensively over the past 20 years in three different

Abbreviations

scientific fields: neuroscience, prostate oncology, and
dietology. In humans, GCPII is expressed predomi-
nantly in the brain [1.2], prostate [3.4], small intestine

Avi-hGCPII, recombinant extracellular human GCPII; Avi-mGCPII, recombinant extracellular mouse GCPII; GCPII, glutamate carboxypeptidase
II; GCPIII, glutamate carboxypeptidase Ill; NAAG, N-acetyl-L-aspartyl-.-glutamate; PSMA, prostate-specific membrane antigen.
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[5], and kidney [4,6]. Because GCPII plays different
physiological roles in these tissues, three alternative
names for the enzyme have historically been used: N-
acetylated alpha-linked acidic dipeptidase (NAALA-
Dase) [7], prostate-specific membrane antigen (PSMA)
[8], and folate hydrolase [5]. The close GCPII homolog
GCPIII [9.10], recently identified as B-citryl-glutamate
hydrolase [11], is also expressed in human tissues.

In the human central nervous system, GCPII
hydrolyzes the most abundant peptide neurotransmit-
ter, N-acetyl-L-aspartyl-L-glutamate (NAAG), into
N-acetyl-L-aspartate and glutamate [7]. Inhibition of
this proteolytic activity with selective GCPII inhibitors
has been shown to be neuroprotective in experiments
with mouse models [12]: NAAG activation of metabo-
tropic glutamate type 3 receptors exerts neuroprotec-
tive effects toward glutamate-mediated excitotoxicity
caused by elevated levels of glutamate released during
stroke, traumatic brain injury, and other pathological
conditions [13—15]. In addition to the brain, GCPII is
expressed on the human jejunal brush border [5,16],
where it cleaves the terminal glutamates from poly-y-
glutamylated folates, enabling their transport across
the intestinal mucosa (folate absorption) [17]. On the
other hand, the function of GCPII in the human pros-
tate is unknown. GCPII is overexpressed in prostate
cancer [3,18]; therefore, it has been suggested as a
promising target for prostate cancer diagnosis and
treatment using targeted strategies [19-21].

An appropriate animal model is necessary for the
development and testing of novel therapeutics. Mice,
rats, and pigs are among the most promising candi-
dates to become such a model for GCPII research.
Several years ago, our laboratory conducted a study
comparing human GCPII with its porcine and rat
orthologs [22]. The orthologs showed similarity in their
enzymatic properties, but considerable differences in
terms of their tissue distribution [22]. However, mouse
GCPII was not included in the study, even though
mice now are the most widely used preclinical models
for GCPII-targeted research (stroke [12], traumatic
brain injury [23.24], amyotrophic lateral sclerosis [25],
inflammatory, and neuropathic pain [26,27], reviewed
in Refs [13.28]). Therefore, a comparative analysis of
mouse GCPII characterization is needed.

Mouse GCPII shares 91% amino acid similarity
with human GCPII and preserves the internalization
signal MXXXL, despite low similarity in the intracel-
lular domain [29]. Mouse GCPII also possesses both
NAAG-hydrolyzing and folate hydrolase activities
[29]. In contrast to the expression pattern of human
GCPIIL, mouse GCPII is expressed in largest amounts
in the kidney and, surprisingly, is absent in the mouse

Characterization of mouse GCPII

prostate [29]. Results from studies with GCPII-knock-
out mice have been contradictory: some reports have
described normal development to adulthood [9.30] and
others have noted early embryonic death [31,32].

In the current study, we prepared and characterized
recombinant mouse GCPII and compared it with its
human counterpart. We put a strong focus on distribu-
tion of GCPII in mouse tissues, as this information is
highly relevant for the development of novel GCPII-
based anticancer and neuroprotective therapies using
mouse models.

Results

Efficient one-step purification method yields
purified recombinant mouse GCPII (Avi-mGCPII)

As recombinant extracellular human GCPII was
shown to correctly represent the endogenous full-
length GCPII [33,34], we prepared the recombinant
extracellular part of mouse GCPII (Avi-mGCPII)
using a Drosophila S2 expression system, according to
the protocol previously established in our laboratory
[34]. Avi-mGCPII has a TEV cleavable Avi-tag
sequence attached to the N terminus of the mouse
GCPII extracellular domain (amino acids 45-752),
enabling fast one-step purification (Fig. 1A).

Avi-mGCPII was purified from the conditioned
medium of cells stably transfected with Avi-mGCPII
by affinity chromatography based on the biotin—strep-
tavidin interaction [34], yielding 3 mg of pure protein
from 1 L conditioned medium (Fig. 1B).

Mouse GCPII has lower catalytic efficiency than
human GCPII

To characterize the enzyme activity of Avi-mGCPII,
we determined kinetic parameters (Ky and k) for
cleavage of both substrates: N-acetyl-L-aspartyl-L-glu-
tamate (NAAG) and pteroyl-di-L-glutamate (Table 1).
The data revealed that the catalytic efficiency of Avi-
mGCPII is lower than that of its human counterpart.
The enzymes had similar turnover numbers but dif-
fered in their Ky; values. The differences were more
pronounced for pteroyl-di-L-glutamate than for
NAAG. Surprisingly, both enzymes had higher cat-
alytic efficiencies for cleavage of pteroyl-di-L-glutamate
than for NAAG (Table 1).

Furthermore, to analyze the inhibition profile of
Avi-mGCPII, we determined K; values for several
commonly used GCPII inhibitors (using pteroyl-di-L-
glutamate as a substrate). The set of GCPII inhibitors
included 2-(phosphonomethyl)pentanedioic acid
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Fig. 1. Schematic structure of Avi-mGCPIl and affinity purification. (A) Schematic structure of Avi-mGCPIl containing an Avi sequence (the
biotinylated lysine residue is enlarged and underlined) and TEV protease cleavage sequence (the cleavage site is marked with an asterisk).
(B) Silver-stained SDS/PAGE gel showing affinity purification of Avi-mGCPIl expressed in Drosophila 52 cells. MWM, molecular weight
marker; load, concentrated S2 cell medium; FT, flow-through; W1-W3, wash fractions; E1-E4, elution fractions. Ten microliter samples was
loaded onto the gel, except for the E2 fraction (1 uL was loaded)

Table 1. Kinetic parameters of recombinant mouse and human GCPIl {Avi-mGCPIl and Avi-hGCPII, respectively) for their substrates. Kinetic
parameters (K, and k., of M-acetylL-aspartyl-.-glutamate (NAAG) and pteroyldi--glutamate cleavage were determined using

radioenzymatic [34] and HPLC assays [39], respectively. The values shown are mean + standard deviation of duplicate measurements.

NAAG Pteroyl-di--glutamate
Enzymes K [l keat 571 kead Kop 1 107 571 M) Kua [nma] Koot [571] Keal Kop [ 107 571 m]
Avi-mGCPI 1900 + 100 1.44 £ 0.02 0.077 £ 0.001 290 + 20 3.63 £ 0.09 1.26 £ 0.08
Avi-hGCPII 550 + 60 1.45 £+ 0.04 0.265 + 0.007 3942 5.09 + 0.09 132 +£08

(2-PMPA) [35], (S)-2-(3-((S)-1-carboxy-3-methylbutyl)
ureido)pentanedioic acid (ZJ-43) [36], (5)-2-(3-((S)-1-
carboxy-(4-iodobenzamido)pentyl)ureido)pentanedioic
acid (DCIBzL) [37], quisqualate, DKFZ-PSMA-11
[38]. and beta-citryl-L-glutamate (Table 2). We also
tested three compounds recently prepared in our labo-
ratory: JB-352 and JB-277 (originally reported as com-
pounds 3 and 22a [39]) and JS-686 (originally
compound 7 [40]).

Mouse and human GCPII exhibit similar
substrate specificities

To obtain information about the substrate specificity
of Avi-mGCPII, we screened 19 different dipeptide
libraries of the general formula N-Ac-A-X [where A
represents a given single N-terminal amino acid and X
represents a mixture of 19 proteinogenic amino acids
(all except for cysteine)]. The N-acetylated dipeptide
libraries were incubated with the enzymes, and the
cleaved amino acids were analyzed by HPLC [41]. As
a negative control, the potent and selective GCPII
inhibitor 2-PMPA was used to block the specific
enzyme activity.

Overall, we found no significant differences in
hydrolysis of dipeptide substrates between mouse and

human GCPII, as illustrated by heat maps showing
mouse and human GCPII processing of individual N-
acetylated dipeptides (Fig. 2). The enzymes exhibited a
clear preference for glutamate in the C-terminal posi-
tion (i.e., glutamate carboxypeptidase activity); mouse
GCPII possesses higher selectivity toward the C-term-
inal glutamate.

GCPIl is highly expressed in mouse kidney, brain,
and major salivary glands

To analyze GCPII distribution in mouse tissues, we
collected tissues samples from six mice (three
females and three males) and analyzed them by
western blot using the anti-GCPII antibody GCP-04
[2.42].

Mouse GCPII was expressed predominantly in the
mouse kidney and brain (Fig. 3)., which is in agree-
ment with previous data [9]. Interestingly. we observed
high and variable expression in the mouse major sali-
vary glands. The different apparent molecular weights
are likely caused by different glycosylation of GCPII
in the tissues.

We also determined the NAAG-hydrolyzing activity
in the tissue lysate samples using tritium-labeled
NAAG as a substrate and compared these results with

1364 FEBS Open Bio 7 (2017) 1362-1378 ® 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

121



122

T. Knedlik et al Characterization of mouse GCPII

Table 2. Inhibition of recombinant mouse and human GCPIl (Avi-mGCPIl and Avi-hGCPII, respectively) by a panel of GCPIl inhibitors.
Inhibition constants (K; values) were determined using an HPLC-based assay using pteroyl-di--glutamate as a substrate. The values shown
are mean + standard deviation of duplicate measurements.

Compound Ki (Avi=mGCPII) (nna) K; (Avi-hGCPII) {nn)
Quisqualate o 580 + 60 520 + 80
HaH, 0-‘{“
Rand
2-PMPA Ho_ @ 0.56 + 0.05 0.26 + 0.03
HO
HO. O
Z2J-43 HO_ .0 59+ 09 0.58 + 0.07
o
HO, 'HJLH a
JB-352 HO, 0 0.66 + 0.06 0.17 £ 0.04
(o] OoH
L
e NJLN NJK
H H H
B-citryl-L-glutamate 24 000 + 3000 16 000 + 5000

HO, o
HO, o
o
HO. ..
OoH
DClIBzL Ha,_ .9 0.028 + 0.003 0.017 + 0.002

o, _OH
i i/\/\ i
HO, ., i
g A "
H H H
1

JB-277 Ho. 2@ 0.68 + 0.07 0.05 + 0.02

o]

e Hi:[/\/\ui

Br

DKFZ-PSMA-11 Ho. .0 0.10 +£ 0.01 0.018 + 0.002

J5-686 HO 20 0.049 + 0.005 0.021 + 0.004
HO___.0O
o o
e "'N)I\Nﬁ\/\n =
H H I N/ ﬁ
( ]d N

Br

the data obtained by western blot analysis. Recombi- converted to amounts of GCPII, which were then nor-
nant mouse GCPII was used as a standard, and the malized to the total protein concentrations in the
observed levels of NAAG-hydrolyzing activity were homogenates (Fig. 4).
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Fig. 2. Heat maps representing the substrate specificities of mouse and human GCPIl. Recombinant mouse and human GCPIl (Avi-mGCPII
and Avi-hGCPII, respectively) were incubated with 19 dipeptide libraries of the general formula M-Ac-A-X-OH [where A represents a given
single N-terminal amino acid and X represents a mixture of 19 proteinogenic amino acids f(all except for cysteine)]. The samples were
incubated for 1.5 h at 37 °C, and the cleaved C-terminal amino acids were quantified using HPLC. As negative controls, experiments either
with the GCPll-specific inhibitor 2-PMPA or without Avi-mGCPII/Avi-hGCPIl were performed. The grayscale key represents the percentage

of conversion of the particular amino acid in the reaction mixture.

The results confirmed high expression of GCPII in
the kidney, brain, and major salivary glands. We did
not detect GCPII in the mouse prostate (Fig. 4).

To further examine the location of GCPII in the
highly expressing tissues, we performed immunohisto-
chemistry using the anti-GCPII antibody GCP-04
[2.42]. We found relatively high expression in the white
matter in the brain, on luminal side of proximal
tubules in the kidney and in the abluminal cells in the
major salivary glands (mainly in the sublingual gland)

(Fig. 5).

mRNA expression profile differentiates GCPIl and
GCPIIl expression levels in mouse tissues

The GCP-04 antibody cross-reacts with GCPIII, which
also cleaves NAAG [11,43]. Therefore, we decided to
further analyze the tissue distribution of both homo-
logs by quantitative RNA determination (qPCR). For
these analyses., we used either commercially available
panels of mouse tissue cDNA libraries (Fig. 6A) or
c¢DNA libraries prepared from mouse tissues (female 1
and male 1; Fig. 6B.C).

The results from commercial cDNA libraries repre-
sent the average tissue distribution of both transcripts

in the mouse population. Each library was pooled
from several hundred mice and normalized by the ven-
dor to several different housekeeping genes (beta-actin,
G3PDH, phospholipase A2, and ribosomal protein
S29). The highest expression of mouse GCPII mRNA
was in the kidney, brain, and testis, while mouse
GCPIII mRNA was predominantly expressed in the
testis, heart, lung, and skeletal muscle (Fig. 6A).

To gain insight into expression of both transcripts
in individual mice, we also quantified mRNA tran-
scripts in cDNA libraries prepared from mouse tissues
dissected from one female and one male mouse. The
results were normalized to the starting amount of total
RNA and are in good agreement with findings from
the pooled libraries (Fig. 6B.C).

Discussion

GCPII is a potential pharmaceutical target for a num-
ber of pathological conditions caused by glutamate
excitotoxicity in the central nervous system, including
stroke and traumatic brain injury. Moreover, GCPII
has been intensively studied as a target for diagnosis
and treatment of prostate cancer, as it is overexpressed
in the malignant prostate. In last two decades, a large
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Fig. 3. Western blot analysis of GCPII
expression in a panel of mouse tissues.
Mouse tissue samples (from three males
and three females) were homogenized,
and lysates were resolved by SDS/PAGE
(50 pg of total protein per lane). Mouse
GCPIl was visualized using the anti-GCPII
primary antibody GCP-04 [2] and HRP-
conjugated goat anti-mouse secondary
antibody.

Fig. 4. GCPIl expression in mouse tissues
determined by radioenzymatic assay. The
amount of GCPIl in mouse tissues was
determined by radioenzymatic assay using
[PHINAAG as a substrate and recombinant
mouse GCPII (Avi-mGCPIl) as a standard.
Each tissue sample was measured in
duplicate using 1-50 pg total protein in the
reaction; the amount of mouse GCPIl was
normalized to total protein concentration
(ng GCPIl per mg total protein). The assay
was performed with the same tissue
samples used in the western blot analysis.
*Not determined (adrenal gland: sample
M1; eye: sample F1).
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GCP-04
+ secondary Ab

Brain
(cerebellum) %

Sublingual
gland

Parotid
gland

number of papers have been published describing
novel GCPII inhibitors acting as neuroprotective drugs
[28.44] and GCPII inhibitor-based tools for imaging
and/or treating prostate cancer [19,20.45-47]. Most of
these compounds and methods were evaluated using
mouse models. However, there has been no direct
comparison of mouse and human GCPII, which would
provide important information to assess the usefulness
of such mouse models. Therefore, we set out to per-
form a systematic and detailed study to compare the
enzymatic properties of mouse and human GCPIIL, as
well as tissue distributions on both the mRNA and
protein levels.

We expressed the recombinant extracellular part
of mouse GCPII with an N-terminal Avi-tag
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Secondary Ab
only

Fig. 5. Immunohistochemical staining of
chosen mouse tissue sections. Formalin-
fixed, paraffin-embedded mouse tissue
sections were incubated with anti-GCPII
antibody GCP-04 (at 10 pug-mL~"
concentration) to visualize and localize
mouse GCPIl expression [42]. (A) Brain
(cerebellum): positive choroid plexus,
stratumn granulare, white matter. (B)
Kidney: positive luminal side of proximal
tubules, Bowman capsule; little
crossreactivity of secondary anti-mouse
antibody with capillaries and blood vessels
could be seen in the negative control.

(C) Sublingual gland: positive staining of
abluminal cells (probably myoepitelial
cells). (D) Submandibular gland: faint
staining of intercallated ducts and some
non-glandular abluminal cells. (E) Parotid
gland: faint staining of some non-glandular
abluminal cells

(Avi-mGCPII), which enables fast and efficient one-
step purification [34]. Even though GCPII is a trans-
membrane enzyme, its extracellular domain is the
catalytically active portion and correctly represents
endogenous full-length GCPII [33]. To compare the
enzymatic properties of mouse and human GCPII, we
analyzed the cleavage of their substrates: N-acetyl-L-
aspartyl-L-glutamate (NAAG). which is cleaved by
GCPII in the brain, and pteroyl-di-i-glutamate, which
is a model substrate for poly-gamma-glutamylated
folates hydrolyzed by GCPII in the small intestine.
Because mouse and human GCPII have high sequence
similarity (86% identity and 97% similarity in the
extracellular part; Fig. 7), we did not expect to find
any significant differences in their enzymatic
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properties. In fact, we found that while the enzymes
are quite similar in NAAG-hydrolyzing activity, there
is an order-of-magnitude difference in their catalytic

FEBS Open Bio 7 (2017) 1362-1378 @ 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

126

efficiencies for cleavage of pteroyl-di-L-glutamate. This
difference lies in the Ky values of mouse and human
GCPII (290 vs. 39 nm for pteroyl-di-L-glutamate and
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Human GCPII (1) MWNLLHETDSAVATARRPRWLCAGALVLAG-GFFLLGFLFGWFIJKSSNEAT-
Mouse GCPII (1) MWNALODRDSAEVLGHRQRWLRVGTLVLALTGTFLIGFLFGWF IKPSNEATG

Human GCPII (51) WITPKHNMKAFLDELKAENIKKFLYNFTQIPHLAGTEQNFOLAKQIQSQWKE
Mouse GCPII (53) WMSHSGMKKEFLHELKAENIKKFLY(NFTRTPHLAGTONNFELAKQIHDQWKE

Human GCPII (103) FGLDSVELAHYDVLLSY THPNYISIINEDGNEI E@TSLFEPPPPGY
Mouse GCPII (105) FGLDLVELSHYDVLLSY THPNYISIINEDGNEIFKTSLSEQPPPGY

Human GCPII (155) SDIVPPESAFS PQGMPEGDLVYVNYARTEDFFKLERDMKI@SGKIVIARYG
Mouse GCPII (157) SDMVPPY¥SAFSPQGTPEGDLVYVNYARTEDFFKLEREMKISCSGKIVIARYG

oo @
Human GCPII (207) KVFRGNKVEKNAQLAGAKGMILYSDPADYFAPGVKSYPDGWNLPGGGVQRGNT
Mouse GCPII (209) KVFRGNMVKNAQLAGAKGMILYSDPADYFVPAVKSYPDGWNLPGGGVQRGNYM

Human GCPII (259) LNLNGAGDPLTPGYPANE¥AYRRGIAEAVGLPSIPVHPIGYYDAQKLLEKMG
Mouse GCPII (261) LNLNGAGDPLTPGYPANEHAYRHELTNAVGLPSIPVHPIGYDDAQKLLEHMG

Human GCPII (311) GSAPPDSSWRGSLKVPYNVGPGFTANFSTQKVKMHIHSTNEVTRIYNVIGTL
Mouse GCPII (313) GPAPPDSSWKGGLKVPYNVGPGFAGNFSTQKVKMHIHSYTKVTRIYNVIGTL

O [ J
Human GCPII (363) RGAVEPDRYVILGGHRDSWVFGGIDPQSGAAVVHEIVRSFGTLKKEGWRPRR
Mouse GCPII (365) KGALEPDRYVILGGHRDAWVFGGIDPQSGAAVVHEIVRSFGTLKKKGRRPRR

@ O
Human GCPII (415) TILFASWDAEEFGLLGSTEWAEENSRLLQERGVAYINADSSIE TLRVDC
Mouse GCPII (417) TILFASWDAEEFGLLGSTEWAEEHSRLLOERGVAYINADSSIE TLRVDC

@
Human GCPII (467) TPLMYSLVHNLTKELKSPDEGFEGKSLYESWTKKSPSPEFSGMPRISKLGSG
Mouse GCPII (469) TPLMYSLVYNLTKELQSPDEGFEGKSLYDSWKEKSPSPEFIGMPRISKLGSG

O L @O
Human GCPII (519) NDFEVFFQRLGIASGRARY TKNWETNKFSGYPLYHSVYETYELVEKFYDPMF
Mouse GCPII (521) NDFEVFFQRLGIASGRARY TKNWKTNKVSSYPLYHSVYETYELVVKFYDPTF

Human GCPII (571) KYHLTVAQVRGGMVFELANSIVLPFDCRDYAVVLRKYADKIYSISMKHPQEM
Mouse GCPII (573) KYHLTVAQVRGAMVFELANSIVL PFDCQSYAVALKKYADTIY@I SMKHPQEM

Human GCPII (623) KTYS¥SFDSLFSAVKNFTEIASKFSERLODFDKSNPIMLRMMNDQLMELERA
Mouse GCPII (625) KAYMISFDSLFSAVNNFTD¥ASKFNQRLOQELDKSNPILLRIMNDQLMY¥LERA

o
Human GCPII (675) FIDPLGLPDRPFYRHMIYAPSSHNKYAGESFPGIYDALFDIESKVDPSKAWG
Mouse GCPII (677) FIDPLGLPGRPFYRHEIYAPSSHNKYAGESFPGIYDALFDI SSK\@ASKHWN

Human GCPII (727) EVKRQIYMAAFTVQAAAETLSEVA
Mouse GCPII (729) EVKRQISIATFTVQAAAETLREVA

Fig. 7. Sequence alignment of the mouse and human GCPIl proteins. Identical amino acid residues are highlighted in yellow, similar
residues in green, and different residues in white. A blue frame marks the internalization signal MX>XXxL [54], and a black frame corresponds
to predicted GCPII transmembrane domain (predicted by TMHMM Server v. 2.0). Black circles denote potential N-glycosylation sites ("N-X-5/
T'). Green spheres: residues defining the 51’ pocket [49]; red spheres: residues forming the 51 pocket [48], purple sphere: proton shuttle
catalytic base [55]; blue spheres: zinc ligands [56,57].
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1900 vs. 550 nm for NAAG). Their turnover numbers
are quite similar (3.6 vs. 5.1 s~ and 1.4 vs. 1.5 s,
respectively) (see Table 1). Slightly surprisingly, our
data revealed that the catalytic efficiency of NAAG
cleavage by mouse and human GCPII is significantly
lower than that of pteroyl-di-L-glutamate cleavage
(20-fold and 50-fold, respectively) (see Table 1).

Additionally, we analyzed the inhibition profile of
Avi-mGCPII using several GCPII inhibitors com-
monly used in research, including 2-PMPA, ZJ-43,
DCIBzL, DKFZ-PSMA-11, and quisqualate. We also
tested several other inhibitors that were prepared in
our laboratory. Generally, we did not observe consid-
erable differences in the K; values obtained for mouse
and human GCPII. However, inhibitors ZJ-43 and JB-
277 were exceptions; the K; values for Avi-mGCPII
were 10-fold higher (Table 2). Both compounds belong
to the urea-based group of GCPII inhibitors, together
with DCIBzL. Surprisingly, the K; value of DCIBzL
was identical for both enzymes. As seen in Fig. 7,
mouse and human GCPII are highly similar and key
amino acid residues participating in substrate binding
and hydrolysis are identical [48-50]. Thus, in the
absence of an experimentally determined structure of
mouse GCPII, it is difficult to explain the observed
differences in inhibitor binding and catalytic efficiency.

Next, we assessed the substrate specificity of Avi-
mGCPII. We screened dipeptide libraries covering
almost all N-acetylated dipeptide substrates. not includ-
ing cysteine-containing dipeptides. Unsurprisingly,
mouse GCPII exhibited a strong preference for gluta-
mate in the P1’ position, cleaving almost any dipeptide
with a C-terminal glutamate (i.e.. glutamate car-
boxypeptidase activity). It also cleaves dipeptides with
methionine in the P1’ position and an acidic amino acid
(aspartate or glutamate) in the PI position. Dipeptides
containing any other C-terminal amino acid were not
hydrolyzed by mouse GCPII. The substrate specificity
of mouse GCPII thus seems to be even more pro-
nounced than that of the human enzyme (Fig. 2).

In addition to the enzymatic properties of mouse
GCPIL, its tissue distribution is a relevant aspect both
to understand the physiological function of the enzyme
and to assess the use of mouse models for targeted
drug delivery and GCPII inhibition experiments.
Therefore, we set out to elucidate GCPII expression in
mouse tissues. To see individual differences, we col-
lected tissue samples from six mice (three females and
three males).

To assess GCPII expression on the protein level, we
prepared mouse tissue lysates and detected mouse
GCPII by western blot using the anti-GCPII antibody
GCP-04, which was raised against human GCPII

Characterization of mouse GCPII

[2.42]. Because GCP-04 recognizes a linear epitope in
the GCPII primary structure (amino acids 100-104:
WKEFG [22]), which is conserved in the mouse GCPII
sequence, the antibody can be used for selective and
sensitive detection of mouse GCPII as well. We con-
firmed very high expression of GCPII in the mouse
kidney and high expression in the mouse brain, which
is in agreement with high GCPII expression in the cor-
responding human tissues [22]. Furthermore, we
observed high expression of GCPII in the mouse
major salivary glands. Relatively high variability
among individual samples of major salivary glands is
probably caused by close association of salivary glands
that are macroscopically quite similar. This makes the
proper dissection of topographically complicated ven-
tral cervical region particularly cumbersome and might
lead to cross-contamination. Therefore, we localized
GCPII expression by immunohistochemistry using
anti-GCPII antibody GCP-04. We observed GCPII
expression in all three salivary glands (sublingual, sub-
mandibular, and parotid): however, GCPII is
expressed predominantly in the sublingual gland, while
the expression in the submandibular and parotid
glands is lower (Fig. 5).

Mouse prostate contains negligible levels of GCPII,
which is consistent with previous findings [9] and in
contrast with human prostate, which expresses large
amounts of GCPII [6,22,51]. Additionally, as human
and mouse prostates differ considerably in their mor-
phology., we dissected a mouse prostate into its indi-
vidual parts (anterior, dorsal, and lateral prostate) and
searched for potential GCPII expression in each part
separately. Nevertheless, we did not detect GCPII
expression in any of the tested parts of mouse pros-
tate. Our data suggest that GCPII might also be
absent in the mouse jejunum, a tissue where human
GCPII cleaves off glutamates from glutamylated
folates [17]. Rat jejunum and ileum were shown not to
contain GCPII, in contrast to the corresponding
human tissues, which express large amounts of GCPII
[22]. Folates in rat intestine are hydrolyzed by y-gluta-
myl hydrolase, not GCPII [52], and the situation in
mice may be thus similar.

Furthermore, we verified GCPII tissue distribution
obtained by western blot analysis by quantification of
NAAG-hydrolyzing activity in mouse tissues. The
activity-based GCPII expression profile correlated well
with the western blot results, confirming strong GCPII
expression in the mouse kidney, brain, and salivary
glands and no expression in mouse prostate and
jejunum.

GCPIII is a close GCPII homolog found both in
humans and in mouse. The GCP-04 antibody also
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recognizes GCPIII but is roughly 10-fold less sensitive
toward GCPIII than toward GCPII [42]. Moreover,
GCPIII also hydrolyzes NAAG. although with a lower
catalytic efficiency [10,11.43]. Therefore, GCPII distri-
bution in mouse tissues obtained by western blot anal-
ysis with GCP-04 and activity assay based on NAAG
hydrolysis could be distorted by a high amount of
GCPIII and low amount of GCPII in a particular tis-
sue. Because there is no specific antibody against
GCPIII, we explored GCPII/GCPIII expression in
mouse tissues on the mRNA level to differentiate
between the two homologs. We quantified GCPII and
GCPIII transcripts in both commercially available
mouse tissue ¢cDNA libraries and cDNA libraries we
prepared from isolated mouse tissues (Fig. 6). Taking
these qPCR data into account, GCPIII appears to be
the source of the NAAG-hydrolyzing activity in the
mouse ovary, uterus, and heart. GCPIII was most
strongly expressed in the testis but was accompanied
by rather high quantities of GCPIL.

To conclude, we prepared and characterized
recombinant mouse GCPII and compared it with
human GCPII. We found that the differences in
enzymatic activity, inhibition profile, and substrate
specificity between mouse and human GCPII are
rather small; therefore, mouse GCPII can serve as a
suitable substitute for human GCPII in enzymologi-
cal studies.

Due to the observed lack of GCPII expression in
the mouse prostate, mouse might not seem to be an
ideal model for the development of prostate cancer
diagnostic/therapeutic agents. However, most such
studies employ human tumor xenografts in mouse
models. For this purpose, mice are generally suitable,
because the distribution of GCPII in other tissues is
quite similar to that in humans. Therefore, mouse
GCPII appears to be a good model for the develop-
ment of GCPII-targeted drugs for treatment of pros-
tate cancer and neuronal disorders.

Experimental procedures

Cloning of mouse GCPIl (Avi-mGCPII)

The pIRES/mGCPII plasmid encoding full-length mouse
GCPII (amino acids 1-752) was a kind gift from
Warren Heston (Cleveland Clinic, USA).

Because the sequence contained two conflicts compared
to the annotated mouse GCPII sequence, we performed
site-directed mutagenesis to remove them (G240A and
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and the primers 5-catgagtigacaAACectgtiggeette-3' and
§'-gaaggecaacageGTTtgteaacteatg-3'  to remove  the
sequence conflict at position 287 (changed deoxyribonu-
cleotides are underlined, changed codons capitalized). The
mutagenesis was carried out according to the manufac-
turer’s protocol (QuikChange™ Site-Directed Mutagenesis;
Stratagene, San Diego, CA, USA).

Then, the sequence corresponding to the extracellular
part of mouse GCPII (amino acids 45-752) was amplified
by PCR using primers 5'-aaaagatctaaaccttccaatgaagctactgg-
3’ and ¥-aaactcgagttaagetactteccteagagte-3' (restriction sites
introduced into the sequence are underlined: the primers
introduced a Bgl/ll site at the 5" end and an Xhol site at the
3" end). The resulting DNA fragment was cleaved
with Bgl/ll and Xhol and ligated into pMT/BiP/AviTEV/
rhGCPII plasmid [34] cleaved with the same endonucle-
ases. The correct sequence of the resulting plasmid pMT/
BiP/Avi-mGCPII was verified by DNA sequencing.

Transfection of Drosophila S2 cells and
expression of Avi-mGCPII

Drosophila S2 cells expressing BirA biotin-protein ligase
localized in the endoplasmic reticulum (described in Ref.
[34]) were used to prepare stable Avi-mGCPII transfec-
tants. The cells were transfected using Calcium Phosphate
Transfection Kit (Invitrogen, Waltham, MA, USA) with
9 pg of pMT/BiP/Avi-mGCPII together with 0.5 pg of
pCoBlast (Invitrogen), as previously described [10]. The
transfected cells were cultivated in the presence of both
blasticidin (5 pg-mL~", Invitrogen) and hygromycin B
(300 ug-mL_]; Invitrogen).

To express Avi-mGCPII, approximately 2 x 10° stably
transfected cells was transferred into a 35-mm Petri dish
supplemented with 2 mL SF900II medium (Invitrogen).
The following day, protein expression was induced by add-
ing CuSO, (Sigma-Aldrich, St. Louis, MO, USA) to a final
concentration of 1 mm. After three days, cells were har-
vested by centrifugation, and the medium was analyzed by
western blot.

The large-scale expression of Avi-mGCPII was per-
formed as previously described [33]. The final volume of
cell suspension was 1000 mL.

Purification of Avi-mGCPII

Purification of Avi-mGCPII was performed as previously
described [34]. Briefly, cell medium (1000 mL) containing
secreted biotinylated Avi-mGCPIT was centrifuged at
3400 g for 45 min. Then, it was concentrated 10-fold using
a LabScale TFF System (Merck Millipore, Billerica, MA,
USA) with a Pellicon® XL 50 Cassette, Biomax 100. The

E287N). The primers 5'-getgactactttgtteetGCGgtgaagte concentrated medium was centrifuged again at 3400 g for
ctatcc-3' and §'-ggataggacticacCGCaggaacaaagtagtcage-3' 20 min and equilibrated with 300 mm Tris/HCL, 450 mm
were used to remove the sequence conflict at position 240, NaCl, pH72 in a 2:1 ratio. The equilibrated
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concentrated Avi-mGCPII medium was then mixed with
I mL Streptavidin Mutein Matrix (Roche, Basel, Switzer-
land) and incubated with gentle shaking at 6 °C for 15 h.
Afterward, the resin was washed with 50 column volumes
of 100 mm TrsfHCL, 150 mm NaCl, pH 7.2. Bound
biotinylated proteins were eluted with 5 mL of 100 mwm
Tris/HCI, 150 mm NaCl, 2 mm D-biotin, pH 7.2, in five
consecutive elution fractions (after the first elution fraction,
the resin was incubated with elution buffer for 1 h). After
regeneration of the resin, the flow-through fraction was
again mixed with the resin, and the purification procedure
was repeated.

Determination of kinetic parameters by
radioenzymatic assay

Kinetic parameters (Ky and k.,) of N-acetyl-L-aspartyl-
L-glutamate (NAAG) cleavage by Avi-mGCPII were
determined as previously described [34], with a minor modi-
fication: The reactions were performed in a 96-well plate,
and appropriate amounts of Avi-mGCPII were mixed with
25 mm Bis-Tris propane, 150 mm NaCl, 0.001% octaethy-
lene glycol monododecyl ether (Affymetrix, Santa Clara,
CA. USA). pH 7.4

Determination of kinetic and inhibition constants
by HPLC

Kinetic parameters (Ky and k.,,) of pteroyl-di-L-glutamate
cleavage by Avi-mGCPIL as well as K; values for all inhi-
bitors, were determined as previously described [39]. Briefly,
in a 96-well plate, Avi-mGCPII was mixed with 25 mm Bis-
Tris propane, 150 mm NaCl, 0.001% octaethylene glycol
monododecyl ether (Affymetrix), pH 7.4 (and tested inhibi-
tor, if used), into a final volume of 90 pL. Reactions were
started by adding 10 pL of 4 pm pteroyl-di-L-glutamate
and incubated at 37 °C for 20 min. The reactions were
stopped with 20 pL of 25 pm 2-PMPA and subsequently
analyzed on an Agilent 1200 Series system using an
Acquity UPLC HSS T3 1.8 pm column (2.1 x 100 mm;
Waters, Milford, MA, USA).

Animals and tissue isolation

Six C57BL/GJ mice (three males (M) and three females
(F)) were sacrificed by cervical dislocation with agreement
of the local ethical commission. The ages of the mice were
as follows: M1: 5 months: M2: 8 months; M3: 12 months;
F1: 8 months; F2 and F3: 12 months. Samples of tissues
(for preparation of tissue lysates) were immediately trans-
ferred into microtubes and frozen at —80 °C. Samples of
tissues (for qPCR quantification) were immediately trans-
ferred into RNAlater, impregnated with it for 2 days at
4 °C, and then stored at —80 °C.

Characterization of mouse GCPII

Tissue lysate sample preparation

A small piece of tissue (approx. 30 mg) was transferred
into 250 pL of 50 mm Tris/HCI, 100 mm NaCl, pH 7.4, in
a 2-mL microtube. Tissue samples were homogenized
using TissueLyser II (30 Hz, 3 min). The homogenates
were then diluted with 250 pL of the lysis buffer.
Octaethylene glycol monododecyl ether (Affymetrix) was
added to reach 1% final concentration, and the homoge-
nate was sonicated in a water bath for 5 min at 0 °C.
Finally, the samples were centrifuged at 600 g for 15 min,
and the resulting supernatant was stored at —80 °C until
further wuse. The lysate protein
determined using Bradford 1 x Dye Reagent (Bio-Rad,
Hercules, CA, USA).

concentration was

Radioenzymatic determination of NAAG-
hydrolyzing activity in mouse tissues

The determination of NAAG-hydrolyzing activity in
mouse tissues was performed as previously described [53].
A sample of tissue lysate was mixed with 20 mm Tris/
HCIL, 150 mm NacCl, 0.1% Tween 20, pH 7.4, to a final
volume of 90 pL. Reactions were started by adding
10 pL of 1 pm NAAG (containing 50 nwm tritium-labeled
NAAG). and incubated at 37 °C for 15 h. The reactions
were stopped with 100 puL of ice-cold 200 mm KH,PO,,
2 mMm 2-mercaptoethanol, pH 7.4. The released glutamate
was separated from the unreacted substrate using ion-
exchange AGI1-X resin (Bio-Rad). The radioactivity of
the sample was quantified by liquid scintillation using the
Rotiszint ECO Plus scintillation cocktail (Roth) in a
Tri-Carb Liguid Scintillation Counter (Perkin-Elmer,
Waltham, MA, USA). The samples were measured in
duplicate.

SDS/PAGE and western blotting

Protein samples were resolved by reducing SDS/PAGE.
Proteins were electroblotted onto a nitrocellulose mem-
brane (wet blotting: 100 V/1 h). After blotting, the mem-
brane was blocked with 0.55% (w/v) casein solution in
PBS (Casein Buffer 20X-4X Concentrate, SDT, Baesweiler,
Germany) at room temperature for 1 h. To visualize
GCPII, the blots were probed with the antibody GCP-04
(described in [2]) for 12 h at 4 °C (200 ngme_l; diluted
in 0.55% casein solution), washed three times with PBS
containing 0.05% Tween 20 (PBST buffer), and incu-
bated with goat anti-mouse antibody conjugated with
horseradish peroxidase (Thermo Scientific, Waltham, MA,
USA; diluted in 0.55% casein solution, 1 : 25 000). The
blots were then washed three times with PBST to remove
unbound antibodies and developed with SuperSignal West
Femto Chemiluminescent Substrate (Thermo Scientific).
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Chemiluminescence was captured with a ChemiDoc-It™
600 Imaging System (UVP, Upland, CA, USA).

Immunohistochemistry

Immunohistochemistry was performed according to the
protocol described previously using anti-GCPII antibody
GCP-04 [2] with minor modifications [42]. Briefly, after
standard histological processing (fixation, dehydration,
embedding into paraffin, cutting, paraffin removal, rehydra-
tion), heat antigen retrieval was performed using 10 mm
sodium citrate, 0.1% Tween 20, pH 6.0 buffer and heating
to 110 °C for 15 min in an autoclave. Afterward, samples
were incubated in 1.5% hydrogen peroxide solution for
20 min to reduce endogenous peroxidase activity and in
10% fetal bovine serum in PBS to block unspecific interac-
tions. The slides were then stained by primary anti-GCPII
antibody GCP-04 (10 pgmL™" in 4 °C, overnight), fol-
lowed by extensive washing (five times with PBS containing
0.1% Tween 20) and incubation with secondary antibody
Histofine® Simple Stain™ MAX PO (MULTI) (Nichirei
Bioscience Inc., Tokyo, Japan) diluted 1 : 2 with 10% fetal
bovine serum in PBS at room temperature for 1 h. After
further extensive washing (five times with PBS containing
0.1% Tween 20), GCPII was visualized using DAB/Plus kit
(Diagnostic BioSystems, Pleasanton, CA, USA, 60 s). The
slides were counterstained with Harris® hematoxylin and
mounted in polyvinyl alcohol-based media.

Carboxypeptidase activity assay

Carboxypeptidase activity (i.e., substrate specificity) of
mouse GCPII was determined using N-Ac-A-X peptide
libraries according to a previously published method [41].
Briefly, 1.2 pg Avi-mGCPII was diluted into 25 mwm Bis-
Tris propane, 150 mm NaCl, 0.001% octaethylene glycol
monododecyl ether (Affymetrix), pH 7.4, and incubated in
the presence of 25 pwm dipeptide for 1.5 h at 37 °C. As neg-
ative controls, reactions without the enzyme and in the
presence of 1 mm 2-PMPA, a highly selective GCPII inhibi-
tor, were performed. The reaction mixture was then ana-
Iyzed using HPLC, as previously described [41].

Total RNA isolation and reverse transcription

First, tissue samples were transferred from RNA later solu-
tion (Invitrogen, #AM7021) to RLT buffer (part of the
RNEasy Mini Kit, Qiagen, Hilden. Germany, #741006) sup-
plied with B-mercaptocthanol and homogenized with 5-mm
steel beads (Qiagen; #69989) using TissueLyser 1T (#85300;
Qiagen). Total RNA was 1solated using RNeasy Min1 Kit
according to the manufacturer’s instructions. The concen-
tration and purity of isolated RNA were determined
spectrophotometrically using a Nanodrop ND-1000 spec-
trophotometer. The integrity of each RNA sample was
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analyzed using the Agilent RNA 6000 Nano kit run on an
Agilent 2100 Bioanalyzer. Only samples without significant
degradation were used for subsequent steps.

RNA was then reverse-transcribed using M-MLV
(#28025013; Invitrogen) according to the manufacturer’s
mstructions. Each 20 pL reaction contained up to 2 pg
total RNA. 2.5 pm oligo(dT )z primers (#18418020; Invitro-
gen), 50 ng random hexamers (100 ng if more than | pg
RNA was transcribed). 40 units of RNAseOUT, 200 units
of M-MLYV reverse transcriptase, and other components as
specified by the manufacturer.

Quantitative PCR (qPCR) analysis

All gPCRs were carried out in triplicate in FrameStar 480/
96 multiwell plates (#4ti-0951; 4titude, Wotton, UK) sealed
with adhesive optical foil (#4729692001; Roche) using a
LightCycler 480 II instrument (Roche) in a total volume of
10 pL. Each reaction consisted of LightCycler 480 Probe
Master (Roche) diluted according to the manufacturer’s
instructions, forward and reverse primers (I pm final con-
centration each), fluorescent probe (see description of indi-
vidual assays for final concentration), and 1 pL of sample
or template DNA (positive and nontemplate controls as
well as interplate calibrators were included on each plate).
Initial denaturation for 3 min at 95 °C was followed by
45 cycles of 10s at 95°C, 30s at 66 °C., and 30 s at
72 °C. The threshold cycle numbers (C,) were then deter-
mined from fluorescence intensities acquired during the
gqPCR runs by the second-derivative maximum method
using LightCycler 480 software (Roche). The presence
and size of PCR products were analyzed by agarose gel
electrophoresis.

The amount of mouse GCPII (encoded by the gene Fol-
hl) was quantified by an assay set of forward and reverse
primers (sequences 5'-gattgccagatatgggaaagtg-3’ and 5'-
cetgecagttgageattttt-3') and fluorescent hydrolysis probe #6
from the Roche Universal Probe Library (LNA octamer
sequence 5'-cagaggaa-3'; final concentration 100 nm). This
set was designed to amplify nucleotides 714-773 in mouse
GCPII transcript NM_016770 to yield an amplified product
of 60 bps, which spans the region of exons 5 and 6 and
corresponds to amino acids 202-223 in the longest open
reading frame (ORF). This assay should not amplify geno-
mic sequence because it spans a 1029-bp intron.

The amount of mouse GCPIIT transcript (encoded by
the gene Naalad2) was quantified by an assay set of for-
ward and reverse primers (sequences 5'-aatgatgcagagagac-
tattacge-3" and 5'-ccagettttgtetggtggag-3') and fluorescent
hydrolysis probe #52 from the Roche Universal Probe
Library (LNA octamer sequence 5'-gggaggag-3'; final con-
centration 50 nm). This set was designed to amplify
nucleotides 922-981 in mouse GCPIII transcript NM_
028279 to yield an amplified product of 60 bps, which
spans the region of exons 7 and 8 and corresponds to
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amino acids 289-309 in the longest ORF. This assay
should not amplify genomic sequence because it spans a
880-bp intron.

As a standard for absolute quantification, serial 10-fold
dilutions covering concentrations from 10 to 107 copies
per reaction of either pcDNA4 plasmid with subcloned
coding sequence of full-length mouse GCPII (longest ORF
from NM_016770 coding amino acids 1-752) or pMT/BiP
plasmid with subcloned coding sequence of extracellular
part of mouse GCPIII (part of longest ORF from NM_
028279 coding amino acids 36-740) were amplified with the
corresponding assay set. The initial concentration of plas-
mid DNA (purificd by QIAprep Spin Miniprep Kit,
#27106: Qiagen) prior to dilution was determined spec-
trophotometrically at 260 nm (Nanodrop ND-1000;
Thermo Scientific).

To enable precise absolute comparison between the
determined amounts of both transcripts, obtained calibra-
tion curves were further normalized against each other by
quantification of a common region of both plasmids. The
region containing the ampicillin resistance gene was quanti-
fied by a set of primers with sequences 5'-gcagaagtggtcctg-
caact-3 and S'-agctteceggeaacaatta-3'
hydrolysis probe #58 from the Roche Universal Probe
Library (final concentration 50 nm). In this way, two cali-
bration curves were obtained for each plasmid, one for the
amplification of target transcript and one for the common
sequence. Finally, the slope and intercept values of both
curves were transformed for each plasmid so that the trans-
formed slope and intercept values of the curves for the
common sequence were equal between the two plasmids
and corresponded to the average value between the two
plasmids.

The amount of both transcripts was determined in the
prepared tissue cDNA libraries. In each gPCR, an amount
of ¢cDNA corresponding to the starting amount of total
RNA of 5-10 ng was used, and the amount of GCPII and
GCPIII transcripts were normalized to the total amount of
RNA. Both transcripts were also quantified in 1.0 pL of 10-
fold diluted commercial tissue c¢cDNA libraries (Mouse
MTC Panels I and IIT supplied by Clontech, Mountain
View, CA, USA, #636745 and 636757), which had been nor-
malized to several control genes by the vendor (beta-actin,
G3PDH, phospholipase A2, and ribosomal protein §29).

and fluorescent

Statistical analysis

All values are presented as the mean =+ standard deviation.
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Glutamate carboxypeptidase II does not process
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ABSTRACT The accumulation of amyloid-B (Af) pep-
tide is thought to be a major causative mechanism of
Alzheimer’s disease. A} accumulation could be caused by
dysregulated processing of amyloid precursor protein,
yielding excessive amounts of AP, and/or by inefficient
proteolytic degradation of the peptide itself. Several
proteases have been described as A degradation en-
zymes, most notably metalloendopeptidases, aspartic en-
dopeptidases, and some exopeptidases. Recently a report
suggested that another metallopeptidase, glutamate car-
boxypeptidase II (GCPII), can also cleave AB. GCPIl is a
zinc exopeptidase that cleaves glutamate from N-acetyl1-
aspartyl-1-glutamate in the central nervous system and
from pteroylpoly-y-glutamate in the jejunum. GCPII has
been proposed as a promising therapeutic target for
disorders caused by glutamate neurotoxicity. However, an
ApB-degrading activity of GCPII would compromise poten-
tial pharmaceutical use of GCPII inhibitors, because the
enzyme inhibition might lead to increased AP levels and
consequently to Alzheimer’s disease. Therefore, we ana-
lyzed the reported AB-degrading activity of GCPII using
highly purified recombinant enzyme and synthetic Af3. We
did not detect any A} degradation activity of GCPII or its
homologue even under prolonged incubation at a high
enzyme to substrate ratio. These results are in good
agreement with the current detailed structural under-
standing of the substrate specificity and enzyme-ligand
interactions of GCPIL—Sedlak, F., Sacha, P., Blechova,
M., Biezinova, A., Safaiik, M., Sebestik, J., Konvalinka,
J- Glutamate carboxypeptidase II does not process

Abbreviations: 2-PMPA, 2-(phosphonomethyl)pentanedioic
acid; 3D, 3-dimensional; AB, amyloid B; AD, Alzheimer’s disease;
APP, amyloid precursor protein; Avi-GCPIL in vivo specifically
biotinylated glutamate carboxypeptidase II; DCM, dichloro-
methane; DIC, diisopropylcarbodiimide; DMF, dimethylforma-
mide; GCPII, glutamate carboxypeptidase II; GCPIII, glutamate
carboxypeptidase III; HBTU, [2-(1H-benzotriazole-1-yl1)-1,1,
3,3]-tetramethyluronium hexafluorophosphate; HFIP, hexaflu-
oroisopropanol; HOBT, 1-hydroxybenzotriazole monohydrate;
HPLC, high-performance liquid chromatography; LC-MS, lig-
uid chromatography mass spectrometry; MALDI, matrix-assisted
laser desorption/ionization; NAAG, MNacetyl-t-aspartyl-i-gluta-
mate; thGCPII, recombinant human glutamate carboxypepti-
dase II; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis; TFA, trifluoroacetic acid; TOF, time of flight
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ALZHEIMER'S DISEASE (AD) is one of the most common
causes of senile dementia (1). AD is a serious and
widespread medical problem. According to 2011 esti-
mates, 5.4 million Americans are affected by AD, and
the prevalence is expected to increase as the popula-
tion ages (2).

The key histological feature of AD is the presence of
neuritic plaques and tangles in the brain tssue. The
plaques are composed of amyloid-f (AP) peptide,
which originates from sequential cleavage of amyloid
precursor protein by B- and +ysecretases (3). The
pathogenesis of AD is not completely understood, but
an association between amyloid precursor protein
(APP) processing disorders and AD incidence has been
identified. Mutations of APP or presenilins (part of the
y-secretase complex) may lead to AD by increasing
production of AR (4).

Lower clearance of Ap might also increase the risk of
AD development. There are two mechanisms of AR
clearance (5). One is the efflux of AR from the brain to
the blood, and the second is clearance by in situ
proteolysis. Several proteases are capable of cleaving
AB. Most of these are zinc-binding metalloendopepti-
dases, such as neprilysin, insulin-degrading enzyme,
and endotelin converting enzymes 1 and 2 (5-8);
others belong to the serine endopeptidase (plasmin,
tissue plasminogen activator, acylpeptide hydrolase;
refs. 7, 9) or aspartic endopeptidase (cathepsin D)
family (10). Furthermore, AB can act as a substrate for
the metalloexopeptidase angiotensin-converting en-
zyme (5, 7). Recently, glutamate carboxypeptidase II
(GCPII) was also reported to degrade AR in vitro (11).
Kim e al. (11) conducted matrix-assisted laser desorp-
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tion/ionization (MALDI) time-of-flight (TOF) mass
spectrometry analysis of reaction mixtures and showed
that recombinant human GCPII cleaves AB,_,, and
AB,_4s monomers at their C termini, producing smaller
fragments, including an AB,_,, fragment. The research-
ers also reported that GCPII degrades soluble oligom-
ers and fibrils. The authors corroborated their findings
in tissue culture experiments showing that overexpres-
sion of GCPII in either HEK293-APP Swedish cells or
primary neurons and glial cells reduces levels of se-
creted or exogenously supplemented AB. Furthermore,
they reported that treatment of transgenic mice with a
specific GCPII inhibitor increases cerebral A content.

GCPIl is a Zn%-dependent, transmembrane, homodi-
meric metalloproteinase with a large ectodomain possess-
ing carboxypeptidase activity and short transmembrane
and intracellular domains. GCPII is also known as pros-
tate-specific membrane antigen and folate hydrolase 1. In
the brain, this enzyme cleaves the neurotransmitter N
acetylL-aspartyl-1-glutamate (NAAG) into N-acetyl-L-aspar-
tate and free glutamate. It also possesses a folate hydrolase
activity, liberating y-linked glutamates from folyl-poly-y-
glutamates, and it may play a role in folate absorption in
the small intestine (12).

GCPII expression is elevated in prostate carcinoma and
in the cancer-associated neovasculature of most solid
tumors (12). In the nervous system, GCPII inhibition
increases the NAAG concentration, leading to neuropro-
tection in animal models of brain injury, amyotrophic
lateral sclerosis, and neuropathic pain (13). GCPII is thus
a very promising target for the treatment of diseases
caused by glutamate excitotoxicity and for cancer diag-
nostics, imaging, and targeted delivery of anticancer
drugs. The reported ability of GCPII to degrade AB is very
relevant to the potential pharmaceutical use of GCPII
mnhibitors, as the use of such compounds might lead to
elevated accumulation of Af in patient brains, increasing
the risk of AD development.

The observation that GCPII is capable of degrading AR
(11) is quite surprising. GCPII is an exopeptidase with
exquisite specificity. Glutamate, aspartate, or a similar
dicarboxylic residue is required at the P1’ position for
efficient substrate hydrolysis (14). Several other amino
acids, both natural (methionine, alanine) and non-natu-
ral (harboring aliphatic side chains; refs. 15, 16), are also
tolerated, yet substrates with these amino acids in the P1’
position have lower susceptibility to cleavage. No protein
or large peptide substrate has ever before been described
for GCPII, and the structure of the binding cleft does not
allow for endoproteolytic activity (17). Therefore, we set
out to analyze potential AR cleavage by GCPII using
highly purified recombinant GCPII and AB,_,, prepared
by chemical synthesis.

MATERIALS AND METHODS
Preparation of AB,_,, by solid-phase synthesis

The peptide sequence was assembled in an ABI 433A solid-phase
synthesizer (Applied Biosystems, Foster City, CA, USA) by step-
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wise coupling of the corresponding Fmoc amino acids to the
growing chain on Fmoc-AlaWang resin LL (0.34 mmol/g).
Fully protected peptide resin was synthesized according to a
standard procedure involving cleavage of the N*Fmoc-
protecting group with 20% piperidine in Mmethylpyrrolidone
and coupling mediated by mixtures of the coupling reagents
[2-(1H-benzotriazole-1-yl)-1,1,3,3]-tetramethyluronium
hexafluorophosphate (HBTU) and l-hydroxybenzotriazole
monohydrate (HOBT) in dimethylformamide (DMF). On com-
pletion of the syntheses, deprotection and detachment of linear
peptides from the resins were carried out simultaneously, using
a wifluoroacetic acid (TFA)/thioanisole/1,2-ethanedithiol/
anisole (90:5:3:2) mixture. The resin was washed with dichloro-
methane, and the combined TFA filtrates were evaporated at
room temperature. The peptides were precipitated with fer-
butylmethyl ether, collected by suction, dissolved in acetoni-
trile/H,O (50:50), and dried.

The peptide was further purified by reverse-phase high-
performance liquid chromatography (HPLC) on a semi-
preparative C18 column (MAG 3 10X250 mm, 10 pm;
Labio a.s., Prague, Czech Republic) with an acetonitrile/
H,O gradient with TFA additive at high temperature
(60°C). Purified fractions were frozen in liquid nitrogen
and lyophilized.

AB,_,, disaggregation and analysis

The lyophilized AR powder was disaggregated by a previously
described method with some modifications (18). AR was
dissolved in neat TFA in an approximate 1:5 (mg:ml) ratio,
followed by 10 min sonication at 25°C and centrifugation
(16,100 g, 5 min, 25°C). Insoluble aggregates were discarded.
TFA was then evaporated under dry nitrogen gas. The re-
maining TFA was removed by addition of hexafluoroisopro-
panol (HFIP) and sonication. HFIP was subsequently evapo-
rated using a gaseous nitrogen stream. The HFIP procedure
was repeated twice. The purity of the synthesized peptide was
analyzed by analytical HPLC and MALDI-TOF mass spectrom-
etry. Samples were portioned into aliquots and stored at
—80°C under a nitrogen atmosphere. Peptide quantity was
determined by amino acid analysis.

Synthesis of AP,_,, by isomerization of depsi(25,26)AB,_,,

The depsipeptide was prepared according to a modification
of a published procedure (19). Briefly Boc-Ser(Fmoc-
Gly)-OH (0.04 mmol, 19.5 mg), HOBT (0.04 mmol, 5.5 mg),
and diisopropylcarbodiimide (DIC; 0.044 mmol, 6.8 pl) were
activated in a DMF-dichloromethane (DCM) mixture (0.6 ml,
1:9) (20). The preactivated mixture was loaded into a syringe
with AB27-42-HMPB-ChemMatrix resin assembled by an ABI
433A automatic solid-phase synthesizer (Applied Biosystems)
from H-Ala-HMPB ChemMatrix resin (100 mg, S 0.1 mmol/g,
0.01 mmol; PCAS BioMatrix, Saint-Jean-sur-Richelieu, QC,
Canada) using the FastMoc 0.1 mmol program (SynthAssist
3.1; Applied Biosystems) with a double coupling (10-Eq
excess of protected amino acids and HBTU coupling reagent
and 20-Eq excess of N,N-diisopropylethylamine). The prog-
ress of depsipeptide coupling was monitored by Kaiser’s test
(21, 22). After 16 h coupling, recoupling with Boc-Ser(Fmoc-
Gly)-OH (0.05 mmol, 24.2 mg), HOBT (0.05 mmol, 6.8 mg),
DIC (0.055 mmol, 8.5 pl), and N,N-diisopropylethylamine
(0.11 mmol, 19 pl) in a DMF-DCM mixture (0.6 ml, 1:1) was
carried out for 0.5 h. The remaining peptide sequence was
assembled by an ABI 433A automatic solid-phase synthesizer.
Final Fmoc cleavage was carried out with 20% piperidine/
DMF (3X1 ml) for 5, 25, and 25 min. The resin was washed
extensively with DMF, isopropyl alcohol, and DCM and dried
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in a vacuum drying box (Salvis AG; Emmenbriicke, Lucerne,
Switzerland) at room temperature for 16 h. Depsi(25,26)AB,_,»
peptide was detached from the resin using a TFA/H,0/1,2-
ethanedithiol/thioanisole/ triisopropylsilane  mixture (4 ml,
89. :1.5) for 4 h. The TFA was evaporated by a stream of
gaseous nitrogen, and the peptide was precipitated with cold
ether. The crude peptide was purified by semipreparative HPLC
(Spectra Physics SP8800 pump with a TSP Chrom Jet SP4290
integrator and a Spectra 100 UV detector; Newport Corp.,
Praha, Czech Republic) with a Vydac RP-18, 25 X 1 cm, 10 pm
column (Separations Group, Hesperia, CA, USA). Purification
was carried out using a flow rate of 3 ml/min in a gradient of
20-100% acetonitrile in 0.05% aqueous TFA over 35 min with
detection at 220 nm. The final depsipeptide was obtained in 32
myg yield with 96% purity according to analytical HPLC (Agilent
1200; Agilent Technologies, Santa Clara, CA, USA) with a
reverse-phase PoroShell 120 SB-C; column (Agilent Technolo-
gies). The molecular weight was determined by mass spectrom-
etry using MALDI-TOF spectra, recorded on a Lasermat mass
spectrometer (Finnigan, San Jose, CA, USA) with Lasermat 2000
program. MALDIMS m/z 4512.1 (M+H™; expected molecular
weight for CooHy, N5, O, S, 4511.27).

Recombinant human GCPII (rhGCPII) expression and
purification

The extracellular part of human GCPII (aa residues 44-750)
was prepared as described previously (14) with minor modi-
fications. The procedure involved heterologous expression in
stable transfected Schneider 2 (S2) cells and subsequent
purification by ion-exchange chromatography, affinity chro-
matography, and size-exclusion chromatography. Briefly, the
conditioned medium was dialyzed against 20 mM Tris HCI
(pH 6.7) applied to QAE-Sephadex A50 (Pharmacia, Piscat-
away, NJ, USA) in the same buffer. Filtered flow-through
fraction was applied to a Source 15S column (HR10/10;
Pharmacia). The column was washed with 20 mM MOPS (pH
6.5) containing 20 mM NaCl, and the protein was eluted with
a gradient of 0-0.5 M NaCl in 20 mM MOPS (pH 6.5). Next,
affinity chromatography using lentil lectin-Sepharose (Sigma,
St. Louis, MO, USA) was employed: Pooled purified fractions
from the previous step were mixed with an equal volume of
0.1 M Tris-HCl (pH 7.4) containing 0.8 M NaCl, 2 mM CaCl,,
and 2 mM MnCl, and applied to the lentil lectin-Sepharose.
Elution with 20 mM Tris-HCI, pH 7.4, containing 0.5 M NaCl
and 0.3 M Met--D-Man (Sigma), was performed after several
washes with 20 mM Tris-HCI (pH 7.4) containing 0.5 M NaCl,
1 mM CaCl,, and 1 mM MnCl,. rhGCPll-containing fractions
were pooled and dialyzed against 20 mM MOPS (pH 7.4)
containing 150 mM NaCl. Finally, concentrated pooled frac-
tions were subjected to gel permeation chromatography on a
Superdex HR200 column (16/60; Pharmacia) using the
dialysis buffer.

The specifically in vivo biotinylated human ectodomain of
GCPII (Avi-GCPII), with virtually identical activity to the
nontagged variant (23), was expressed in 82 cells and purified
as described previously (23). Briefly, 19X concentrated con-
ditioned medium from S2 cells containing Avi-GCPII was
mixed with equilibration buffer (450 mM NaCl and 300 mM
Tris-HCI, pH 7.2) in a 2:1 ratio and incubated overnight with
mutein resin. The resin was separated from the medium with
a disposable gravity column (Thermo Fisher Scientific, Rock-
ford, IL, USA) and washed by 50 column volumes with 100
mM Tris-HCI (pH 7.2) containing 150 mM NaCl. The protein
was then eluted with 100 mM Tris-HCI (pH 7.2) containing
150 mM NaCl and 2 mM p-biotin.

GCPIl DOES NOT DEGRADE AB

Preparation of image of structural insight into active site of
GCPII

The image was prepared using a structure of GCPII in
complex with a urea-based inhibitor (PDB code 3D7H) using
the PyMOL Molecular Graphics System (version 0.99rc6,
Schrodinger, Portland, OR, USA).

GCPII activity determination

GCPII activity was analyzed using a radioenzymatic assay with
[*H]-Ac- AS]}CIU (radlolabeled on the glutamate; Perkin-
Elmer, Waltham, MA, USA) according to the previously
described protocol (24) with minor modifications. Briefly, 10
ng of purified rhGCPII or Avi-GCPII was diluted in reaction
buffer (25 mM Tris-HCI, 50 mM NaCl, and 1 mM CaCl,, pH
8) to a final volume of 90 pl and preincubated for 5 min at
37°C. The reaction was started by addition of 10 pl substrate
solution (final concentrations were 5 nM radiolabeled N-Ac-
Asp-Glu and a 95 nM unlabeled N-Ac-Asp-Glu). As a negative
control, a separate reaction containing 500 nM 2-(phospho-
nomethyl)pentanedioic acid (2-PMPA), a specific GCPII in-
hibitor, was performed. The reactions were incubated at 37°C
for 80 min and stopped by addition of 100 ul 2 mM
B-mercaptoethanol in 200 mM sodium phosphate (pH 7.4).
The free glutamate was then separated by anion exchange
chromatography, Rotiszint ECO Plus scintillaton cocktail
(Carl Roth, Karlsruhe, Germany) was added, and the radio-
labeled hydrolysis product was quantified by a TriCarb
2900TR liquid scintillation counter (PerkinElmer).

Active site titration of Avi-GCPIL

An active site titration was performed as described previ-
ously (23). Briefly, reaction mixtures containing buffer (20
mM NaCl and 20 mM MOPS, pH 7.4), 2-PMPA (final
concentration from 0 to 500 nM), and the amount of
enzyme necessary for 10-15% substrate turnover were
preincubated for 10 min at 37°C. Reactions were started by
addition of substrate (N-Ac-Asp-Met in final concentration
100 uM), incubated for 10 min at 37°C and terminated by
addition of ice-cold stopping buffer (0.2 M sodium borate,
pH 10.0, and 4 uM r-glutamate as an internal standard).
The amount of formed L-methionine was determined after
o-phtaldialdehyde derivatization by HPLC (Agilent 1200
series, Agilent Technologies; AccQ-Tag Ultra column
2.1X100 mm, Waters, Milford, MA, USA). The active site
concentrations were calculated using the GraFit program
(Erithacus Software, Horley, UK).

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE)

The purity of enzyme samples was established by SDS-
PAGE. Samples were diluted in reducing buffer with final
concentration 58.3 mM Tris-HCI, 5% glycerol (v/v), 1.6%
SDS (w/v), and 0.66% mercaptoethanol (v/v) and dena-
tured by heating to 95°C for 5 min. The proteins were then
resolved on 11% polyacrylamide gel (w/v) and silver
stained.

Proteolytic digestion of AB,_,,

An aliquot of disaggregated AB,_,» was dissolved in 2 mM
NaOH immediately before performing digestion to prevent
isoelectric precipitation (25). After 10 min, the pH was
adjusted to 8.1 by adding an equal volume of 50 mM Tris-HCl



(pH 8.0) containing 100 mM NaCl and 2 mM CaCl,,. The final
concentration of the reaction mixture was 25 mM Tris, 50
mM NaCl, 1 mM CaCl,, and 26 pM AB,_,0-

The freshly prepared solution of AB,_,, (~2.6 nmol/
reaction) was subjected to digestion by Avi-GCPII (molar ratio
AR _4o/Avi-GCPII of 80:1). As positive controls for amyloid
peptide cleavage, the AB,_,, was digested by chymotrypsin
(ref. 26; Roche Applied Science, Penzberg, Germany; molar
ratio AB,_,./chymotrypsin of 81:1). All samples were incu-
bated at 37°C for 12 h.

In situ preparation of AB,_,,

To prevent substrate aggregation prior to proteolytic diges-
tion, an alternative approach using in situ generation of AR
monomer from the depsipeptide precursor was used. A fresh
aliquot of depsi(25,26)AB,_4» was mixed with buffer to yield
a final concentration of 25 mM Tris, 50 mM NaCl, 1 mM
CaCly, and 50 pM depsi(25,16)AB,_,, (pH 8.0). The self-
isomerization was complete after incubation at 37°C for 1 h.
Isomerization was confirmed by HPLC analysis (data not
shown).

The AB,_,, substrate (~3.75 nmol/reaction) was digested
by rhGCPII, Avi-GCPII, and chymotrypsin as described above
with slightly modified molar ratios (AB,_,,/Avi-GCPII, 120:1;
AB,_42/ThGCPII, 140:1; AB,_4e/chymotrypsin, 117:1). Re-
combinant glutamate carboxypeptidase III (GCPIII; molar
ratio AB,_,,/GCPIII of 100:1) and neprilysin (R&D Systems,
Minneapolis, USA, molar ratio AB,_,,/neprilysin of 100:1)
were used as further controls. Corresponding controls
without added substrate or enzyme were performed under
identical conditions. All samples were incubated at 37°C

for 12 h.

Analysis of the reaction mixtures by liquid chromatography
mass spectrometry (LC-MS) analysis

LC-MS analysis was performed using an LCQ Fleet instrument
(Thermo Fisher Scientific), which is a 3-dimensional (3D)
ion-trap mass spectrometer coupled to HPL.C by a 1:4 splitter.
The HPLC was performed on a C8 reverse-phase column
(Phenomenex, Torrance, CA, USA) with 1 ml/min flow using
an acetonitrile/water gradient (5-52.6% in 30 min) with
0.1% formic acid and 0.4% HFIP additives at high tempera-
ture (80°C). Samples after proteolytic digestion were either
analyzed immediately or stored on ice prior analysis to
prevent excessive aggregation. Fach analysis was performed
with 30% of the reaction volume.

RESULTS

To analyze the potential processing of AR by GCPII, we
used 2 independent recombinant protein preparations.
First, we used a highly purified recombinant GCPII
ectodomain spanning aa 44-750, expressed and puri-
fied as published (denominated rhGCPII; ref. 14),
which includes the complete extracellular part of the
enzyme in which the proteolytic activity of GCPIL
resides (14). Alternatively, we used the same GCPII
ectodomain with a short peptide tag (biotin acceptor
peptide) introduced to the N terminus of the protein
(23). This tag was biotinylated by E. coli biotin ligase in
vivo, and the active recombinant enzyme was expressed
in Drosophila Schneider 2 cells as a secreted protein and
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Figure 1. HPL.C-MS analysis (total ion current chromatograms) of reaction mixtures and controls of hydrolysis of AB,_,»
generated in situ (~3.75 nmol/reaction). A) SDS-PAGE showing the purity of GCPII preparations used in this study. Lanes 1
and 4, molecular weight markers; lanes 2 and 5, 50 ng of rhGCPII or Avi-GCPII, respectively; lanes 3 and 6, 150 ng of rhGCPIL
or Avi-GCPII, respectively. B-F) Reaction mixtures contained Avi-GCPII only (B), chymotrypsin only (C), AB,_,, only (D),
AB,_,o with Avi-GCPIL (E), and AB,_,, with chymotrypsin (F). All reactions were performed in buffer containing 25 mM
Tris-HCI, 50 mM NaCl, and 1 mM CaCl,. Reaction mixtures were incubated at 37°C for 12 h.
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purified to homogeneity by affinity chromatography
(denominated Avi GCPII; see Fig. 14).

GCPII activity in the reaction buffer (25 mM Tris-
HCL 50 mM NaCl, 1 mM CaCly) was confirmed by
radioenzymatic assay, based on hydrolysis of radiola-
beled N-Ac-Asp-Glu substrate and subsequent detection
of free glutamate. While in the presence of a specific
GCPII inhibitor the substrate showed almost no hydro-
lysis (2%), the conversion of noninhibited reaction
reached 67.5% (see Supplemental Fig. $3). This is in
good agreement with our previous analysis showing
that the pH optimum for GCPII activity is in the mild
alkaline region (27). The enzymatically active fraction
of purified Avi-GCPII was determined by active site
titration by tight binding inhibitor to be 102 * 2%.
Because commercially available preparations of AR
were in our hands either not sufficiently pure or prone
to rapid aggregation preventing further analysis (data
not shown), we synthesized AB,_,, by 2 independent
methods. In one method, AB,_,, was prepared by
standard stepwise coupling of the corresponding Fmoc-
amino acids on Fmoc-Ala-Wang resin. The peptide was
purified by reverse-phase HPLC, and the pooled frac-
tions corresponding to the purified product were im-
mediately frozen in liquid nitrogen and lyophilized.
Because even this peptide product was prone to rapid
aggregation, the peptide was subjected to a disaggrega-
tion procedure (18). Freshly prepared disaggregated
AB,_4o was dissolved in 2 mM NaOH immediately
before proteolytic digestion to prevent isoelectric pre-
cipitation (25). The pH of the solution was adjusted to
8.1, and the reaction was started by addition of Avi-
GCPII or chymotrypsin as a positive control. Chymo-
trypsin has been reported to degrade AR peptide
efficiently in vive (26). All samples were incubated at
37°C for 12 h, and the resulting reaction mixtures were
analyzed with a 3D ion-trap mass spectrometer coupled
to HPLC. HPLC analysis showed only traces of AB,_,,
substrate in the mixture and no peptide fragments
corresponding to the presumed cleavage products,
while the control experiments using chymotrypsin
showed significant AB,_,, degradation (data not
shown). This experiment showed no indication of
proteolytic degradation of AB,_,, by GCPIL. However,
the rapid substrate aggregation depleted most of the sub-
strate monomer from the reaction mixture, which macde the
subsequent HPLC/MS analysis cambersome (26).

To improve the solubility of AB,_,, and slow down its
aggregation, we prepared AB,_,, by in situ isomeriza-
tion of depsi(25,26)AB,_,, synthesized on solid support
using a modification of an established protocol (19).
The protocol was improved by introduction of a build-
ing block with a preformed depsipeptide linkage,
rather than forming the linkage in situ. This procedure
yields final peptide product from a more soluble dep-
sipeptide precursor by N-O acyl shift in weakly basic pH
in situ, just prior to the proteolytic digestion (see
Supplemental Fig. S1). The completeness of the
isomerization was confirmed by HPLC analysis (data
not shown). Using this procedure, we were able to

GCPIl DOES NOT DEGRADE AB

prepare milligram quantities of pure, soluble AB,_,,
that could be subjected to hydrolysis by proteases in a
standard biochemical setup.

Using this soluble substrate, we performed a series of
digestions of AB,_4, at 37°C for 12 h with Avi-GCPII or
rhGCPII and bovine chymotrypsin as a positive control.
The enzyme:substrate molar ratios were 1:117 for Avi-
GCPII and 1:140 for rhGCPII, ensuring that even a
weak hydrolytic activity would be identified. Corre-
sponding digestions in the absence of substrate or
enzyme were performed under identical conditions.
The reaction mixtures were subsequently analyzed by
reverse-phase HPLC-MS, summarized in Fig. 1. The
data (total ion current spectra obtained from LC-MS
analysis of the reaction mixtures) show no substrate
degradation by rhGCPII (data not shown) or Avi-GCPII
(Fig. 18, E), while chymotrypsin cleaves AB,_,, peptide
very efficiently under identical conditions (Fig. 1C, F),
and the molecular masses of the products correspond
to theoretical predictions (28). We conclude that
GCPII does not degrade AB,_,o in vitro.

To ensure specificity of the cleavage, the proper
conformation of amyloid peptide substrate and rule out
possible involvement of a a homologue of GCPII in the
putative degradation of AB,_,,, we analyzed the proteo-
lytic degradation of the substrate with neprilysin, a
known AB,_,, processing enzyme, and recombinant
human glutamate carboxypeptidase III (GCPII), the
closest homologue of GCPII (27). While neprilysin
effectively processed AB,_,,, no hydrolysis was observed
even after prolonged incubation with excess of recom-
binant human GCPIII (Supplemental Fig. S2).

DISCUSSION

To analyze potential proteolytic degradation of any
peptide or protein, pure soluble preparations of the
enzyme and the substrate are required. The report (11)
describing the surprising observation that GCPIL
cleaves AB in vitro does not provide the reaction con-
ditions in which the hydrolysis was performed. There-
fore, in our experiments, we used highly purified,
well-characterized enzyme and substrate preparations
under conditions as favorable to possible proteolytic
cleavage as possible. We used two different recombi-
nant enzyme preparations: GCPII ectodomain span-
ning aa 44-750, which includes the whole extracellular
part of the enzyme, and the same sequence cloned with
a short peptide tag encompassing a biotin acceptor
peptide that enables in vive biotinylation of the recom-
binant protein for facile affinity purification. This pro-
cedure yields milligram quantities of soluble, crystalliz-
able recombinant protein with enzymatic activity
identical to that of the native protein. Qur previously
published experiments confirmed that the affinity tag
does not affect the activity, 3D structure, or any bio-
physical properties of its fusion partner (23). Both
procedures yielded recombinant proteins of identical
purity and specific activity against cognate substrate of



GCP 1I, Macetylaspartyl glutamate. In analogy, the
substrate was also prepared by 2 independent methods.
First, it was synthesized by standard stepwise approach
on solid resin using Fmoc-protected amino acids, yield-
ing pure AR peptide that in aqueous conditions rapidly
aggregated. Second, we prepared the same AB,_,, by in
situ isomerization of corresponding depsi(25,26)AB,_ 0,
also synthesized on solid support. This approach yields
pure, soluble peptide that could be subjected to enzy-
matic hydrolysis prior to aggregation. Regardless of the
preparation method, no degradation of the peptide
substrate by pure recombinant GCPII was observed
using LC-MS detection, while the control digestion by
chymotrypsin or specific AB,_ ,-degrading enzyme ne-
prilysin yielded almost completely degraded peptide
substrate. The closest homologue of GCPII, human
glutamate carboxypeptidase III, also did not show any
hydrolysis of AB,_,, even after prolonged incubation
with excess enzyme.

Interestingly, under prolonged, overnight incuba-
tion of the substrate with very high concentration of
both rhGCPII and Avi GCPII, we observed minor
cleavage of the N-terminal Asp residue from the AB.
This minor aminopeptidase activity was sensitive to
2-PMPA, a specific inhibitor of GCPII, and was con-
firmed using shorter peptide with N-terminal Asp (data
not shown). Minor aminopeptidase activity of GCPII is
not entirely unexpected: The enzyme belongs to the
M28 metallopeptidase family, and its closest structural
homologue is an aminopeptidase from Streptomyces gri-
seus (29). However, this very minor side activity could
not have any physiological consequence and cannot be
responsible for AR degradation reported by (11).

Kim et al (11) attributed the AB,_,,-hydrolyzing
activity of GCPII to an unknown, alternative catalytic
mechanism of the enzyme, noting that the observed
activity was partially inhibited by 2-PMPA, a very potent
GCPII inhibitor. This suggestion is, however, incompat-

Figure 2. Structural insight into the active site of GCPIL. The
active site cavity of GCPII is shown in surface representation, the
inhibitor N[ (15)-1-carboxy-5-[ (4-iodophenyl) carbonyl Jamino}
pentyl]carbamoyl}-i-glutamic acid inside the active site in stick
representation, and Lys 699 that closes the bottom of the subsite
binding pocket in line representation. Nitrogen atoms are
depicted in blue, carbon atoms in green, and oxygen atoms in
red. The 2 zinc ions are shown as gray spheres.
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ible with the currently available, very detailed structural
information about the mechanism of action of GCPII
(12, 30, 31). GCPII possesses a single active site, and a
major structural change leading to an alternative mech-
anism of action is difficult to imagine.

Furthermore, the distribution of fragments reported
by Kim et al. (AB,_y, X=14-20, 33, 34, and 38; ref. 11)
suggests that GCPII acts as an endopeptidase. Again,
the available structural data does not support such a
notion, because the architecture of the binding cleft
would have to undergo a very dramatic structural
change (see Fig. 2).

In summary, we provide experimental evidence that
GCPII does not degrade AB,_,, peptide, and we also
show that there are fundamental structural reasons for
the lack of endoproteolytic activity of the enzyme.
Therefore, there is no direct causative link between the
GCPII inhibition and the amyloid formation in vivo,
suggested by Kim ef al. (11).

The authors thank Tomds Knedlik for the GCPII activity
determination by radioenzymatic assay and Radko Soutek for
skillful amino acid analysis of AB,_,. samples. This research
was funded by grant P304,/12/0847 from the Grant Agency of
the Czech Republic.
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A novel PSMA/GCPII-deficient mouse model shows enlarged
seminal vesicles upon aging
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Background: Prostate-specific membrane antigen (PSMA), also known as glutamate
carboxypeptidase Il (GCPII), is an important diagnostic and therapeutic target in
prostate cancer. PSMA/GCPIlis also expressed in many healthy tissues, but its function
has only been established in the brain and small intestine. Several research groups have
attempted to produce PSMA/GCPII-deficient mice to study the physiological role of
PSMA/GCPII in detail. The outcomes of these studies differ dramatically, ranging from
embryonic lethality to production of viable PSMA/GCPII-deficient mice without any
obvious phenotype.

Methods: We produced PSMA/GCPII-deficient mice (hereafter also referred as Folh1™~
mice) by TALEN-mediated mutagenesis on a C57BL/6NCrl background. Using Western
blot and an enzyme activity assay, we confirmed the absence of PSMA/GCPII in our
Folh1™~ mice. We performed anatomical and histopathological examination of selected
tissues with a focus on urogenital system. We also examined the PSMA/GCPI| expression
profile within the mouse urogenital system using an enzyme activity assay and confirmed
the presence of PSMA/GCPII in selected tissues by immunohistochemistry.

Results: Our Folh1™'~ mice are viable, breed normally, and do not show any obvious
phenotype. Nevertheless, aged Folh1™'~ mice of 69-72 weeks exhibit seminal vesicle
dilation, which is caused by accumulation of luminal fluid. This phenotype was also
observed in Folh1*/~ mice; the overall difference between our three cohorts (Folh1™",
Folh1*/~, and Folh1*'*) was highly significant (P < 0.002). Of all studied tissues of the
mouse urogenital system, only the epididymis appeared to have a physiologically
relevant level of PSMA/GCPII expression. Additional experiments demonstrated that
PSMA/GCPII is also present in the human epididymis.

Conclusions: In this study, we provide the first evidence characterizing the
reproductive tissue phenotype of PSMA/GCPII-deficient mice. These findings will
help lay the groundwork for future studies to reveal PSMA/GCPII function in human

reproduction.

KEYWORDS
dilated seminal vesicles, Folh1, glutamate carboxypeptidase Il, knockout mice, prostate-
specific membrane antigen
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1| INTRODUCTION

Prostate-specific membrane antigen (PSMA),! also known as gluta-

mate carboxypeptidase Il (GCPII),%?

is a transmembrane glycoprotein
that is overexpressed in prostate cancer® and is regarded as an
important diagnostic target and suitable molecular address for
anticancer drug deliwer\o',‘s'7 PSMA/GCPII consists of short intracellular
and transmembrane domains and a large extracellular domain with
carboxypeptidase activity.>? Under physiological conditions, PSMA/
GCPIl is primarily expressed in the prostate, brain, small intestine, and
kidney.*'°='* However, the function of the enzyme has only been
established in the brain and small intestine. In the brain, it cleaves the
most abundant peptide neurotransmitter, N-acetyl-L-aspartyl-L-gluta-
mate (NAAG), to yield N-acetyl-L-aspartate and L-glutamate, an
important neurotransmitter.!*% In the small intestine, PSMA/GCPII
cleaves poly-gamma-glutamylated folates and thus enables folate
eil:lscrptiun.l'17 The role of PSMA/GCPII in other tissues, most notably
in the urogenital system, remains enigmatic.

PSMA/GCPII has several homologues in the human genome.® The
only one with similar enzymatic activity is glutamate carboxypeptidase
1l (GCPIN),*?2° which shares 67% amino acid identity and 81% amino
acid similarity with PSMA/GCPILY?2! While the protein expression
profile of GCPIIl in human tissues has been addressed in only one report,
it seems to be similar to that of PSMA/GCPII.??> The most notable
differences were found in the urogenital system. While GCPIIl was
detected in the highest amounts in human testis, its expression level in
the prostate was much lower than that of PSMA/GCPII.

To understand the physiological role of PSMA/GCPII in more
detail, several independent research groups have studied the
consequences of inactivating the PSMA/GCPIl-encoding gene Folh1
in mice.?*"2¢ Surprisingly, the outcomes of these studies differ
markedly. While some studies concluded that the PSMA/GCPII
knockout is embryonically lethal >*2*
Folh1 results in viable PSMA/GCPII-deficient mice with normal
breeding performance and no obvious phenotype.?*2%

Viable PSMA/GCPII-deficient mice have been used in studies to
23.26-28

others found that inactivating

evaluate PSMA/GCPIlI function in the nervous system.
Although no significant differences between PSMA/GCPII-deficient
and wild-type (WT) mice were observed in standard neurological
behavioral tests, PSMA/GCPII-deficient mice showed lower suscepti-
bility to peripheral neuropathies and traumatic brain injury, as well as
improved long-term behavioral outcomes after traumatic brain
injury.2¢?” Recently, the International Mouse Phenotyping Consor-
tium (IMPC) incorporated PSMA/GCPII-deficient mice into the
primary phenotyping pipeline and published the first results.?’ No
clear phenotype has been revealed to date, but the set of phenotyping
data is still not complete.

It remains unclear why such different outcomes of Folhl gene
inactivation in mice have been observed. All attempts to date to
prepare transgenic animals with impaired PSMA/GCPIl have been
performed by embryonic stem (ES) cell manipulation. The main
methodological differences lie in the design of the targeting cassette.
Embryonic lethality resulted after deletion of either exons 1 and 2 or

exons 9 and 10 within the Folh1 gene.?*2% On the other hand, insertion
of three stop codons between exons 1 and 2, deletion of exons 3-5, or
deletion of exon 3 within the Folh1 gene led to production of viable
mice.232¢2? Of all the Folh1 inactivation attempts, only one study has
aimed to disrupt the active site of PSMA/GCPII (by deletion of exons ¢
and 10) and thus avoid possible preservation of PSMA/GCPII enzyme
activity by alternative mRNA splicing.z'J However, this attempt did not
result in production of viable PSMA/GCPII-deficient mice.

Here, we describe production of PSMA/GCPIl-deficient mice
(hereafter also referred as Folh1™~ mice) by disrupting the PSMA/
GCPII active site using a strategy different than ES cell manipulation—
manipulation of mouse zygotes by targeted nucleases. We designed
transcription activator-like effector nucleases (TALENs) that specifically
cleave exon 11 of the Folh1 gene within the sequence encoding the
PSMA/GCPII active site. This strategy led to full loss of PSMA/GCPII
protein expression in Folh1™/~ mice. Our Folh1™~ mice were viable, able
to breed normally, and did not show any obvious phenotype. As PSMA/
GCPII function in the brain has been thoroughly studied using PSMA/
GCPIl-deficient mice by others, we focused on the mouse urogenital
system. We found that aged Folh1™~ mice have an increased propensity
for enlarged seminal vesicles compared with their WT littermates, and
we explored the possible source of this phenomenon.

2 | MATERIALS AND METHODS

2.1 | Generation of Folh1™'~ mice

All animal procedures were ethically reviewed and performed in
accordance with European directive 2010/63/EU and were approved
by the Czech Central Commission for Animal Welfare. Folh1™~ mice
were generated by TALEN-mediated genome editing. TALENs were
designed to target exon 11 of the Folh1 gene, which encodes PSMA/
GCPII. The following TALEN-repeat domain sequences were used: Left
TALEN, NG NG NN HD NI NI NN HD NG NN NN NN NI NG NN; right
TALEN, HD NI NN NG NI NN NI NI HD HD NI NI NN NI NI. TALEN
RNA precursors were generated and microinjected into male nucleoli
of zygotes isolated from C57BL/6NCrl mice as previously described.*®
These zygotes were subsequently implanted into pseudopregnant
females. Tail biopsies from newborn pups were analyzed for the
presence of TALEN-mediated mutations using Sanger sequencing.
Briefly, chromosomal DNA was first isolated from tail biopsies using
phenol-chloroform PCR with the primers F1
(5"-GGGCTATGCATTTTTCAGGA-3') and R1 (5'-GCAGCAAGTGCCT-
TAACCAG-3') was performed, generating fragments of approximately
500 bp (546 bp for the WT allele). PCR products were separated by
agarose electrophoresis, isolated from the gel and ligated into pCRII-
TOPO vector using TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA).
The resulting plasmids were sequenced using M13 Reverse primer
supplied in the TOPO TA Cloning Kit. Founder mice carrying deletions
of 3 bp (del3), 4 bp (del4), and 17 bp (del17) within exon 11 of the Folh1
gene were bred with a WT C57BI/6NCrl mice to obtain the F1
generation. The mice used in this study were offspring of the F2

extraction.

generation or subsequent generations.
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2.2 | Folh1™~ mice genotyping

Chromosomal DNA was isolated from tail biopsies using QuickExtract DNA
Extraction Solution (Epicentre, Madison, W1). Genotyping was performed by
nested PCR, which consisted of two successive rounds of PCR. In the first
round, primers F1 and R1 (see above for sequences) were used to amplify a
fragment of approximately 540 bp (546 bp for WT allele, 543 bp for del3
allele, 542 bp for del4 allele, and 529 bp for del17 allele). Reactions from
the first round of PCR were diluted 200-fold and served as templates for the
second round of PCR using primers F2 (5'-ATTTTGTTTGCAAGCTGG-3')
and R2 (5'-CACTCAGTAGAACCAAGAAGG-3'). Amplified fragments of
specific length (56 bp for WT allele, 53 bp for del3 allele, 52 bp for del4 allele,
39bp for dell7 allele) were analyzed by DNA polyacrylamide gel
electrophoresis in TBE followed by GelRed post-staining (Biotinum,
Fremont, CA).

2.3 | Preparation of rm-GCPII

The extracellular portion of mouse GCPII (rm-GCPII) was prepared as
previously described.! Briefly, large scale expression was performed
using Drosophila S2 (BiP-BirA-KDEL) cells®? stably transfected with a
plasmid encoding rm-GCPII (pMT/BiP/AvimGCPII).%" Biotinylated rm-
GCPIl was purified from S2 cell media using Streptavidin Mutein Matrix
(Roche, Basel, Switzerland).>2 rm-GCPII protein solution containing D-
biotin was subsequently purified by size-exclusion chromatography
using a HiLoad™ Superdex™ 200 10/300 GL column (GE-Healthcare,
Chicago, IL) as a solid phase and buffer consisting of 10 mM Tris-HCI, pH
7.4, 150mM NaCl as a mobile phase. The protein concentration was
determined using quantitative amino acid analysis (Biochrom, Cam-
bridge, UK) following the manufacturer's protocol.

2.4 | Cloning of vector encoding rm-GCPlidel17

Site-directed mutagenesis was carried out using pMT/BiP/AvimGCPII*!
as a template according to the manufacturer’s protocol (Phusion Site-
Directed Mutagenesis Kit, Thermo Fisher Scientific, Waltham, MA). Four
consecutive mutageneses were performed. First, a deletion of & bp within
pMT/BiP/AvimGCPIl (pMT/BiP/AvimGCPIldelé) was introduced using
primers 5'-TGCAAGCTGGGATGCAGAAGGCCTTCTTGGTTCTACTG-3'
and  5'-CAGTAGAACCAAGAAGGCCTTCTGCATCCCAGCTTGCA-3',
Subsequently, pMT/BiP/AvimGCPIl with a 9-bp deletion of was prepared
from pMT/BiP/AvimGCPIidelé using primers 5'-TTTGTTTGCAA
GCTGGGATGAAGGCCTTCTTGGTTCTACT-3" and 5'-AGTAGAAC-
CAAGAAGGCCTTCATCCCAGCTTGCAAACAAA-3' followed by prepa-
ration of pMT/BiP/AvimGCPIl with a deletion of 12bp using primers
5'-TTTGTTTGCAAGCTGGGATGGCCTTCTTGGTTCTACTGAG-3"

5'-CTCAGTAGAACCAAGAAGGCCATCCCAGCTTGCAAACAAA-3',
Finally, deletion of 17bp within pMT/BiP/AvimGCPIl (pMT/BiP/
AvimGCPlldel17) was prepared using pMT/BiP/AvimGCPlidel12 as a
template  with  primers  5'-CAATTTTGTTTGCAAGCTGGCCTT
CTTGGTTCTACTGAGT-3" and 5'-ACTCAGTAGAACCAAGAAGGC-
CAGCTTGCAAACAAAATTG-3'". To ensure that no other mutation was
introduced into the vector during mutagenesis, the sequence of the
resulting pMT/BiP/AvimGCPlIdel17 plasmid was verified by sequencing.

and
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2.5 | Preparation of rm-GCPlldel17

The recombinant protein rm-GCPlldel17 was prepared similarly as
previously described for rm-GCPII.3" Briefly, Drosophila S2 (BiP-BirA-
KDEL) cells®® were co-transfected with the plasmids pMT/BiP/
AvimGCPlldel17 and pCoBlast (Invitrogen), followed by cell culture
selection using cultivation of the transfectants in the presence of
blasticidin (Invitrogen) and hygromycin B (Invitrogen). Prepared stably
transfected cultures of S2 cells were tested for their ability to express
rm-GCPlldel17 using Western blot, and the cell culture expressing the
highest amount of rm-GCPlldel17 was used for large-scale expression.
Large-scale expression was performed in a similar fashion as previously
described for rh-GCPIL?® Biotinylated rm-GCPlldel17 was purified
from 52 cell media by one-step purification using Streptavidin Mutein
Matrix (Roche).*2 The protein concentration was determined using
Bradford 1x Dye Reagent (Bio-Rad, Hercules, CA).

2.6 | Tissue lysate preparation

Mice were sacrificed by intraperitoneal anesthetic injection followed
by cervical dislocation. The anesthetics used were a combination of
either tiletamine (125 mg/kg), zolazepam (125 mg/kg), and xylazine
(10 mg/kg) or ketamine (125 mg/kg), and xylazine (20 mg/kg). Tissues
intended for Western blot and enzyme activity analysis were frozen on
dry ice immediately after collection and stored at -80°C until further
processing.

To ensure homogeneity during tissue lysis, whole organs were
processed. The only exception was the brains, which were first split
into two identical hemispheres, only one of which was subsequently
used for the tissue lysis.

The mouse tissues were weighed and homogenized in lysis buffer
(50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1x Roche cOmplete protease
inhibitor cocktail; 3 pL of lysis buffer added per 1 mg of tissue) using
TissueLyser |l (Qiagen, Hilden, Germany). The homogenization process
slightly differed between tissues. The kidneys and brains were first
homogenized with TissueLyser Il at 30 Hz for 3 min. A 120 pL aliquot
of the tissue homogenate was subsequently diluted with 180 L lysis
buffer and further homogenized using TissueLyser Il (30 Hz, 3 min). In
contrast, tissues of the urogenital system were homogenized with
TissueLyser Il at 30 Hz once for 5 min.

All homogenates were mixed with lysis buffer containing an
appropriate amount of Igepal CA-630 (Sigma-Aldrich, St. Louis, MO) to
reach a final detergent concentration of 1%. The samples were
sonicated in a water bath 4 x 1 min at 0°C. Finally, the samples were
centrifuged at 16 000g for 30 min, and the supernatants were stored at
-80°C until further use. The concentration of total protein in the
lysates was determined right before Western blot or enzyme activity

analysis using Bradford 1x Dye Reagent (Bio-Rad).

2.7 | Western blot analysis

A combination of reducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Bio-Rad) and wet electroblotting (Bio-Rad)
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was used for Western blot analysis. A total amount of protein per line was
100 pg. The antibody mixture consisted of the anti-mouse PSMA/GCPII
GCP-04 (Exbio, Prague, Czechia) labeled with HRP and an anti-B-actin
antibody (Mouse monoclonal anti-B-actin antibody, clone AC-15, Sigma-
Aldrich) diluted in 0.55% casein solution. Conjugation of GCPII-04 with HRP
was performed at pH 9.4 using the EZ-Link™ Plus Activated Peroxidase Kit
(Thermo Fisher Scientific) according to the manufacturer's protocol. To
visualize PSMA/GCPII, the blots were incubated with SuperSignal West
Femto Chemiluminescent Substrate (Thermo Fisher Scientific), and
chemiluminiscence was captured with a LAS-3000 CCD Camera (Fujifilm,
Tokyo, Japan). To visualize B-actin, the blots were incubated with IRDye 680
RD goat anti-mouse antibody (LI-COR Biosciences, Lincoln, NE) and
developed by an Odyssey Clx Infrared Imaging System (LI-COR
Biosciences).

2.8 | Radioenzymatic assay

NAAG-hydrolyzing activity in mouse tissues was determined using
3H-NAAG (radiolabeled on the terminal glutamate) as previously
described®® with minor modifications. A volume of tissue lysate
corresponding to a selected amount of total protein was adjusted by
addition of lysis buffer to 20 pL and mixed with 70 pL reaction buffer
(20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween 20). Reactions
were incubated with 10pL of 1uM NAAG (containing 50nM
3H-NAAG) at 37°C for 17 h (ie, overnight) or 6 h. The reactions were
stopped by addition of 100 uL ice-cold stopping buffer (200 mM
KH,PO4, 2mM 2-mercaptoethanol, pH 7.4), and the released
glutamate was separated from the uncleaved NAAG using AG1-X
ion exchange resin (Bio-Rad). The eluate containing radioactive
glutamate was mixed with Rotiszint ECO Plus scintillation cocktail
(Roth), and the radioactivity of each sample was quantified by liquid
scintillation using a Tri-Carb Liquid Scintillation Counter (Perki-
nElmer, Waltham, MA). The samples were measured in either
duplicates or triplicates. A calibration curve of rm-GCPIl (10 pg,
25 pg, 50 pg, 100 pg, 125 pg, and 250 pg of rm-GCPII per reaction)
was included in each sample set.

2.9 | Gross anatomy of the urogenital system

Mice were sacrificed by intraperitoneal anesthetic injection followed
by cervical dislocation. Ketamine (125 mg/kg) and xylazine (20 mg/kg)
were used as anesthetics. The abdominal cavity was opened by midline
laparotomy extending from the xiphoid process to the pubic
symphysis. Seminal vesicles were localised, gently inverted, and pulled
out of the abdominal cavity. Images of the seminal vesicles in front
view with length scale were recorded. The seminal vesicle area was
measured with Image) software®* using the length scale as an internal
standard.

2.10 | Histopathology and immunohistochemistry

Selected tissues from the mouse urogenital system were collected
following gross anatomy examination. Unaffected human epididymis
tissue samples were obtained from specimen surgically resected for

testicular cancer (n=3, average age—39 years). Tissues were
immersed in 10% buffered formalin immediately after collection and
stored at 4°C before further processing.

A standard histopathological examination of the seminal vesicles was
performed. Briefly, after fixation in 10% buffered formalin, transverse
sections of the tissues were dehydrated using graded ethanol followed by
xylene immersion and embedded in paraffin. Five-micrometer slices were
subsequently prepared and stained with hematoxylin-eosin.

Immunohistochemistry of human and mouse samples was
performed as previously described® with minor modifications. After
fixation in 10% buffered formalin, tissues were dehydrated using
graded ethanol followed by xylene immersion and paraffin embed-
ding. Five-micrometer serial slices were prepared, deparaffinized in
xylene and rehydrated in graded ethanol. Heat antigen retrieval was
performed in buffer containing 10 mM sodium citrate, pH 6.0, and
0.1% Tween 20 using an autoclave (110°C, 15min). Endogenous
peroxidase activity was blocked by incubation in a 1.5% hydrogen
peroxide solution in PBS for 20 min at room temperature followed by
incubation in 10% fetal bovine serum (FBS) in PBS for 1h at room
temperature to reduce nonspecific interactions. To block endogenous
immunoglobulins in the mouse samples, the slices were incubated
with AffiniPure Fab Fragment Goat Anti-Mouse IgG (H + L) (Jackson
ImmunoResearch Laboratories, West Grove, PA, diluted to 50 pg/mL
by 10% FBS in PBS) for 1 h at room temperature. The slides were then
washed four times with PBS, and a solution of primary antibodies
against mGCPII/hGCPIl (GCP-04, Exbio, or GCP-02*¢) or hGCPII
(YPSMA-1, Anogen, Toronto, Canada) diluted in 10% FBS in PBS to a
concentration of 10 pg/mL was added to each slice. After overnight
incubation at 4°C, the slides were washed five times with PBS
containing 0.1% Tween 20, and each slice was incubated for 1h at
room temperature with the secondary antibody Histofine Simple
Stain™ MAX PO (MULTI) (Nichirei Biosciences Inc., Tokyo, Japan),
either undiluted (human samples) or diluted 1:2 with 10% FBS in PBS
(mouse samples). Finally, the slides were washed five times with PBS
containing 0.1% Tween 20, and mGCPIl was visualized using the
DAB/Plus kit (Diagnostic BioSystems, Pleasanton, CA). The slides
were counterstained with Harris' hematoxylin and mounted in

polyvinylalcohol-based media.

2.11 | Statistical analysis

All data from radioactive assays are presented as the mean of biological
replicates + standard deviation. Statistical analysis of mouse seminal
vesicle enlargements was performed with the statistical software
Stata, release 9.2 (Stata Corp LP, College Station, TX). A random-
effects linear regression model with generalized least squares
technique for estimating parameters was used to analyze the data.
This approach allows estimation of within-animal variation as well as
between-animal variation. It also takes into account the correlation
between responses on paired organs from the same individual. Based
on the result of the Shapiro-Wilk test for normality, the dependent
variable (ie, area) was log-transformed to bring its distribution closer to
normal. Group (Folh1™" vs Folh1*/~ vs Folh1*/*) or age (<72 weeks old
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vs >72 weeks old) entered the model as independent variables. All
statistical tests were evaluated at a significance level of 0.05.

3 | RESULTS

3.1 | Folh1™~ mice generated by TALEN-mediated
gene disruption are viable and devoid of PSMA/
GCPII specific activity

To generate Folh1™~ mice, we designed TALENs that specifically
cleaved exon 11 of the Folh1 gene within the sequence encoding the
PSMA/GCPII active site (Figure 1A). Two independent TALEN
microinjections into male nuclei of C57BL/6NCrl zygotes were
performed, resulting in 65 transgenic mice of the FO generation.
Gene sequencing was carried out on all FO transgenic mice, and the
chasen founder mice carrying deletions of 3 bp (del3), 4 bp (del4), and
17 bp (del17) within exon 11 of the Folh1 gene were bred with WT
C57BL/6NCrl mice to obtain the F1 generation. For facile monitoring
of resulting genotypes, we established a reliable genotyping method
based on nested PCR (Figure 1B).

Heterozygous mice bearing the Folh1-del3, Folh1-del4, or Folh1-
del17 wvariant bred normally and did not show any obvious

(A)
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phenotype. PSMA/GCPII mutant mice (mice homozygous for either
Folh1-del3 or Folhl-del4 or Folh1l-del17) were generated by
intercrossing heterozygous mice of at least the F2 generation.
Neither embryonic lethality nor any obvious phenotype was
observed for the PSMA/GCPII mutant mice. Subsequent intercross-
ing of PSMA/GCPIl mutant mice was consistent with the usual
breeding performance of C57BL/6NCrl mice.

To confirm that the generated mutants could be considered as
knockout, that is, possess functional gene ablations, we examined at
first the PSMA/GCPII protein expression in the kidney and brain using
Western blot (Figures 2A and 2C). No band corresponding to either
full-length PSMA/GCPII or any truncated form of PSMA/GCPII was
detected by Western blot, although the antibody against mouse
PSMA/GCPII is able to recognize the potential protein products of
Folh1-del3, Folh1-del4, and Folh1-del17 gene expression. In addition,
no version of PSMA/GCPII was detected in the insoluble fractions of
lysates from PSMA/GCPIlI mutant mice (data not shown). Since all
three mutants were devoid of PSMA/GCPII protein expression, they
are hereafter collectively referred as Folh1™~ mice.

Next, we set out to determine if the Folh1™~ mice were devoid of
specific PSMA/GCPI| activity. We performed enzymatic activity assays
with the brain and kidney lysates using NAAG, a physiologic substrate

WT . .CAATTTTGTTTGCAAGCTGGGATGCAGAAGAATTTGGCCTTCTTGGTTCTACTGAGTGGG . . Folh1
TALEN BINDING SITE TALEN BINDING SITE
TALEN-MEDIATED
MUTAGENESIS
. .CAATTTTGTTTGCAAGCTGGGATGCAGAAG- - - TTGGCCTTCTTGGTTCTACTGAGTGGG . . Folh1-del3
3bp deletion
Folh1™ . .CAATTTTGTTTGCAAGCTGGGATGCAGATG - -~ TGGCCTTCTTGGTTCTACTGAGTGGG . . Folh1-del4
4bp deletion
. .CAATTTTGTTTGCAAGCTGG -~~~ ===~ ~=——~==~=~ CCTTCTTGGTTCTACTGAGTGGE . . Folh1-del17
17bp deletion

o
z ¥
H £ EE E E £ EE =
4 g & & g & & g & &

) " - .
a 300t
E . .CAATTTTGTTTGCAAGCTGGGATGCAGAAGAATTTGGCCTTCTTGGTTCTACTGAGTGGG . .
E . TTGGCCTT! .
b 3bp deletion 4bp deletion 17bp deletion
~

FIGURE 1 Generation and genotyping of Folh1™™ mice. A, Folhl™~

mice were generated on a C57BL/6NCrl background using TALEN

technology. TALEN activity followed by non-homologous end joining generated several different mutations. Founder mice with deletions of 3bp
(Folh1-del3), 4 bp (Folh1-del4), and 17 bp (Folh1-del17) were chosen to establish PSMA/GCPII mutant mouse colonies. B, Mice were genotyped
using nested PCR. The first round of PCR using F1 and R1 primers generated fragments of approximately 540 bp. The second round using F2
and R2 primers generated fragments with length depending on genotype. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Characterization of Folh1™~ mice using brain and kidney lysates. A and C, Representative Western blot analysis of brain lysates
(A) and kidney lysates (C). Western blot were performed with the anti-PSMA/GCPII antibody GCPII-04 (designated a-GCPIl) and anti-B-actin
antibody (designated a-ACTIN). Recombinant mouse GCPII (rm-GCPII)®! and a truncated version corresponding to the extracellular part of the
potential protein product of Folh1-del17 gene expression (rm-GCPlidel17) were used as mGCPII standards. 1-Folh1**, 2-Folh1™", 3-rm-GCPII
WT, 4-rm-GCPIl del17. B and D, NAAG cleavage activity analysis of brain lysates (B) and kidney lysates (D). Reactions were performed in

100 pg of total protein overnight. Error bars represent standard deviation of six biological replicates (8-week-old males)

of PSMA/GCPII (Figures 2B and 2D). Indeed, NAAG conversion after
overnight incubation with Folh1™" lysates did not exceed 6%.

3.2 | Aged Folh1™™ mice have an increased
propensity for enlarged seminal vesicles

We focused on the urogenital system of aged mice to further examine
possible phenotypic differences between Folh1™~ and Folh1** mice.
We first performed gross anatomy analysis of the urogenital system of
aged WT mice. Age-related changes were observed only in the seminal
vesicles, which showed a tendency toward bilateral enlargement.
Based on preliminary observations of a small cohort consisting of mice
aged 63-82 weeks, we further studied two age groups—mice aged
69-72 weeks and mice aged 72.1-81 weeks. While the seminal vesicles
of all WT mice aged 69-72 weeks were of a normal size (average
stretched length of 1.5 cm and average area of 1cm?), the propensity
for bilaterally enlarged seminal vesicles increased significantly in WT
mice older than 72 weeks (P < 0.001, see Figure 3).

Based on these observations, we investigated possible PSMA/
GCPII-mediated changes in the urogenital system in mice aged 69-72
weeks. Interestingly, we observed a higher prevalence of bilaterally
enlarged seminal vesicles in Folh1l™~ mice compared with Folh1*/*
mice. Typical gross anatomy of the seminal vesicles of both Folh1*/*
and Folh1l™”" mice is depicted in Figure 4A. Histopathological
examination using hematoxylin-eosin staining did not show any
substantial differences between the seminal vesicles of Folh1*/* and
Folh1™~ mice (Figures 4B and 4C). Nevertheless, “dilated” parts of the
seminal vesicles were present to a greater extent in Folh1”~ mice than
in their WT counterparts. Moreover, loosening of mucosal folds and
decreasing epithelial thickness were also more prominent in Folh1™~
seminal vesicles. No epithelial hyperplasia, tumor or infection was
observed.

To investigate the statistical significance of our observations, we
performed gross anatomy analysis of a sufficient number of Folh1™/~,
Folh1*'", and Folh1*'* mice (at least nine mice per group, Figure 5A).
Linear regression analysis of logarithmically transformed seminal
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FIGURE 3 Age-related enlargement of mouse seminal vesicles. The
WT mice were divided into two age groups based on preliminary
observations of a small cohort consisting of mice aged 63-82 weeks.
The group designated as <72 consisted of 20 mice aged 69-72 weeks.
The group designated as >72 consisted of 11 mice aged 72.1-81
weeks. The difference in seminal vesicle area between the two groups
was statistically significant (P < 0.001 as designated by ***)
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vesicle areas showed that the overall difference between the three
groups was highly statistically significant (P < 0.002). Comparisons of
group pairs revealed a highly statistically significant difference
between Folh1™™ and Folh1™" mice (P<0.001) and a statistically
significant difference between Folh1™~ and Folh1*/~ mice (P =0.028).
These data suggest that the propensity for enlarged seminal vesicles
tends to increase with a decreasing number of PSMA/GCPII-
expressing alleles.

We next investigated whether the amount of expressed PSMA/
GCPIl depends on the number of functional Folh1 alleles in the aged
mice. We prepared lysates from kidneys collected from 70-week-old
mice with the three genotypes (Folh1™~, Folh1*/~, Folh1*/*) and
analyzed them using two independent methods—Western blot and
NAAG-hydrolyzing activity analysis (Figure 5B). Interestingly, the
amount of PSMA/GCPII expressed in Folh1*/~ mice was close to half
that expressed in Folh1*/* mice, as determined by Western blot
(Figure 5B). No PSMA/GCPII was detected in lysates from Folh1™/~
mice. Moreover, NAAG conversion after incubation with kidney
lysates from Folh1*/~ mice was half of that observed after incubation

Folh1”

(€)

FIGURE 4

Images and histopathology of the seminal vesicles of typical Folh1*/* mice and some Folh1™~ mice. A, Images of mouse

abdominal part. B, Histopathological images of mouse seminal vesicles showing “dilated” parts. C, Histopathological images of mouse seminal
vesicles showing parts with normal seminal vesicle histology. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Statistical analysis of enlarged seminal vesicles and expression of PSMA/GCPII protein in kidneys of 70-week-old mice with
distinct genotypes. A, Comparison of seminal vesicle areas of Folh1*/*, Folh1*/~, and Folh1™~ mice. AVG AGE indicates the average age of the
mice in weeks. The difference in seminal vesicle area was highly statistically significant between Folh1™~ and Folh1*/* mice (P < 0,001,
designated by ***), statistically significant between Folh1™" and Falh1*/~ mice (P =0.028, designated by *) and on the border of significance
between Folh1*~ and Folh1*'* mice (P = 0.052, designated by -). B, NAAG cleavage and Western blot analysis of kidney lysates from Folh1*'*,
Folh1*/~, and Folh1™~ mice. NAAG cleavage analysis was performed in 0.5 ug total protein for 6 h. Error bars represent standard deviation of 2
(for Folh1™~) or 3 (for Folh1*/* and Folh1*/~) biclogical replicates. Western blot analysis of kidney lysates was performed using the anti-PSMA/

GCPIl antibody GCPII-04 (designated a-GCPII) and anti-B-actin antibody (designated a-ACTIN)

with kidney lysates from Folh1*/* mice (Figure 5B). As expected,

almost no NAAG cleavage activity was observed in lysates from the

kidneys of Folh1™"~ mice.

3.3 | PSMA/GCPII is highly expressed in the
epididymis

To investigate whether a possible source of seminal vesicle
enlargement could be located within or close to the seminal vesicles,
we examined the expression profile of PSMA/GCPII in male mouse
urogenital tissues using the NAAG cleavage assay (Figure 6A).
Among the tissues tested (30 pg total protein per reaction), only the
kidney, spermatic cord, and epididymis reached at least 50% NAAG
conversion after overnight incubation. Other tissues, including all
four prostate glands and seminal vesicles, showed less than 25%
NAAG conversion (Figure 6A). Assuming PSMA/GCPII is the only
enzyme responsible for NAAG cleavage, this would correspond to
less than 2.5 pg PSMA/GCPII per 1 g total protein (as determined
from our calibration curve, which was linear from 4% to 42% NAAG
conversion, corresponding to 10 pg to 125 pg recombinant mouse
GCPIl). In addition, we examined PSMA/GCPII expression in the
seminal vesicles using Western blot analysis. Even though a weak
band of molecular weight similar to that of PSMA/GCPIl was
detected in the seminal vesicles of Folh1*'*
was also observed in the seminal vesicles of Folhl™™ mice

mice, the same signal

(Figure 6B), suggesting possible cross-reactivity of the antibody.

We thus further investigated only the spermatic cord and
epididymis.

To filter out the possible contribution of other enzymes (such as
mouse GCPIIl) to NAAG hydrolysis, we analyzed lysates from the
epididymis and spermatic cord of both Folh1** and Folh1™" mice.
While NAAG hydrolysis in the epididymis of Folh1™~ mice was
negligible, NAAG conversion after incubation with spermatic cord
lysates from Folhl™’~ mice was more than half the WT value
(Figure 6C). After taking into account the conversion from Folh1™/~
mice, the amount of PSMA/GCPII in the spermatic cord appeared to be
within the range of other tissues expressing low levels of PSMA/GCPI|
(Figure 6C). On the other hand, the amount of PSMA/GCPII in the
epididymis was as high as 180 pg per 1 pg total protein. In comparison,
we previously showed that the amount of PSMA/GCPII in the male
kidney and brain is 100-250 pg and 2.5-10pg in 1 pg total protein,
respectively.>! We thus visualized and localized PSMA/GCPII in the
epididymis by immunohistochemistry using two different antibodies
against mouse PSMA/GCPII—-GCPII-02 and GCPII-04 (Figure 7). Cells
expressing the protein were detected in all three parts of the
epididymis—head, body, and tail.

Finally, we investigated whether PSMA/GCPII could be also detected
in the human epididymis. For this purpose, we performed immunohis-
tochemistry with tissue sections of the body of the epididymis collected
from three patients using three different antibodies against human
PSMA/GCPII-GCPII-02, GCPII-04, and YPSMAL. Interestingly, PSMA/
GCPIll-expressing cells were detected in all cases (Figure 8).
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FIGURE 6 NAAG cleavage activity in the male mouse urogenital system and Western blot analysis of the seminal vesicles. A, NAAG
conversion performed overnight in 30 ug total protein of WT lysates compared to NAAG conversion performed overnight with 10 pg and

125 pg of recombinant mouse GCPII (rm-GCPII). Error bars of tissue lysate conversions represent standard deviations of biological replicates
(from 3 to 5 mice of at least 2 of 3 different ages: 8 weeks, 17 weeks, and 30 weeks). Error bars of NAAG conversions by rm-GCPI| represent
standard deviations of 6 independent measurements. B, Representative Western blot analysis of seminal vesicle lysates. Western blots were
performed with the anti-PSMA/GCPII antibody GCPII-04 (designated a-GCPII) and anti-B-actin antibody (designated a-ACTIN). Recombinant

mouse GCPII (designated rm-GCPIl WT)3' was used as mGCPII standard. C, Comparison of overnight NAAG cleavage activity in selected
reproductive tissues of Folh1*/* and Folh1 ™~ mice together with calculated amount of PSMA/GCPII (mGCPII) in mouse epididymis and

spermatic cord after taking into account NAAG conversion in tissues from Folh1™

biological replicates (8-week-old mice)
4 | DISCUSSION

Despite more than three decades of extensive research, the
physiological function of PSMA/GCPII is still not fully understood.
Several independent research groups have attempted to produce and
characterize mice with disrupted PSMA/GCPII. However, the out-
comes of these studies differ dramatically, ranging from embryonic
lethality®*?> to generation of viable mice without any obvious

/= mice. Error bars represent standard deviation of 4

phenotype.232¢ Viable PSMA/GCPII-deficient mice have been used
to investigate PSMA/GCPII function in the nervous system?*~2® but
not in other PSMA/GCPII-expressing tissues such as the urogenital
system. In this study, we explored several issues that have not been
addressed in the reports published to date.

First, in contrast to previous studies, which used ES cell
manipulation to generate PSMA/GCPII-deficient mice, we inactivated
the Folh1 gene in mice using TALEN technology.>”® This strategy

151



152

VORLOVA €T AL

2 | The Prostate_\W[EY:

HEAD/BODY

a-GCPIl + 2™ Ab

FIGURE 7 Representative immunohistochemical staining of the head, body, and tail of mouse epididymis. Formalin-fixed paraffin-
embedded mouse epididymis tissue sections were incubated with the anti-PSMA/GCPII (a-GCPII) antibody GCP-04 (Exbio) to localize mouse
PSMA/GCPII expression. As a negative control, immunohistochemistry using only secondary antibody (2nd Ab) Histofine Simple Stain™ MAX
PO (MULTI) (Nichirei Biosciences Inc.) was performed. [Color figure can be viewed at wileyonlinelibrary.com]

enabled us to manipulate mouse zygotes with the same genetic
background as the knockout colony that was being established.
Therefore, potential phenotypic variations that could be caused by
mixed genetic backgrounds®” were eliminated. Moreover, our PSMA/
GCPII-deficient mice do not contain the PGK-Neo cassette because
TALEN technology does not require a selectable marker. When
retained in the targeted loci, selectable marker cassettes such as PGK-
Neo have been repeatedly shown to greatly influence the expression
of neighboring genes within the locus, leading to unexpected
phenotypes of null mutant mice.***! Out of three PSMA/GCPII-
deficient colonies established to date, only one (IMPC) had the PGK-
Neo cassette removed using the Cre-Lox system before the mice were
characterized.?” The other two PSMA/GCPII-deficient colonies,®*?¢
which are routinely used for diverse experiments, 22423 likely do not
contain any LoxP sites, and PGK-Neo cassette removal is thus not
possible.

Second, when using TALENs to inactivate the Folh1 gene, we
intended to disrupt the active site of PSMA/GCPII. Several reports have
shown that novel alternative splice variants can be detected in some
knockout mice, and these may serve to rescue a severe phenotype of

complete gene inactivation.***> Modification of the Folh1 gene within

the sequence encoding the active site of PSMA/GCPI| ensures that no
alternative splicing that would enable at least partial restoration of
PSMA/GCPII activity can occur. A previous attempt to generate
PSMA/GCPII-deficient mice through active site disruption led to
embryonic lethality.?* Here, we show that a small TALEN-mediated
deletion within exon 11 of the Folh1 gene leads to production of viable
PSMA/GCPII-deficient mice with no obvious phenotype. In compari-
son with previous reports characterizing viable PSMA/GCPII-deficient
mice, 222 residual NAAG hydrolyzing activity in our Folh1™"~ mice
seems to be negligible. Indeed, while NAAG conversion in saturation
was as low as 3% in the brain lysates of our Folh1™~ mice, others have
reported that NAAG hydrolyzing activity measured in PSMA/GCPII-
deficient mouse brains within the linear range of reaction velocity
reached 6% to 18% of the WT values.

Finally, we focused on possible phenotypic differences between
Folh1** and Folh1™" mice in the urogenital system rather than the
nervous system. We found that PSMA/GCPII-deficient mice aged 69-
72 weeks have a higher propensity for bilaterally enlarged seminal
vesicles. The dilation of seminal vesicles seems to be solely a result of
the accumulation of luminal fluid, as we observed no other cause such

as epithelial hyperplasia, cysts, tumors or infections. Interestingly, we
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FIGURE 8 Representative immunohistochemical staining of the body of human epididymis. Formalin-fixed paraffin-embedded human
epididymis tissue sections were incubated with several anti-PSMA/GCPII antibodies to specifically detect PSMA/GCPII. A, Negative control—
immunohistochemistry using only the secondary antibody Histofine Simple Stain™ MAX PO (MULTI) (Nichirei Biosciences Inc.). B,
Immunohistochemistry using the antibody GCP-04 (Exbio). C, Immunohistochemistry using the antibody GCP-02.>¢ D, Immunohistochemistry
using the antibody YPSMA1 (Anogen). [Color figure can be viewed at wileyonlinelibrary.com]

observed this increased propensity for seminal vesicle enlargement to

a lesser extent in Folh1*/~

mice. It is thus possible that the seminal
vesicle dilation is somehow associated with PSMA/GCPII activity, as
the amount of PSMA/GCPII in the Folh1*~ mice was roughly half the
amount of PSMA/GCPII in Folh1*/* mice, as determined by both
Western blot and NAAG-hydrolyzing activity.

Previous studies have reported that enlarged seminal vesicles are
one of the signs of aging in C57BL mice.***” In one of these studies,
the mice, which had dilation of seminal vesicles caused by accumula-
tion of luminal fluid, were at least 24 months old**—much older than
the mice investigated in our study. Dilated seminal vesicles have also
been reported in aged C57BL mice with a lower age limit (16 months)
but in connection with either an infection or the presence of an
abdominal tumor,*” neither of which we observed in our histopatho-
logical examination. In addition, several genetically modified mice with
a phenotype association to enlarged seminal vesicles can be found in
public databases or the literature.?®*® However, none of the reported
genes seems to be connected with PSMA/GCPIL.

To investigate the possible source of seminal vesicle enlarge-
ment in Folh1™~ mice, we examined the expression profile of PSMA/

GCPIl in the urogenital system of WT mice using a NAAG-
hydrolyzing activity assay. Somewhat surprisingly, low levels of
NAAG hydrolyzing activity were detected in the seminal vesicles and
most surrounding tissues. In the case of seminal vesicles, we
additionally performed Western blot analysis, which showed non-
detectable expression of PSMA/GCPII. Indeed, no difference was
seen between seminal vesicle lysates of Folh1** and Folh1™ mice
suggesting that if PSMA/GCPII is expressed in the seminal vesicles,
its level is below the detection limit. In agreement with previous

reports,®*4?

almost no NAAG hydrolyzing activity was observed in
any of the mouse prostate lobes. In contrast, high levels of NAAG
hydrolyzing activity were detected in the mouse spermatic cord and
epididymis.

The possibility that PSMA/GCPII is present in seminal vesicles or
other urogenital tissues in an amount sufficient for execution of a
specific function cannot be excluded. Indeed, the seminal vesicles
contain seminal fluid, which represents 60-75% of the seminal vesicle
mass.*® As protein concentration in the seminal fluid can be as high as

LSO

86 mg/m analysis of seminal vesicle lysates (ie, a mixture of seminal

fluid and seminal vesicle cells) could result in dramatic underestimation
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of PSMA/GCPII amount in the seminal vesicle cells. Similarly, male
urogenital tissues such as the urethra consist of diverse types of
cells.5! If PSMA/GCPII is expressed in only one cell type, the amount of
PSMA/GCPII could be physiologically relevant.

Even though we performed the NAAG-hydrolyzing activity assay
in reaction conditions highly specific for PSMA/GCPII?? other
enzymes such as GCPIIl potentially could influence the outcome of
the analysis. GCPIIl is expressed in considerable amounts in the mouse
testis and bladder,>? although no other urogenital system tissues have
been examined. To account for the possible involvement of other
enzymes including GCPIIl, we performed the NAAG-hydrolyzing
activity assay in the spermatic cord and epididymis (the tissues with
highest levels of NAAG-hydrolyzing activity) of both Folh1** and
Folh1™~ mice. We concluded that high amounts of PSMA/GCPII
within the urogenital system can be only detected in epididymis.
Interestingly, the amount of PSMA/GCPII in the epididymis is
comparable to the amount in the kidney and 10-fold higher than the
amount in the brain.?! Epididymis is thus one of the most PSMA/GCPII
expressing tissue in mice.

Additionally, we found that PSMA/GCPI| is expressed throughout
all parts of the mouse epididymis, as determined by immunohis-
tochemistry. This agrees with previous findings, in which the
researchers saw a strong signal in mouse epididymis after intravenous
injection of a low-molecular-weight fluorescent agent targeting
PSMA/GCPII.>*5* To investigate whether our observations may also
be applicable to humans, we examined tissue sections of human
epididymis. The presence of PSMA/GCPII mRNA in human epididymis
has been reported.”® Using immunohistochemistry with three differ-
ent antibodies against human PSMA/GCPII, we confirmed that PSMA/
GCPII protein is also expressed in the human epididymis.

In humans, ejaculatory duct obstruction is relatively rare but has
been shown to be one of the causes of male infertility.® It is a matter
of speculation whether the absence of PSMA/GCPIl in the
epididymis is somehow connected with an increased propensity
for dilated seminal vesicles. The association between inactivation of
the Folh1 gene and enlargement of seminal vesicles in aged PSMA/
GCPII-deficient mice remains enigmatic, and further research is

needed.

5 | CONCLUSIONS

We produced PSMA/GCPII-deficient mice by disrupting the PSMA/
GCPII active site using TALEN-mediated mutagenesis. We confirmed
that PSMA/GCPII protein is not expressed in these mice, and NAAG
hydrolyzing activity is almost completely abolished. Young PSMA/
GCPII-deficient mice breed normally and do not show any obvious
phenotype. Based on investigation of the urogenital system of aged
mice, we report that PSMA/GCPII-deficient mice have an increased
propensity for enlarged seminal vesicles. The cause of this phenotype
remains uncertain, as significant amounts of PSMA/GCPII within the
mouse urogenital system were detected only in the epididymis. PSMA/
GCPIl was also shown to be present in the human epididymis. We thus

believe that our findings can set the direction for future work to reveal
PSMA/GCPII function in human reproduction.
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ABSTRACT: Glutamate carboxypeptidase II (GCPII) is a membrane protease
overexpressed by prostate cancer cells and detected in the neovasculature of
most solid tumors. Targeting GCPII with inhibitor-bearing nanoparticles can
enable recognition, imaging, and delivery of treatments to cancer cells.
Compared to methods based on antibodies and other large biomolecules,
inhibitor-mediated targeting benefits from the low molecular weight of the
inhibitor molecules, which are typically stable, easy-to-handle, and able to bind
the enzyme with very high affinity. Although GCPII is established as a molecular
target, comparing previously reported results is difficult due to the different
methodological approaches used. In this work, we investigate the robustness and
limitations of GCPII targeting with a diverse range of inhibitor-bearing

GCP Il inhibitor
l‘

Nanoparticle

!

nanoparticles (various structures, sizes, bionanointerfaces, conjugation chemistry, and surface densities of attached inhibitors).
Polymer-coated nanodiamonds, virus-like particles based on bacteriophage Qf and mouse polyomavirus, and polymeric
poly(HPMA) nanoparticles with inhibitors attached by different means were synthesized and characterized. We evaluated their
ability to bind GCPII and interact with cancer cells using surface plasmon resonance, inhibition assay, flow cytometry, and
confocal microscopy. Regardless of the diversity of the investigated nanosystems, they all strongly interact with GCPII (most
with low picomolar K; values) and effectively target GCPII-expressing cells. The robustness of this approach was limited only by
the quality of the nanoparticle bionanointerface, which must be properly designed by adding a sufficient density of hydrophilic
protective polymers. We conclude that the targeting of cancer cells overexpressing GCPII is a viable approach transferable to a

broad diversity of nanosystems.

KEYWORDS: GCPII, PSMA, inhibitor, click chemistry, targeting, cell, nanodiamond, virus-like particle, multivalent binding, polymer,

nonspecific interaction

B INTRODUCTION

Targeted delivery of pharmaceuticals into tumor tissues offers
promise for precise cancer diagnosis and treatment. Nano-
particle (NP)-based carriers offer several advantages over
conventional therapy with cytotoxic drugs. The polyvalency
of ligands strengthens binding efficacy, the size of NPs leads to
prolonged blood circulation time and enables passive targeting
(so-called enhanced permeation effect), and the hollow interior
of NPs enables delivery of cargo.'

For specific cellular targeting, glutamate carboxypeptidase II
(GCPII), also known as prostate-specific membrane antigen
(PSMA), is a particularly interesting receptor due to its higher
expression in prostate cancer tissue and cancer-associated
neovasculature. ™ Its abundance correlates with the aggressive-
ness of the prostate cancer (GCPII is expressed in 80% of cells
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in malignant lesions*) and poor prognosis of the patient. In
contrast to surface receptors that are present on all cell types,
such as transferrin receptor, GCPII is more tissue-specific. It is
primarily expressed in the prostate, central nervous system,
small intestine, and kidney; expression in other tissues is much
lower.” GCPII is a homodimeric transmembrane glycoprotein
and metalloprotease with two main natural substrates, the most
important of which is N-acetyl-L-aspartyl-L-glutamate (NAAG).
In the CNS, GCPII cleaves NAAG into the neurotransmitters
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N-acetyl- L-aspartate and glutamate. In the intestine, where it is
also known as folate hydrolase I, GCPII participates in the
cleavage of y-linked glutamates from pteroyl-poly(y-glutamate),
freeing the vitamin folic acid.® Although the substrate and
physiological function of GCPII in prostate remain unknown,
its overexpression in prostate cancer is well-established, and the
enzyme has been exploited as a highly specific target for cancer
diagnostics and therapies.

Cancer cells overexpressing GCPII have been successfully
targeted with NPs bearing antibodies, 7% nucleic acid
apta.rners,910 and specific inhibitors." ' =" Despite the con-
venient properties of small molecules, including stability,
nonimmunogenicity, and ease of large-scale synthesis, using
inhibitors as targeting ligands is not common. NPs bearing
inhibitors have been developed for a very small number of
targets, including carbonic anhydrase IX'® and
GCPIL''~"*'™>5 This may be due to the fact that enzymes
localized on the plasma membrane usually are not cancer- or
tissue-specific, and to the lack of known potent inhibitors for
these enzymes. Nevertheless, GCPII inhibitors previously have
been used with soft polymeric NPs, including in clinical trials,*®
and with inorganic NPs.'”**® Because of the very different
methodological approaches and NP structures used in various
studies, it is difficult to compare results.

Here, we focus on exploring the structural and chemical
diversity of NP systems that can be delivered to their cellular
targets using interactions between small inhibitor molecules
attached to the NP and GCPII on the surface of the target cell.
To do so, we use representatives of different types of NPs:
polymer-coated nanodiamonds, virus-like particles based on
bacteriophage Qf and mouse polyomavirus, and polymeric
nanoparticles with an inhibitor attached as a targeting ligand.
Although targeted nanosystems based on all these NPs have
been developed previously, targeting with small molecules is
typically a more challenging approach that requires surface
optimization. The range of selected particles enables us to
investigate nanosystems of different size, flexibility, bionanoin-
terface, and conjugation chemistry. We evaluate targeting
efficiency under the same conditions on the same cellular
model to identify the potential limitations of these GCPII-
inhibitor-targeting systems.

Nanodiamonds (NDs) are relatively polydisperse (in size and
shape), nontoxic carbon NPs with unique optical properties,
including near-infrared unbleachable fluorescence [derived
from nitrogen vacancy (NV) centers] sensitive to magnetic
and electric fields.”® Similar to other inorganic NPs, they
aggregate in electrolytes (buffers and media), driven by strong
van der Waals forces.”” NDs can be colloidally stabilized by
steric hindrance, either by proteins or by polymers. Although
proteins can both stabilize the particles and direct them to the
intended target, electroneutral polymers also can reduce
nonspecific interactions with proteins and cells, which is crucial
for preparation of outstanding NPs for targeting. In a biological
environment, interactions of proteins with NPs form a so-called
“protein corona” on the NP surface,””” which can be
prevented by creating a dense polymeric shell on the NP.
Intact, biocompatible, and nonimmunogenic polymers can
shield the surface and minimize off-target binding. 30

NDs without a polymer shell have been targeted to cel]s
using the protein transferrin® ~>* or small protein toxins.”
While use of a polymer interface can be beneficial for NPs
bearing proteins, it is necessary for NPs bearing small
molecules, because small molecules do not have a shielding
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effect on the NPs. Polymer-coated NDs bearing folic acid,” 3936
RGD peptide,””** and anti-HER2 peptide® have been targeted
to cancer cells with very high efficacy.

Virus-like particles (VLPs) are safe and noninfectious virus
derived NPs, usually formed in biological systems into well-
defined uniform structures by a self-assembly process from
multiple copies of the same capsid protein(s). VLPs are
available in various sizes and shapes and display different cell
binding properties. VLPs derived from plant viruses and
bacteriophages usually do not efficiently bind mammalian cells,
whereas VLPs derived from mammalian viruses can bind to the
mammalian cell surface, engaging the carbohydrate moieties of
glycocalyx.

Mouse polyomavirus (MPyV) is an example of a small (45
nm diameter) dsDNA nonenveloped mouse virus. Historically,
VLPs composed of MPyV capsid protein were the first VLPs to
be used for gene transfer.'”"" Because there is no preexisting
humoral immunity to MPyV in the human population, MPyV
VLPs are suitable for potential clinical use. The MPyV capsid is
composed of 72 subunits. Each subunit consists of 5 molecules
of the major capsid protein, VP1, which form pentamers. Under
experimental conditions, guided in wvitro disassembly and
reassembly can be used for passive cargo loading into the
interior of VLPs, as shown for human polyomavmls jc®
MPyV uses GDla, GT1b,"” and GTla" gangliosides as
primary receptors that mediate transport of the virus along
an infectious pathway. Moreover, ayf, integrin has been
identified as a secondary receptor.” Although viral binding to
gangliosides is required for high levels of virus accumulation on
the cell surface, the presence of cell-surface glycoproteins also
allows for virus attachment and internalization. MPyV VLPs
therefore interact with a wide variety of mammalian cells via
sialic acid presented on cell surface glycoproteins and
glycolipids and enter cells readily. As with NDs, surface
modification of VLPs with polymers may be required for
selective targeting to the specific receptor and prevention of
nonspecific interactions. Recently, we demonstrated that large
molecules (the protein transferrin) displayed on the MPyV
surface can both retarget the VLP to cancer cells and prevent
the interaction with its primary receptors.’® Targeting with
small molecules has not yet been demonstrated for MPyV
VLPs.

Bacteriophage Qf is an example of a small (28 nm diameter)
icosahedral virus, VLPs of which have been actively investigated
for several nanotechnology applications. Qff VLPs are highly
monodisperse and very stable, and they consist of 180 protein
subunits cross-linked by disulfide linkages. Qf VLPs can
package small enzymes to protect and stabilize them.'” Unlike
other types of NPs, Qf VLPs do not interact with mammalian
cells to a great degree, and therefore they do not need to be
coated with polymers to decrease nonspecific interactions and
efficiently target cells. QF VLPs have been modified with
transferrin, ™ epidermal growth factor,"” glycan,sm and cyclic
RGD®' to target cells, as shown by M. G. Finn and
collaborators. Although a polymer coating is not needed in
vitro, for in vivo applications the VLP surface should be covered
with polymers to improve pharmacokinetic properties and
reduce lrnmunugemcu’y Qff particles have been modified w1th
poly(2-oxazoline)s> and oligo(ethylene glycol)-methacrylate™
to enhance thermal stability and evade immune responses.

Polymeric NPs are among the most widely used NPs for
bioapplications, thanks to their variability in composition,
which can be adjusted according to the needs of the application.

DOI: 10.1021/acs.molpharmaceut 7b 00889
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Figure 1. (A) The overall scheme of GCPII targeting using NPs bearing GCPII inhibitors. A NP bearing polyvalent array of GCPII inhibitors binds
to GCPII, which is anchored in cell membrane. The nanoparticle is then endocytosed. (B) The structures of the inhibitors 1, 4, and 5 used for NP
modifications. (C) Schematic illustration of the used NPs and molecular structure of their bionanointerface. Only particles modified with GCPII
inhibitors are shown: nanodiamonds (ND-inh), small nanoparticles based only on the coating polymer (pol-inh), bacteriophage Qf VLPs (Qf-inh,
Qf-pol-inh), and mouse polyomavirus VLPs (MPyV-inh, MPyV-pol-inh). The corresponding control particles (ND, pol, Qf, Qf-pol, MPyV, and
MPyV-pol) have always the same structure, but do not contain the GCPII inhibitors (not shown for clarity). For VLPs, the attachment of inhibitor
via coating polymer is indicated by the presence of “pol” in the abbreviation, while the absence of “pol” indicates a direct attachment to surface
lysines. See also Table 1 for further details.
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They are not prone to nonspecific interactions with cells, and
therefore they are not immediately internalized. On the other
hand, polymeric NPs are typically not monodisperse. Polymeric
NPs are the only particles assessed in this study that have
previously been used with a specific inhibitor to target GCPIL
Among the most studied have been block copolymers
containing a hydrophobic part, usually poly(lactid) acid,
bearing the hydrophobic molecule and a hydrophilic PEG
chain exposed to the environment."*'”"”*" For nucleic acid
delivery, copolymers contained combination of polyethyleni-
mine and PEG.'*'"® Biodegradable, nonimmunogenic, water-
soluble, and biocompatible N-(2-hydroxypropyl)-
methacrylamide (HPMA) copolymer with inhibitor targeting
GCPII also has shown potential in bioapplications.”*

The most widely used conjugation chemistry for modifica-
tion of NPs with a targeting ligand is amidic coupling, which is
the easiest option for molecules that naturally contain carboxyl
or amine groups (such as VLPs). For amidic coupling, moieties
with activated carboxyl groups with fair stability and selective
reactivity to amines are needed. Here, we used the thiazolidine-
2-thione group (TT) to fulfill these requirements.’’ An
alternative option is use of highly effective bioorthogonal
reactions, which do not have significant reactivity toward
naturally occurring functional groups. The Huisgen azide—
alkyne cycloaddition catalyzed by Cu(I) ions (click reaction) is
popular due to its high bioconjugation efficacy without the
need for protecting groups, simplicity, and variety of available
substrates.’**® In this work, we used both amidic coupling and
click reaction.

B METHODS

Synthesis of GCPII inhibitors and HPMA polymers is
described in the Supporting Information.

Preparation of Mouse Polyomavirus VLPs (MPyV,
MPyV-inh, MPyV-PEG). MPyV particles consisting of VP1
capsid protein were produced using baculovirus expression
system in Spodoptera frugiperda (S£9) cells.”” Purification of
particles in cesium chloride density gradient was followed by
concentration through a sucrose cushion as previously
described.””**

Labeling of MPyV VLPs with Alexa Fluor 488. Unmodified
MPyV VLPs were dialyzed against 0.1 M HEPES, pH 7.9, and
the protein concentration was adjusted to 2 mg/mL (20 mg
VP1 protein in total). This solution was treated with NHS-
Alexa Fluor 488 (ThermoFisher Scientific, final concentration
34 nM, 0.2 equiv per surface lysine; each MPyV VLP contains
720 surface-exposed lysines) at room temperature overnight
with gentle shaking (250 rpm, TS-100C, Thermo-Shaker,
Biosan). Excess dye was removed by dialysis against 0.1 M
HEPES, pH 7.9 (4 °C, overnight with two buffer changes).
Two-thirds of the prepared MPyV VLP mixture were used for
subsequent preparation of MPyV-inh particles. The rest was
purified and concentrated by centrifugation through two
successive 20% sucrose cushions (35,000 rpm, SW41 Beckman
rotor, 3 h) and dissolved in storage buffer (10 mM Tris-HC,
pH 74, 150 mM NaCl, 001 mM CaCl,), providing the
conjugate of MPyV VLPs (4 mg) used as a negative control
(MPyV).

Preparation of MPyV-inh by Click Reaction. Alexa Fluor
488-labeled MPyV VLPs were first modified with the
heterobifunctional linker propargyl-N-hydroxysuccinimidyl
(NHS) ester (Sigma-Aldrich). To a solution of MPyV in 0.1
M HEPES, pH 7.9 (2 mg/mL; total amount 14 mg) was added
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4.87 mg of the linker (35-fold molar excess per surface lysine)
dissolved in 770 uL of DMSO (10% final concentration of
DMSO). The reaction mixture was incubated at room
temperature overnight with gentle shaking (250 rpm, TS-
100C, Thermo-Shaker, Biosan). Excess reagents were removed
by dialysis against 0.1 M HEPES, pH 7.4 (4 °C, overnight, first
two buffer changes contained 10% DMSO), providing MPyV
VLP—alkyne conjugate.

MPyV VLP—alkyne (S5 mg in a final reaction volume of 6
mL), GCPII inhibitor § (see Figure 1 and Supporting
Information; 213.5 nmol) in 0.1 M HEPES buffer, pH 7.4,
containing 10 mM copper sulfate, 100 mM aminoguanidine, 50
mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, syn-
thesized according to a previously published prucedure”g), and
freshly prepared 100 mM sodium ascorbate were used for click
reaction. Copper sulfate and THPTA were mixed in a separate
tube in a 1:5 concentration ratio prior to addition to the
reaction mixture. The reaction mixture was well-sealed, mixed,
and allowed to stand undisturbed at room temperature for 3 h.
Excess inhibitor was removed from the resulting MPyV-inh
conjugates by dialysis (cellulose ester membrane, 300 kDa,
Biotech) against 0.1 M HEPES, pH 7.4 (4 °C, overnight), and
storage buffer (4 °C, overnight). Finally, the MPyV-inh
particles were purified and concentrated by centrifugation
through two successive 20% sucrose cushions and dissolved in
storage buffer.

Preparation of MPyV-PEG Particles. MPyV were dialyzed
against 0.1 M HEPES, pH 8.0, with 0.01 mM CaCl, (4 °C,
overnight). Then, the solution of particles (0.95 mg/mL, total
amount 0.38 mg) was treated with 0.47 mg of acid-PEG,;-NHS
ester (Broadpharm, BP-22330, 35-fold excess per surface
lysine) at room temperature for 5§ h on a rotating mixer.
Excess reagents were removed by dialysis against TBS (20 mM
Tris-HC], 150 mM NaCl, pH 7.4) with 0.01 mM CacCl, (4 °C,
overnight).

Characterization of the Particles. The quality of each
preparation was examined by electron microscopy and SDS—
PAGE. The amounts of VP1 were determined by Qubit protein
assay kit (ThermoFisher Scientific). For matrix-assisted laser
desorption/ionization mass spectrometry (MALDI) measure-
ments, 15 yL of the sample (25 yg, 1.54 pmol) was mixed with
7.5 uL of 100 mM dithiothreitol (DTT) and 7.5 4L of 10 M
urea for 10 min to disassemble the particles. According to
MALDI measurements, we found 540 inhibitor molecules per
MPyV-inh particle.

Preparation of Bacteriophage Qg Particles (Qf, Qf-
inh). Qf particles were prepared according to a previously
published prcbcedure.47 Escherichia coli BL21 (DE3) (Invitro-
gen) cells harboring the plasmid pET28-B (containing capsid
protein) were grown in SOC supplemented with kanamycin.
Starter cultures were grown overnight at 37 °C, and were used
to inoculate larger cultures. Induction was performed with 1
mM IPTG at an QD of 1.0 in SOB overnight at 25 °C. Cells
were harvested by centrifugation in a Beckman Coulter Avanti
J-20 XP (rotor JA 17) at 5,400 rcf. The cell lysate was prepared
by resuspending the cell pellet with phosphate buffer (0.1 M,
pH 7.0) and sonicating at 50 W for 20 min with § s bursts and
S s pause intervals. Cell debris was pelleted by centrifugation
(Beckman Coulter Avanti J-20 XP) in a JA 17 rotor for 10 min
(27,000 rcf), and 2 M ammonium sulfate was added to the
supernatant to precipitate the Qf VLPs. Pelleted VLPs were
resuspended in phosphate buffer. Lipids and membrane

proteins were then extracted from particles with 1:1 n-

DOI: 10.1021/acs.molpharmaceut 7b 00889
Mol. Pharmaceutics 2018, 15, 29322945



Molecular Pharmaceutics

butanol:chloroform; Qf VLPs remained in the aqueous layer.
Crude Qf VLPs were further purified by sucrose gradient
ultracentrifugation (10—40% w:v). Particles were pelleted out
from the sucrose solution by ultracentrifugation in a 70.1 Ti
rotor (Beckman) at 70,000 rpm for 2 h.

Labeling of Qf with Alexa Fluor 488. The unmodified Qf
VLPs (3 mg) were diluted in 0.1 M HEPES, pH 8 (5 mg/mL).
This solution was treated with Alexa Fluor 488 5-SDP Ester
(ThermoFisher Scientific, final concentration 280 uM, 0.2
equiv per surface lysine; each Qf VLP contains 720 surface-
exposed lysines) at room temperature overnight with gentle
shaking (250 rpm, TS-100C, Thermo-Shaker, Biosan). Excess
dye was removed by centrifugal filtration (Millipore, Amicon
ultra 2 mL, cut off 100 kDa, 6 times) into 0.1 M HEPES, pH 8,
providing the conjugate Qf VLP used as a negative control
(Qp). Two-thirds of the prepared Qf VLP mixture was used
for subsequent preparation of Qf-inh particles (Qf-inh).

Preparation of Qf-inh by Click Reaction. First, Qf VLPs
were modified with a heterobifunctional linker containing
propargyl and NHS ester moieties (alkyne-PEG;-NHS, Sigma-
Aldrich). To a solution of Qf VLPs in 0.1 M HEPES, pH 8 (5§
mg/mL; total amount 2 mg), was added 3.94 mg of the linker
(17-fold excess per surface lysine) dissolved in 40 L of DMSO
(10% final concentration of DMSQ). The reaction mixture was
incubated at room temperature overnight with light shaking.
Excess reagents were removed by centrifugal filtration
(Millipore, Amicon ultra 2 mL, cut off 100 kDa, 8 times)
against 0.1 M HEPES, pH 7.4 (first two buffer changes
contained 10% DMSO), providing Qf VLP—alkyne conjugate.

Qp VLP—alkyne (1.6 mg in a final reaction volume of 160
uL), GCPII inhibitor § (see Figure 1 and Supporting
Information; 205 nmol) in 0.1 M HEPES buffer, pH 74,
containing 5.12 mM copper sulfate, 25.6 mM tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), 40 mM ami-
noguanidine, and freshly prepared 40 mM sodium ascorbate
were used for click reaction. Copper sulfate and THPTA were
mixed in a separate tube in a 1:5 concentration ratio prior to
addition to the reaction mixture. The reaction mixture was well-
sealed, mixed, and allowed to stand undisturbed at room
temperature for 3 h. The resulting Qf-inh VLP conjugates were
purified from excess reagents by centrifugal filtration (Millipore,
Amicon ultra 2 mL, cut off 100 kDa, 8 times) into 0.1 M
HEPES, pH 7.4, providing Qf-inh conjugate.

Characterization of the Particles. The quality of each
preparation was examined by electron microscopy and SDS—
PAGE. The amounts of Qf VLPs were determined by Qubit
protein assay kit (ThermoFisher Scientific). For MALDI
measurements, 5 uL of the sample (50 ug, 19.5 pmol) was
mixed with 2.5 gL of 100 mM DTT and 2.5 yL of 10 M urea
for 10 min to disassemble the particles. According to MALDI
measurements, we found 180 inhibitors per Qf-inh particle.

Preparation of Poly(HPMA)-Coated VLPs (MPyV-pol,
MPyV-pol-inh, Qp-pol, and Qp-pol-inh). Unmeodified
MPyV VLPs were dialyzed and diluted to a low molarity
buffer (0.67 mg/mL, 4 mM HEPES, pH 8, 20 mM NaCl, 4 uM
CaCly). Unmodified Qf VLPs (1 mg/mL) were dispersed in 25
mM HEPES buffer, pH 8. Three milliliters of MPyV particles
(2 mg) was added slowly to a stirred solution of either polymer
with inhibitor (pol-inh) or polymer without inhibitor (pol),
both with TT reactive groups (3.76 mg/160 uL Milli-Q water,
approximately 1 molar equiv to surface lysines on particles).
Two milliliters of Qf particles (2 mg) was added slowly to the
stirred solution of pol-inh or pol with TT reactive groups (8.69
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mg/mL Milli-Q water, approximately 0.4 equiv of surface
lysines on particles). Reaction proceeded for 24 h (room
temperature, mixing), and afterward remaining TT reactive
groups were quenched by buffered ethanolamine (10 molar
equiv to TT reactive groups). The conversion of TT reactive
groups was controlled by decrease of their characteristic
absorption band at 306 nm. After 12 h, no TT reactive groups
were present.

VLP particles were purified by ultracentrifugation in sucrose
density gradient (10—40% w:v, SW 28 Beckman rotor, 2 h
30,000 rpm for MPyV-pol and MPyV-pol-inh and 3 h 40,000
rpm for Qf-pol and Q-pol-inh). Particles were pelleted out
from the sucrose solution by ultracentrifugation at 35,000 rpm
(SW 41Ti Beckman rotor) for 3 h.

Preparation of ND and ND-inh. NDs were pretreated and
coated with a methacrylate-terminated thin silica layer,
according to a previously published procedure.”” Polymer
coating was performed with slight modifications. HPMA (152
mg, 1046 pmol, purchased from Polysciences and freshly
purified by FLASH chromatography) and 3-(azidopropyl)-
methacrylamide (8 mg, 47.6 pmol, synthesized by methacry-
loylation of 3-azidopropan-1-amine with methacryloyl chlor-
ide®") were dissolved in DMSO (480 pL). 2,2’-Azobis(2-
methylpropionitrile) (AIBN, 50 mg, 0.305 mmol, recrystallized
by thickening an ethanol solution on a rotary evaporator at a
maximum temperature of 30 °C) was added to the mixture.
The mixture was filtered using a 0.4 um glass microfiber
microfilter. Methacrylate-terminated ND particles (8 mg, 80 uL
in DMSO) were added. The reaction proceeded for 3 days
under argon at 55 °C. The particles were diluted three times
with methanol, centrifuged (21,000 rcf, 30 min), and purified
by centrifugation with methanol (25,000 rcf, 30 min, 1 mL, 3
times). Polymer-coated NDs were further modified using
azide—alkyne cycloaddition catalyzed by Cu(I) ions with Alexa
Fluor 488-alkyne (purchased from Life Technologies) and
GCPII inhibitor 4 (see Figure 1 and Supporting Information).
NDs were modified with these two ligands in consecutive
reactions utilizing the same surface functionalities. Washing
procedures were employed after both modification steps. Stock
solutions for copper(I)-catalyzed azide—alkyne cycloaddition
reactions were prepared in water, except for the Alexa Fluor
488-alkyne, which was prepared in DMSO. The solutions of
copper sulfate and THPTA were premixed (in a 1:2
concentration ratio) before they were added to the reaction
mixture to yield final concentrations of 0.32 mM and 0.64 mM,
respectively. The mixture was filled to the final volume with S0
mM HEPES buffer, pH 7.4. For the reaction of modified NDs
with Alexa Fluor 488-alkyne, the reactants were mixed in the
following order and final concentrations: colloid of poly-
(HPMA)-azide modified NDs (1.2 mg in a final reaction
volume of 1536 uL), Alexa Fluor 488-alkyne (10 uM), Cu-
catalyst solution (see above), and a freshly prepared solution of
sodium ascorbate (5 mM). The reaction mixture was well-
sealed, mixed, and left for 3 h with no stirring. Modified NDs
were isolated by centrifugation (20,000 rcf, 20 min) and twice
washed with 1 mL of water. Half (0.6 mg) of the Alexa Fluor
488 modified NDs was reacted in a click reaction with GCPII
inhibitor (320 #M) under the same conditions (in a final
volume of 768 uL). Polymer-coated NDs modified with Alexa
Fluor 488 (ND) and polymer-coated NDs modified with Alexa
Fluor 488 and GCPII inhibitor (ND-inh) were both treated the

same and were washed with water (1 mL, 7 times).
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Surface Plasmon Resonance (SPR) Measurements. All
SPR measurements were performed on a four-channel SPR
sensor platform (PLASMON IV) developed at the Institute of
Photonics and Electronics (IPE) of the Academy of Sciences of
the Czech Republic, Prague. Gold SPR chips were loaded into a
pure ethanol mixture of alkanethiols containing carboxylic
terminal groups [HS-(CH,),-PEG,-OH and HS-(CH,),-
PEG,-0-CH,-COOH, molar ratio 7:3, Prochimia] with a
final concentration of 0.2 mM and incubated for 1 h at 37 °C.
The chips were then rinsed with ethanol and deionized water,
dried with flow of nitrogen, and mounted to the prism on the
SPR sensor. All experiments were performed at 25 °C. The
carboxyl groups present on the gold thin sensor were activated
by a solution of NHS, 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) at final concentrations of 12.5 mM and
62.5 mM, respectively, in deionized water for 5 min at a flow
rate of 20 gL /min. Excess reagents were removed at a flow rate
of 30 yL/min. Next, 10 yg/mL neutravidin in 10 mM sodium
acetate buffer, pH 5.0, was loaded for 6 min. Then, a high ionic
strength solution (PBS with 0.5 M NaCl) was used to wash out
noncovalently bound proteins, followed by 1 M ethanolamine
for deactivation of residual activated carboxylic groups.
Afterward, the extracellular domain of GCPII modified with
biotin (Avi-GCPII, prepared according to Tykvart et al.*%) was
loaded for 10 min. Various NPs (at final concentrations of §
nM) in TBS were injected (association phase) for several
minutes, and then TBS alone was injected (dissociation phase).

Inhibition Assay. The inhibitory effects of all particles and
polymers were measured as previously described with minor
modifications.”* Briefly, in each well of a 96-well plate, 250 pg
of recombinant GCPII was preincubated for § min at 37 °C in
90 uL of reaction buffer (25 mM BisTris propane, 150 mM
NaCl, 0.001% (w/w) octaethylene glycol monododecyl ester
(Affymetrix), pH 7.4) with a dilution series of inhibitor
(particles or polymers). The reaction was started by adding 10
uL of the substrate, 4 uM pteroyldiglutamate. The reaction was
stopped after 20 min incubation at 37 °C by adding 10 uL of 25
UM 2-(phoshonomethyl)pentanedioic acid (2-PMPA) and
subsequently analyzed with an Agilent 1200 series HPLC
using isocratic separation in 2.7% AcCN, 19.5 mM phosphate,
pH 6.0, on an Acquity UPLC HSS T3 C18 1.8 ym column (2.1
% 100 mm, Waters) with detection at 281 nm. Obtained data
were fitted by logistic equation using GraphPad (GraphPad
Software, Inc.), and K, values were calculated from the log 1C,
the using Cheng—Prusoff equation.

Flow Cytometry. Cells (U-251" MG and U-251" MG; for
preparation see Supporting Information) were detached from
the dish by trypsinization, resuspended in DMEM (Sigma-
Aldrich D5796) supplemented with 4 mM L-glutamine (Gibco)
and 10% FBS (Gibco), and counted. An appropriate amount of
cells was centrifuged (300 rcf, S min, 4 °C) and dissolved in
serum free medium without phosphate (SEM-P, DMEM,
Sigma-Aldrich D3656). Subsequently, the cells were transferred
into a 96-well plate (6 x 10* cells per well) and incubated with
NPs (final concentration of 4 nM) for 1 h at 37 °C, 5% CO,.
This incubation was performed in triplicate and with negative
controls (SFM-P only). After the treatment, cells were
centrifuged (300 rcf, S min, 4 °C), resuspended in 200 uL of
TBS, and measured with a BD LSRFortessa flow cytometry
analyzer (Becton, Dickinson and Company). The data were
further analyzed with BD FACSDiva Software, version 6.0.
Statistical analysis was performed in R program version 3.3.1.
(2016-06-21).
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Confocal Microscopy. U-251* MG and U-251" MG cells
(for preparation see Supporting Information) were grown in 4-
chamber Glass Bottom Microwell Dishes (Cellvis, D35C4-20-
1.5-N) at approximately 30% confluence, incubated for 1 h at
37 °C, 5% CO, with NPs, polymers (12.5 nM, diluted in SFM-
P, DMEM, Sigma-Aldrich D5796), or medium only (SFM-P).
Subsequently, cells were washed with TBS, fixed with 3.7%
formaldehyde for 10 min, washed again in TBS, and
counterstained with 500 ng/mL Hoechst 34580 solution
(Thermo Scientific). Fluorescence and transmitted light (TL)
images were acquired on a Zeiss LSM 780 confocal microscope
with ZEN 2011 software. The images were further processed in
Fiji software (contrast enhancement of Hoechst channel and

TL images).*'

B RESULTS AND DISCUSSION

Design and Preparation of Nanoparticles. To inves-
tigate the versatility of cell targeting using GCPII inhibitors, we
prepared six different types of particles with various surface
modifications, as shown schematically in Figure 1 (for clarity,
we present the final investigated particles in bold, for example
Qf-inh). We attached to the surface of these NPs fluorescent
labels (Alexa Fluor 488 or Atto 488; marked green in Figure 1)
and GCPII inhibitors (marked red). As a targeting moiety, we
used optimized urea-based inhibitors®™®* 1, 4, and § that are
highly polar and negatively charged, contributing to Coulombic
stabilization of the particles in solution. The inhibitors were
equipped by linkers terminated with either groups for click
chemistry (azide, alkyne) or amino groups for conjugation to
activated carboxylic acids. To remove cytotoxic Cu’* ions,
which can remain in the sample after click reaction, we used
extensive washing procedures diluting the original concen-
trations of reagents by a factor of minimally 107 (see Methods).
This decreased the copper concentration far below from
cytotoxic limit, which is further suppressed by the use of
THPTA ].iga.nd.(’b Furthermore, in our previous works utilizing
click chemistry on similar nanoparticlas,w‘" we have observed
no copper toxicity. Based on these assumptions, we have not
involved cytotoxicity tests in this study.

The span of NP structural archetypes studied here includes
those currently used in nanomedical applications ranging from
imaging and theranostic applications to drug delivery. Polymer-
coated NDs are hybrids with solid inorganic cores that retain
their original shape and size during all interactions. However,
their polymer shell enables flexible adjustment of targeting
groups for polyvalent binding. VLPs are usually classified as soft
matter nanomaterial; however, they are relatively rigid and do
not undergo significant size or shape changes. Nevertheless,
attachment of targeting groups to VLPs via flexible linkers can
allow for a similarly flexible interaction as in polymer shells on
NDs. Finally, our polymeric NPs represent the smallest and
most flexible systems used in this study, and are highly
susceptible to size and shape changes upon binding to a target.

VLPs from both MPyV and Qf are formed from proteins
containing lysine residues with modifiable amino groups. Both
types of VLPs contain approximately 720 surface lysines per
particle,””” which we used to modify the particles with dyes
and inhibitors either by short linkages or by polymer coating.
The first approach involved labeling with Alexa Fluor 488 active
ester (providing negative controls and MPyV or Qf
conjugates) to allow fluorescence visualization. Then, we
modified VLPs at the remaining lysines with an excess of a

short linker bearing a propargyl group and attached GCPII
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inhibitor—azide conjugates via click chemistry, obtaining
MPyV-inh and Qf-inh conjugates. Because MPyV VLPs can
interact with sialic acid residues, which are ubiquitously
distributed and broaden MPyV cell and tissue tropism,"* we
also prepared MPyV VLPs that should avoid these interactions
(MPyV-PEG). These VLPs were prepared by covering MPyV
with NHS PEG ;-carboxyl.

The second approach for MPyV and Qf VLP modification
involved coating the VLP surface with HPMA copolymer
premodified with Atto 488 dye and then with GCPII inhibitors.
In addition to dye and inhibitors, the copolymers also
contained hydrolytically stable TT reactive groups, which can
react with lysine amino groups on the VLP surface, forming
amide bonds. The reaction of VLPs with polymer proceeded
overnight at pH 8. We then quenched all unreacted TT groups
with ethanolamine. This step is very important because
unreacted TT groups can cross-link the particles in the pellet
after ultracentrifugation. We incubated the VLPs with either
copolymer with inhibitor (pol-inh) or copolymer without
inhibitor (pol). After purification, we obtained four different
types of particles: MPyV-pol-inh, MPyV-pol, Qf-pol-inh, and
Qf-pol (see Figure 1). The same polymer used for
modification of particles was reacted in parallel with 1-
aminopropan-2-ol and served as two last types of NPs (pol-
inh and pol).

Coating with hydrophilic polymers greatly improves the
colloidal stability of NDs in buffers and media used for
bioapplications.:‘ Here, we modified NDs with a thin silica
layer bearing methacrylate moieties, from which polymer chains
of N-(2-hydroxypropyl)methacrylamide and 3-(azidopropyl)-
methacrylamide were grown by radical polymerization. The
polymer surface enables efficient modifications, because the
azide groups are randomly distributed on flexible chains
without substantial steric hindrance from the surface. Using
click chemistry, we equipped the NDs with GCPII inhibitor-
alkyne. Although NV fluorescent centers in NDs possess
excellent optical features for cell imaging,””*” for the ease of
comparison with other particles in this study, we used NDs
without NV centers but with attached Alexa Fluor-alkyne dye,
providing ND-inh.

Characterization of nanoparticles. We characterized the
size, morphology, and colloidal stability of all prepared NPs by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (see Supporting Information for methods).
TEM confirmed the presence of intact, highly monodispersed
VLPs and fairly monodispersed ND particles (Figure 2A, Figure
S1). Analysis of the particle size distribution (Figure 2B)
revealed diameters of 44.7 + 1.6 nm for MPyV-pol-inh, 27.2 +
1.6 nm for Qf-pol-inh, and 53.5 + 12.0 nm for ND-inh. Using
DLS, we ascertained that the particles do not aggregate (Figure
2C, Figure S2F) at 37 °C. Their hydrodynamic diameters are
larger than the diameters obtained from TEM, indicating the
presence of hydrated polymer shells in an aqueous environ-
ment. DLS data indicated that attachment of the inhibitor
through either direct conjugation or a polymer coating does not
change colloidal stability of NPs.

Data obtained from SDS—PAGE analysis confirmed that
unmodified VLPs can be disassembled into VP1 monomers or
dimers (Figure $3). The fluorescent polymers on Qf VLPs
dissociated completely from the coat proteins during sample
processing, whereas polymers on MPyV VLPs remained cross-
linked with the major capsid protein VP1, forming high
molecular weight complexes (Figure S3A,B). In the case of
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Figure 2. Characterization of NPs. (A) Representative TEM images,
negative staining with 2% solution of phosphotungstic acid for MPyV-
pol-inh and Qf-pol-inh, scale bar = 50 nm. (B) Volume-weighted size
distribution of the NPs according to TEM images analysis performed
with Image] software. (C) Hydrodynamic diameters of NPs with
conjugated inhibitors from DLS measurements at 37 °C (concen-
tration 0.25 mg/mL in water).

directly modified VLPs (without polymers), the cross-linking
phenomenon was seen in both types of VLPs, but was less
pronounced in QfF VLPs, likely resulting from different
structural arrangements of particles. The absence of highly
cross-linked complexes in these VLPs suggests that the particles
potentially could more easily disassemble in cells to deliver
cargo. NDs cannot be stained like proteins (Figure S3A);
however, they were clearly detected at the start based on their
fluorescent signal (Figure S3B). NDs did not migrate in the gel.

Increased thermal stability of VLPs can be indicative of
modification on the particle surface,’” especially in the case of
MPyV, which is structurally less stable than Qf. We monitored
temperature-induced changes in MPyV particle stability by DLS
(Figure S2). Nonmodified MPyV changed size slightly at
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temperatures over 60 °C (Figure S2A), and our results
corresponded well with the observed temperature midpoint
of denaturation (Ty = 56 °C) for MPyV particles produced in
yeast.”' Modification with HPMA copolymer resulted in higher
thermal stability (up to 80 °C) (Figure S2D,E). Particles with
directly conjugated inhibitor (MPyV-inh) (Figure S2B) or
PEG (negative control, MPyV-PEG) (Figure S2C) did not
disassemble even after incubation at 90 °C. We assume that the
increased stability of the particles is mediated by the high
coverage of the MPyV surface with PEG residues, which are
present in both samples (the inhibitor linker is composed of
PEG). The lower stability of poly(HPMA)-coated MPyV could
be caused by incomplete coverage of copolymer on the surface.

Finally, we characterized the efficiency of labeling and
inhibitor loading. Due to the nonhomogeneity of dye labeling
between the different types of particles, we used the relative
fluorescence of particles to normalize the flow cytometry data
(Table 1). From quantification of dye on poly(HPMA)-coated

Table 1. Characterization of Nanoparticle Surface
Modifications, Amount of the Fluorophores on the Particles,
and Relative Fluorescence Intensities of NPs“

fluorophores/ relative
Partice N e o rop e particle Hybrataice

ND HPMA  Alexa Fluor 110 7.7
488

ND-inh HPMA  Alexa Fluor 67 33
488

Qp Alexa Fluor 72 92
488

Qf-inh Alexa Fluor 44 39
488

MPyV Alexa Fluor 19 44
488

MPyV-inh Alexa Fluor 63 74
488

MPyV-PEG PEG Alexa Fluor 30 69
488

Qf-pol HPMA  Atto 488 28 12.6

Qfpolinh  HPMA  Atto 488 7 47

MPyV-pol HPMA  Atto 488 114 30.6

MPyV-pol.  HPMA Atto 488 88 233

inh
pol HPMA  Atto 488 3 1.0
pol-inh HPMA  Atto 488 3 14

“The fluorescence intensities of the respective NPs were measured at
the same molar NP concentration. The obtained values were always
normalized to the fluorescence intensity of the NP with the lowest
fluorescence intensity, pol.

VLPs, we estimate that there were approximately 2 HPMA
copolymers on each Qf-pol-inh particle and 8 molecules on
Qf-pol. Surface coverage of MPyV particles (which have a
larger surface area) was higher, with 30 and 35 molecules of
HPMA copolymer per MPyV-pol-inh and MPyV-pol particle,
respectively. In general, the number of attached HPMA
copolymers was lower than we expected. We hypothesize that
this may be due to the high content of TT reactive groups
connected to the copolymer backbone with hydrophobic alkyl
linkers. Due to the flexibility of the polymer chain, folding and
formation of local hydrophobic domains can occur, leading to
steric hindrance and lower reactivity of TT moieties.

We also used the dye quantification data to determine the
number of inhibitor molecules on polymer-coated VLPs (Table
2). Based on known stoichiometry of the dye and inhibitor in
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the polymer, we obtained 12 and 180 inhibitors for Qf-pol-inh
and MPyV-pol-inh, respectively. We determined the number of
inhibitors on Qf-inh and MPyV-inh by MALDI measurement
after disassembling Qf and MPyV VLPs particles to protein
subunits by treatment with dithiothreitol and urea. Although
the mass spectra of the modified proteins were fairly complex
(Figure S4), we were able to quantify the inhibitor loads,
obtaining roughly ~180 inhibitor molecules on Qf-inh and
~540 on MPyV-inh (corresponding to 25 and 75% of modified
surface lysines, respectively). There were approximately 1,080
PEG molecules on MPyV-PEG (determined by the same
approach). MALDI measurement also confirmed that inhibitor
and PEG molecules were attached to the protein covalently.

Quantification of inhibitors on ND particles was a more
challenging task because they cannot be disassembled to
smaller units and measured by MALDIL However, based on an
analogous reaction performed under identical conditions with
fluorescent dye, we can assume a load of ~250 inhibitors per
ND particle.

Interaction of NPs with GCPIl in Vitro. To analyze
interactions between NPs and GCPII molecules, we performed
SPR studies and inhibition assays. SPR. measurements enabled
us to ascertain the capacity of NPs to bind and recognize
GCPII. We immobilized GCPII on SPR chips through a
neutravidin—biotin interaction (GCPII+). This connection
ensures that the GCPII orientation on the gold sensor is
similar to the GCPII position on the plasma membrane. As a
negative control, we attached neutravidin alone (GCPII-). SPR
detects changes in the refractive index in the immediate vicinity
of the surface layer of a sensor chip induced by particle binding
to the surface, and because the particles have different refractive
indices, we cannot directly compare and quantify their binding
to GCPIL. However, SPR measurements of all NPs bearing
inhibitor verified their selectivity and strong affinity to GCPII+
chips (Figure 3). We also observed a weak interaction between
MPyV particles and GCPII— chips. This likely reflects off-target
binding between VP1 protein and neutravidin, as we observed
the same interaction with streptavidin (data not shown). The
very low dissociation rate (k,;) of the NPs from GCPII
indicates an extremely strong interaction between GCPII and
the inhibitor attached to the NPs. We surmise that this strength
is mediated by cooperative formation of multiple bonds
between ligand and layer (ie., avidity).

Next, we investigated the ability of NPs to inhibit the
processing of substrate by GCPII (Table 2). Using an HPLC
inhibition assay, which monitors the cleavage of the
pteroyldiglutamate substrate to folate and glutamate, we
measured K, values for all NPs decorated with inhibitor as
well as for free inhibitors. The small molecule inhibitors
showed K; in low nanomolar range (2—14 nM). Their
attachment to nanoparticles resulted in significant increase of
inhibition efficacy, reaching subnanomolar (copolymer NP) or
low picomolar (other NPs) K; values. This behavior is most
likely associated with high concentration of inhibitors at the NP
surface, as documented by multivalent enhancement factors
in range units to tens of thousands (Table 2).

In comparison with larger and more bulky targr;ting ligands
(for example cRGD pel:utide73 and transferrin,”*”* associating
with their receptors with nanomolar and low nanomolar K,
respectively), small molecule GCPII inhibitors can be installed
on nanoparticle surface conveniently at higher loadings which
can result in stronger avidity effects. Correspondingly, GCPII
inhibitors reach efficacy similar to small molecule folate.”

DOI: 10.1021/acs.molpharmaceut 7b 00889
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Table 2. Inhibition Constants for NPs and Starting Inhibitors (for Structures, see Figure 1) Measured from HPLC Inhibition

Assay, Expressed as K, and IC;, with Standard Deviations”

inhibitor type inhibitors/particle inhibition: K; + 1 SD [pM] MEF inhibition: IC;, + 1 SD [pM]
Nanoparticles
ND-inh 4 250 3.70 + 0.67 3780 42.1 + 49
pol-inh 1 6 323 + 50 6.63 3660 + 290
Qg-pol-inh 1 12 3.92 + 0.83 546 446 + 6.6
Qf-inh 5 180 303 £ 4.5 373 344 £ 26
MPyV-pol-inh 1 180 2.87 = 0.60 746 319 + 45
MPyV-inh 5 540 0.60 + 0.11 18 800 6.82 + 1.2
Inhibitors
1 2140 + 290 29600 + 4 100
4 14000 £ 1 700 193 000 + 26 600
5 11300 £ 1 200 157000 + 19700
“For NPs, the number of inhibitors per particle, inhibitor type, and multivalent enhancement factors (MEF)™* are shown. MEF = K;(starting
inhibitor) /K,(nanoparticle).
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Figure 3. Interaction of NPs with GCPIL Testing of the binding capacity of all NPs to GCPII immobilized on the chip by SPR measurements.
GCPII was immobilized on SPR chips through a neutravidin—biotin interaction (GCPII+). As a negative control, we attached neutravidin alone
(GCPII-). NPs were injected at final 5 nM concentrations in TBS (association phase) for several minutes, and then TBS alone was injected

(dissociation phase).

Cellular Uptake of NPs. Once we had verified interaction
between GCPII and our modified NPs with inhibitor, we next
focused on monitoring the binding ability and cellular uptake of
NPs. We used the human glioblastoma cell line U-251 MG.
Depending on the presence of doxycycline in the media (Tet-
OffAdvanced System), these cells can overexpress GCPII on
their surfaces.”””” This enabled us to conduct a comparative
study in a very consistent way using only one type of cells.
According to the level of GCPII expression, we marked the
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cells U-251* MG (with expression) or U-251" MG (without
expression). GCPII is constantly internalized, but the turnover
is greatly accelerated after binding of antibody’*”” or HPMA
copolymer with bound inhibitor.”* The mechanism of action of
polymer-induced internalization has not been studied thor-
oughly; however, it has been shown that antibody-induced
endocytosis is clathrin-dependent and mediated by an MXXXL
cytoplasmic tail motif.””
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We incubated all particles with cells, washed them with
buffer, and analyzed the cells using flow cytometry (Figure 4,
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Figure 4. Flow cytometry study of NP association with U-251 MG
cells with (U-251" MG) or without (U-251" MG) GCPII expression.
The graphs show the interaction of NPs with (A) or without (B)
inhibitor. Data represent the median of fluorescence intensity (MFL),
normalized to autofluorescence of negative cells and adjusted to the
relative fluorescence of particles. The standard deviations were
calculated from triplicates. There were statistically significant differ-
ences between the variants containing inhibitor on U-251" MG cells
and all three negative controls (NP with inhibitor on U-251" MG cells
and NP without inhibitors on either U-251* MG or U-251" MG).
Obtained p-values were at least p < 0.001, one-way ANOVA followed
by Tukey’s post hoc test.

Figure S5). Because phosphate is a weak competitive inhibitor
of GCPIL***" we used phosphate-free buffers and media to
avoid potential detachment of particles from the cell surface.
Regardless of the size and loading of inhibitor, all particles with
inhibitor formed strong interactions with U-251" MG cells, and
relative fluorescence intensities were up to 160 times higher
than those observed for U-2517 MG cells (Figure 4A). With
the exception of MPyV-pol-inh, the nonspecific binding of
nanoparticles with inhibitor in the absence of GCPII was
negligible. This is consistent with the data obtained from
measurement of particles without inhibitor (hgure 4B)
Consistent with prewously published results, NDs,” polymer,

and Qf pa.rncles without a targeting ligand (GCPII inhibitor)
did not interact with mammalian cells. In contrast, MPyV VLPs
had comparably strong interactions with both U-251* MG and
U-2517 MG cells. We assumed that coating MPyV VLPs with
polymer in MPyV-pol and MPyV-pol-inh or PEG,; linker
(MPyV-PEG) would prevent the VP1-specific interaction with
cells. Surprisingly, modification with PEG,; suppressed the
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VP1-specific binding of particles to both U-251" MG and U-
2517 MG cells to negligible levels, whereas MPyV-pol and
MPyV-pol-inh VLPs maintained their capacity to interact with
both cell variants. The higher load of PEG,; molecules
(approximately 1,000 molecules) than poly(HPMA) molecules
(approximately 30 molecules) per particle and better surface
coverage indicate that an optimal load of shielding polymer is
necessary to reduce the unwanted interactions of MPyV VLPs
with glioblastoma cells. This is especially pronounced in our
experimental system, because the U-251 MG cell line, as a
representative of brain tissue derived cultures known to
abundantly express complex ga.ngh051des, contains high levels
of GDla and GT1b gangliosides,” which are major MPyV
receptors.’>** Interestingly, our results showed that the PEG
linker itself or with the attached inhibitor molecule was capable
of completely reducing VP1-mediated binding to sialic acid or
selectively retargeting particles to GCPII, respectively.

We further analyzed the interaction of NPs with cells using
confocal microscopy. We clearly observed a high internalization
rate of NPs containing inhibitor in U-251* MG cells, and no
internalization in control experiments (Figure SA, Figure $6).
MPyV VLPs were the only exception; binding of nontargeted
non-PEGylated NPs was observed, similar to the flow
cytometry results. We observed MPyV, MPyV-pol, and
MPyV-pol-inh particles in close association with the plasma
membrane (Figure 5B).

Bl CONCLUSIONS

In summary, we investigated the robustness of GCPII targeting
by a variety of NPs using one cell type model. The glioblastoma
cell line U-251 MG provided us the unique possibility to switch
on surface expression of GCPII using an external stimulus,
instead of using different cell lines (with and without GCPIL
expression). We therefore were able to compare the targeting in
a very consistent and straightforward way. Independent of the
NP structure, size, polydispersity, used conjugation chemistry,
and loading of targeting inhibitor molecules, we observed that
all targeted NPs bound GCPII installed on an SPR chip,
inhibited GCPII in solution, and interacted with GCPII on the
cell membrane. Inhibition of GCPII was highly effective,
reaching low picomolar K; values for all particles except
polymer NPs, which had subnanomolar K;. We observed an
increase in interaction efficacy of the original small molecule
inhibitors upon installation on NP surface for 1 to 4 orders of
magnitude. This effect is most likely caused by high local
concentration of inhibitors which can lead in strong multivalent
binding with the target surfaces. However, vast range of the
observed enhancement documents specific needs of each
nanosystem for recognition and binding.

In general, the specificity of target binding is limited not only
by the strength of interaction but also by any other side
interactions (either nonspecific or due to an unwanted side
specificity). In the case of MPyV VLPs, the interface of which
shows a broad tropism and can strongly interact with various
receptors, we clearly observed the importance of the surface
modification for targeting selectivity. A high load of short PEG
chains grafted to surface lysines provided sufficient protection
and enabled complete retargeting of MPyV VLPs to GCPII,
while a low density of poly(HPMA) did not sufficiently
mitigate the side binding. On the other hand, poly(HPMA)
grafted from NDs at high density led to excellent and highly
selective targeting.
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Figure 5. Confocal images of NP uptake by U-251 MG cells with (U-251" MG) or without (U-251" MG) GCPII expression incubated with NPs for
1 h. (A) Binding of ND NPs to U-251 MG cells. (B) Binding of MPyV NPs to U-251 MG cells. Confocal sections of representative cells with
corresponding signal in green (NPs conjugated with Alexa Fluor 488 or Atto 488) and blue (nuclei with Hoechst staining) channels are shown.
Merged images are composed of both channels and bright field image.

Our results indicate that use of small molecule inhibitors with
low nanomolar range K; displayed in polyvalent arrangements
on NPs can be highly effective and selective for targeting to
cells overexpressing GCPIL The robustness of the approach is
limited mostly by the quality of the NP bionanointerface, which
can be improved by adding a sufficient density of hydrophilic
protective polymers. Based on the comprehensive data set we

obtained here and on previously reported work, we believe that
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targeting of cancer cells overexpressing GCPII is a viable
approach transferable to a broad diversity of nanosystems.
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