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Pouzité zkratky

AR42]  pankreaticka bunééna nadorova linie

CCK cholecystokinin — imunoreaktivni peptid podobny gastrinu

CCK2r ,,Cholecystokinin-2 receptor* — receptor pro cholecystokinin typu 2
CML ,myelogenous leukaemia“ — myeloidni leukémie

CRC ,,colorectal cancer*- kolorektalni karcinom

EDTA  ethylen diamin tetraoctova kyselina

EGF »epidermal growth factor - epidermalni riistovy faktor
EGFR  ,Epidermal growth factor receptor — receptor pro epidermalni ristovy faktor
FDA ,JFood and Drug Administration“ — Utad pro kontrolu potravin a 1é¢iv Spojenych

statu americkych

GISTs »gastrointestinal stromal tumor* — gastrointestindlni stromalni tumor

GLP-1Ir ,,Glucagon-like peptide-1 receptor* — receptor pro glukagon-like peptid-1

GRPr ,»(Qastrin-releasing peptide receptor* — receptor pro gastrin uvoliujici peptid

HB-EGF ,heparin-binding EGF-like growth factor — heparin vézajici EGF ristovy faktor

DOTA  1,4,7,10-tetraazacyklododekan-1,4,7,10-tetraoctova kyselina

DTPA  diethylen triamin pentaoctova kyselina

KEX ,»kinetic extrapolation* — kineticka extrapolace

MAD ,Monoclonal antibody** — monoklonalni protilatka

MGl11 minigastrinl 1

NRPC  ,number of receptors per cell — pocet receptorti na bunku

NSCLC ,,non-small-cell lung carcinoma‘ — nemalobunéény typ karcinomu plic

OK cells ,,opossum kidney cells” — buné¢na linie izolovana z proximalniho tubulu ledvin
vacice oposum

PRRI ,Peptide receptor radionuclide imaging* — zobrazovani radionuklidem
znacenymi receptorove specifickymi peptidy

PRRT ,Peptide receptor radionuclide therapy* — terapie radionuklidem zna¢enymi
receptorove specifickymi peptidy

RIT ,Radioimmunotherapy* — radioimunoterapie

RTK ,receptor tyrosine kinase* — tyrosin kindzovy receptor

SCCHN ,;squamous cell carcinoma of the head and neck® — spinocelularni karcinom hlavy a
krku

SPPS ,»Solid-phase peptide synthesis* — syntéza peptidii na pevné fazi



SSTrs ,»Somatostatin receptors* — somatostatinové receptory
TK tyrozinkinaza

TGF-a  ,transforming growth factor a* — transformujici rastovy faktor o
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1. Uvod

S rostoucim pramyslovym rozvojem soucasné spolecnosti a zvySovanim veéku doziti
dochézi ke zhorSovani zdravotniho stavu lidské populace vlivem vys$i prevalence
civilizacnich chorob. Ty vétSinou vyplyvaji z nezdravého zptsobu Zivota jedince a plisobeni
nezdravého prostiedi, ve kterém jednotlivec vyriistd. Neustdlym ovliviiovanim organizmu
chemickymi latkami Casto karcinogennimi se zvySuje jeho stresova zatéz a v dusledku toho
selhavaji pfirozené obranné mechanizmy. Imunitni systém je vystavovan vysSi zatézi.
Nepftiznivé piisobeni prostiedi, jehoz je sdm ¢lovék pivodcem, v kombinaci s pfirozenymi
faktory, jako jsou genetické predispozice jedince nebo pilisobeni bakteridlniho a virového
agens, je télo oslabovano, a tak s rostoucim vékem a v zavislosti na zdravotnim stavu ¢lovéka
vyCerpava organizmus své prirozené obranné mechanizmy. Vysledkem je casty rozvoj
riznych typi nddorovych onemocnéni zpisobenych karcinogeny (chemické latky, viry, atd.).
Jejich odhalovéanim a pifipadnou 1é€bou se v poslednich nékolika desetiletich vénuje nukledrni
medicina s nezastupitelnou podporou ze strany radiofarmacie.

Nukledrni medicina se kromé funkéniho vySetfeni organii (napiiklad srdce, plic nebo
kostry), zobrazovani fyziologickych funkci (naptiklad funkéni vySetieni ledvin nebo
kumulace jodu ve §titné zlaze) ¢i vySetfeni akutniho zdravotniho stavu u mozkové nebo
myokardidlni ischémie téz ve velké mife zabyvad diagnostikou a terapii nddorovych
onemocnéni.

Vzhledem k velké rozmanitosti nddorovych onemocnéni, se kterymi se vytrvale zapasi na
poli nukledrni mediciny, je vhodnéj$i uvést uspéSné aplikované radioterapeutické nebo
radiodiagnostické latky dle charakteru jejich molekulové struktury. Prejdeme-li tedy
anorganické slougeniny jako je napiiklad technecistan (*’"Tc) sodny nebo *’"Tc-DTPA pro

statickou scintigrafii mozku nebo jodid ("'

I) sodny pro scintigrafii §titné Zlazy, dostavame se
k intenzivné studovanym biologicky aktivnim latkam, jako jsou peptidy a monoklonalni
protilatky. Tyto biologické slouCeniny vynikaji svou specificitou k ur¢itému typu nadoru dle
typu receptoru, ktery ve zvySené mife exprimuji nddorové bunky na svém povrchu.

Mezi radiofarmaky, kterad jsou odvozena od peptidovych hormonti, vynikéd v soucasné dobé

111 111

komer&né dostupny ['''In-DTPA]octreotide (pod obchodnim nédzvem '''In-OctreoScan®) pro
scintigrafii somatostatinovych receptort u neuroendokrinnich nadorti (Teunissen et al, 2011).
Z radioaktivné¢ znacenych monoklondlnich protilatek, které jsou vyuzivany v terapii

, , “ ;. 111 v e . .
nadorovych onemocnéni, lze zminit *°Y nebo '''In zna¢eny ibritumomab tiuxetan (pod



obchodnim nazvem Zevalin®; tiuxetan slouzi stejn& jako DTPA pro chelataci radioisotopi
Jne j p P

pro 1é¢bu folikularniho non-Hodgkinova lymfomu (Sharkey et al, 2008).

1.1 Radiofarmaka v onkologii

Rychly rozvoj radiofarmacie, ktera je zdrojem latek pro radiodiagnostiku nebo radioterapii,
ptisp€l v poslednich letech ke stdle rostoucimu uplatnéni nukledarni mediciny pii 1écbé
nadorovych onemocnéni spolu s pomoci dalSich obor(, jakymi jsou imunologie, onkologie
nebo radiochemie. Moderni vyvijené radiofarmaceutické latky, které jsou mensi
fyziologickou zatézi pro pacienty, mohou vyustit v upfednostnéni nuklearni mediciny pied
ostatnimi technikami 1é¢by nadorovych onemocnéni, jako je napt. chemoterapie (Sharkey et
al., 2008; Goldenberg et al., 2006).

Kazd¢ radiofarmakum je bud’ tvofeno samotnym radionuklidem, nebo radionuklidem
vazanym na transportujici ligand. Jako radionuklidy vyuZivanymi v diagnostice jsou
nejéastéji Y nebo B (emise pozitronil) zafice. Nejéast&j§imi zdroji gama zafeni uzivanymi

111y, 99 123
In, ""Tc a

v nukledrni medicing jsou izotopy I, které jsou v oblibé zejména v Evropé.
Mezi vySe zminénymi izotopy vynika izotop technecia pro své vlastnosti, jako je jeho snadna
a levna piiprava z radionuklidového generatoru, kratka, nicméné dostacujici doba polocasu
pfemény (6.01 hodin), a nizka, ale pro diagnostiku vyhovujici energie zateni (0.142 MeV).
V kategorii pozitronovych zafiét se nejvice pouzivaji izotopy ''C, ®*Ga a '*F (Ambrosini et
al., 2011).

Nuklearni radioterapie se zamé&fuje zejména na 3 zafice, jejichZz vyznamnymi piedstaviteli

P11, %Y a ""Lu. Vedle nich by se perspektivné mohly uplatnit i o zéfice, a to

jsou izotopy
predeviim izotopy bismutu *'*Bi a *"’Bi. Nejvice osvédéenym terapeutickym radionuklidem
ze skupiny P zafiéu se stal piedev§im izotop ytria (*°Y) diky svému dalekému dosahu zafeni
(cca 12 mm) a kratkému polo¢asu premény (t;2 = 64 hodin). Podstatou pisobeni
radioterapeutickych radionuklidi je jejich prinik do cilovych nddorovych bunék a poskozeni
bunééné DNA, které vede k zaniku buiiky. Dosah priniku emitovanych castic zareni
z izotopu miva za nasledek nejen terapeutické ptsobeni radionuklidu na nddorovou tkan, ale
leckdy 1 nezadouci poskozujici efekt na tkan fyziologicky zdravou. Nova radiofarmaka se
snazi tento nepftiznivy vliv odstranit (Sharkey et al., 2008; Goldenberg, 2003).

Obliba radiofarmak v poslednich letech spoc¢iva zejména v jejich terapeutickém vyuziti pro

specificky typ nddorového bujeni. V tomto ptipadé mluvime o cilené radionuklidové terapii,

pro kterou se novéji vzilo oznaceni molekularni radioterapie. Radiofarmakum uzité
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v molekularni radioterapii se principielné sestdvd zradionuklidu, ktery je zdrojem
radioaktivniho zafeni, a transportniho ligandu, ktery je schopen se specificky vézat na cileny
extracelularni protein, tedy receptor. Témito transportnimi ligandy jsou zejména peptidové

analogy odvozené od peptidovych hormonti nebo monoklondlni protilatky (Loke et al., 2011).

1.2 Monoklonalni protilatky

Monoklonalni protilatky (MAb) jsou protilatky ziskané zklonalni populace jedné
plazmatické bunky. Strukturné se jednd o glykoproteiny, které jsou fazeny do skupiny
y-globulint. Jejich molekulova hmotnost se pohybuje mezi 150 tisic az 900 tisic Da.
Struktura protilatek je tvofena ctyfmi peptidovymi fetézci, spojenymi disulfidickymi

vazbami, kdy dva a dva fetézce jsou stejné - 2 lehké a 2 tézké (viz obrazek €. 1).

Antizgen-binding Antizen-binding
site - site
1 “ariable
Region
Light chain = 7
Constant
Region
Heawy chains —=

Obrazek €. 1: Zakladni struktura protilatky (zdroj: Allison, 2009)

Delsi casti dvou tézkych fetézcl spolu vytvateji krystalizujici fragment (Fc) protilatky,
ktery umoziiuje vazbu a aktivaci komplementu. Kratsi ¢asti tézkych fetézct spolu s lehkymi
fetézci vytvaii variabilni (antigen vézajici) fragment (Fab) protilatky, ktery umoziiuje

specifickou vazbu protilatky na cilovou antigenni strukturu.

1.2.1 Nekonjugované protilatky

Terapie naddorovych onemocnéni provadéna s pomoci protilatek pouZziva bud’ pfirozenych

protilatek, takzvan€ nekonjugovanych, nebo protilatek konjugovanych.



Nekonjugované protilatky vyuzivaji pouze svych biologickych vlastnosti, kterymi je
stimulace na komplementu zéavislé cytotoxicity nebo specifické, na bunéénych komponentech
zavislé cytotoxicity. Prvni zminény zpusob likvidace cizorodych bunék nebo télu vlastnich
bunék (naptiklad nadorovych bunék) spocivéd v kaskadé reakci aktivujicich komplementarni
proteiny, které perforuji buné€nou sténu, a tim zplsobuji rozvrat prostiedi intracelularniho
prostoru buiky. Druhy zplsob reakce imunitniho systému pres specificky se vazajici
protilatku na cileny antigen je sloZkou bunétné specifické imunity. V pocatcich terapie
nadorovych onemocnéni pomoci protilatek se vyuzivalo jejich pfirozenych vlastnosti pro
vyvolani bunééné smrti nddorovych bunék. K tomuto ucelu byly pouzity piedev§im mysi
protilatky pro 1é¢bu naptiklad naddorovych onemocnéni gastrointestindlniho traktu (Sears et
al., 1985).

DalSim vyznamnym krokem k vyuziti nekonjugovanych protilatek bylo zjiSténi
antiproliferativniho vlivu protilatek na buniky rostouci v médiu bez Gcasti komplementarniho
syst¢ému nebo efektorovych bunék imunitniho systému. Tento vliv byl vprvé fadé
demonstrovan na receptoru pro epidermalni ristovy faktor (EGFR). Vysledkem pak bylo
vytvofeni anti-EGFR protilatek (Masui et al., 1984).

Postupem casu doslo k pfechodu od mySich protilatek k protilatkdm, které jsou svym
pivodem chimérni (konstantni cast protilaitky zaménéna za lidsky usek, naptiklad
cetuximab), humanizované (variabilni ¢ast protilatky zaménéna za lidsky usek, naptiklad
trastuzumab) az k pln€ lidskym protilatkdm (napiiklad panitumumab), které snizuji riziko
imunitni reakce pacienta vici terapeutickym proteinim. Nekonjugované protilatky nemaji
samy o sob¢ dostacujici schopnost vyléc€it nddorova onemocnéni u pacienta. Proto jsou casto
terapie nekonjugovanymi monoklondlnimi protildtkami kombinovéany s dal$imi moZnostmi
1é¢by, nejcasteji s chemoterapii (Coiffier, 2000).

Vyznamnymi piedstaviteli nekonjugovanych protilatek jsou cetuximab, nesouci obchodni
nazev Erbitux” a uzivany napiiklad v kombinaci s radioterapii pro 1é¢bu nadoru hlavy a krku,
dale rituximab, pod ochodnim nazvem Rituxan”, uZivanym zejména pro terapii
non-Hodgkinova lymfomu, a trastuzumab, nesouci obchodni nazev Herceptin®, slouzici

napfiiklad pro lécbu karcinomu prsu (Sharkey et al., 2008).
1.2.2 Konjugované protilatky

Konjugované monoklondlni protilatky jsou efektivn€j$i piiimunoterapii nadorovych

onemocnéni zejména diky terapeuticky aktivni latce, kterou transportuji navdzanou na své

10



struktufe. Diky tomu se mnohdy mohou pouzivat v terapii bez spolutcasti dalSich latek.
Aktivni latkou navazanou na monoklonalni protildtce mohou byt cytotoxicka 1é€iva, rostlinné
nebo bakteridlni toxiny nebo radionuklidy (Goldenberg, 1994; Serengulam et al., 2010).

Vysledek ucinku terapie konjugovanou monoklondlni protilatkou nesouci lé¢ivo nebo toxin
je zavisly na mnozstvi aktivni latky dopravené do nadorové buiky, nebot’ teprve urcité
k jejimu zaniku. Protilatka tak musi byt specifickd pro dany typ receptoru, ktery se ve
zvySené mife exprimuje na povrchu nadorové buiiky, nebo je zcela typicky pro nadorove
transformovanou buriku, a ktery musi transportovat (internalizovat) protilatku dovnitt buinky
po jeji vazbé na receptorovy protein. Optimalni je receptor, ktery se po pienosu navdzané
protilatky z extraceluldrniho do intracelularniho prostoru takzvané recykluje a vraci se zpét
napovrch buiiky, aby mohl slouzit jako jejich opétovny pienasec.

V ptipad€ protilatek konjugovanych s aktivni latkou, kterou je radionuklid, se jich vySe
zminénd problematika nutnosti internalizace tolik nedotykd. Protilatka znafena
radionuklidem se navaze na specifickou strukturu bunky (nejcastéji receptor) a vlivem
emitovan¢ho radioaktivniho zéatfeni dochdzi k priniku a- nebo B-Castic skrz bunécnou
membranu, poskozeni jejiho DNA, a tim k zdniku bunky. Limitujicim faktorem zde tedy
zustava dosah radioaktivniho zafeni. Ten se voli zejména s ohledem na zdravou tkan, kterd by
mohla byt zasaZzena zafenim (Argyriou et al., 2009; Sharkey et al., 2008).

Terapie radioaktivné znaCenymi protilatkami v nuklearni mediciné nese oznaceni
radioimunoterapie (RIT). Uspé&$nost 1é¢by neni uréena pouze uzdravenim pacienta, ale je téz
zajiSténa co nejmensi radiacni zatézi 1é€ené¢ho. Tento posledné zminovany fakt poukazuje na
stale feSenou problematiku radioaktivné znacenych protilatek, kterou je jejich radiotoxicita.
Organy nejvice ohrozenymi radioaktivni zatézi byvaji jatra, kostni dfen a ledviny (van Gog et
al., 1998).

Po intravendzni aplikaci radioaktivné znaCenych protilatek dochazi k vyznamnému naristu
radioaktivity v krevnim fecisti. Krev nesouci protilaitky s navazanym radionuklidem je
procistovana od cizorodych ¢astic a zplodin metabolismu pfedevs§im v jatrech. Ty se tak
stavaji prvnim organem, kde dochazi k vyznamné akumulaci radioaktivity jako disledek
eliminace protilatek z krevniho fecisté (Goldenberg et al., 2007).

V zéavislosti na velikosti molekuly znacené protilatky, a tudiz rychlosti jeji distribuce do
cilového mista terapie — nadorové tkané a téz rychlosti degradace protilatky v jatrech, se
protilatka zadrzuje v krvi po urcitou dobu. To muze vést k neptiznivé kumulaci protilatky

v kostni dfeni (van Gog et al., 1998, Goldenberg et al., 2007).
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Radionefrotoxicita je pak pfedevSim zaleZitosti malych molekul (fragmentil) protilatek,
které jsou vétSinou akumulovany zpétnou tubularni resorpci v butikach proximalniho tubulu
ledvin (Serengulam et al., 2010; Sharkey et al., 2005).

Snaha o co nejvétsi eliminaci radiotoxicity doprovazejici RIT dosahla vychoziho Gspéchu
v osmdesatych letech dvacatého stoleti, kdy byla vyvinuta metoda piedem cilené
radioimunoterapie (anglicky oznacované Pretargeted RIT), kterd se do soucasné doby stale
zdokonaluje. Princip metody spociva v prvotni intravendzni aplikaci monoklondlni protilatky
specifické pro antigen exprimovany na cilenych nadorovych buiikéch (viz obrazek €. 2). Tato
protilatka, kterd na sobé nenese radionuklid, je v ur¢itém case distribuovana do mista svého
cile v téle pacienta. Jako antigen se v tomto piipadé musi zvolit takovy receptor, ktery neni
transportovan s navazanou protilatkou do intracelularniho prostoru. Diky tomu tedy zlstava
protilatka stale na povrchu buniky. Zbytek protilatky, kterd se nenavédzala na nadorovou
bunku, je organismem, tedy zejména jatry, eliminovan z krevniho fecist€. Nyni nastava druhy
krok terapie. Do téla je vpraven nizkomolekularni nosic, ktery nese terapeuticky radionuklid,
a ktery se rychle distribuuje z krevniho fecisté do tkané s pfedem navazanymi protilatkami,
na které se nosi¢ specificky navaze. Zbytek nizkomolekularni latky je snadno odstranén
pfedevsim pies ledviny ven z téla. Cely proces distribuce a eliminace radioaktivné zna¢eného
nosice je velmi rychly a pacient tak neni vystaven pfiliSné radiologické zatézi, kdy jde
predevsim o hematologickou radiotoxocitu (Goldenberg et al., 2006; Govindan et al., 2010;
Sharkey et al., 2012).

U tohoto typu terapie se pouzivaji protilatky jednak schopné vazby na nadorovy antigen
a jednak schopné interakce s nosi¢em radionuklidu. Jako protilatky se voli bud’ bisfecifické
bivalentni protilatky nebo komplex protilatka-streptavidin. V piipad¢ bivalentni protilatky je
nosi¢em radionuklidu sloucenina hapten-peptid a pro komplex protilatka-streptavidin je
nosi¢em radioaktivné znaceny biotin. Pro navéazani radionuklidu na strukturu nosice se
pouzivaji chelatacni latky, jako jsou DOTA nebo EDTA (Knox et al., 2010; Sharkey et al.,
2012).

Dalsi nespornou vyhodou uziti pfedem cilené RIT je velikost molekul pouzitych terapeutik.
Jelikoz protilatka nenese radionuklid a ani pfipadné dalsi chelatacni latky umoziujici vazbu
radioizotopu na strukturu proteinu, je jeji molekula podstatné mensi, 1épe se distribuuje
v organizmu a nezistavd dlouhou dobu v krevni cirkulaci. To samé plati o molekule nosice
radionuklidu, kterd je mnohem mensi nez samotna protilatka, a jak jiz bylo vySe zminéno,
v krevnim feciSti zastava velmi kratkou dobu, rychle se dostava do mista cilové tkan¢ anebo

je snadno glomerularni filtraci odvadéna z téla pacienta (Goldenberg et al., 2007).
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Obrazek €. 2: (A) konvenc¢ni zpiisob RIT, (B) pfedem cilena RIT pomoci komplexu
protilatka-streptavidin, (C) pfedem cilena RIT pomoci bispecifické trivalentni protilatky

(zdroj: Goldenberg, 2009).

1.3 EGFR a jeho ligandy

Receptorové proteiny, jejichz specifickymi substraty jsou rizné ristové faktory, se fadi do
Siroké skupiny receptori oznacovanych jako receptory pro ristové faktory, jejichz funkce je
uzce spjata s tyrozinkinazou (TK). Tato skupina receptort je zodpovédna za zprostfedkovani
pfenosu signdlli z extracelularniho prostfedi do bunky. Struktura receptori pro rlstové
faktory je v zakladu tvofena extracelularni, transmembranovou a intracelularni doménou, kdy
posledné zminiovana doména je ve spojeni s tyrozinkindzovou aktivitou. TK aktivita reguluje
fadu bunécnych procest, které maji vliv na funkci tkéni a tedy celkovy stav organizmu.
Ovlivnéni bunéénych procesit je zejména na urovni bunécné proliferace, migrace,
metabolismu, diferenciace a vzajemné intercelularni komunikace. Tyto zdkladni bun&tné
pochody pak maji vliv na organovou morfogenezi, regeneraci tkani a neovaskularizaci.

Veskeré tyto funkce jsou u zdravych bun€k pfisn€¢ kontrolovany. Vlivem mutaci nebo
strukturalnich zmén vSak mize dojit k abnormalnimu vyuZziti funkénich vlastnosti
tyrozinkinazovych receptorit (RTK) u nadorové transformovanych bunék. Nadorové buiky
pak vynikaji vysokou mutaci, genovym pieuspofdddnim a genovou amplifikaci, nadmérnou

expresi RTK a tim i pfiliSnou autokrinni, parakrinni a endokrinni stimulaci.
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Nadmeérna exprese RTK vedla k zafazeni receptord pro riistové hormony do skupiny

onkoproteind, které nalezneme u fady nddorovych onemocnéni jako napiiklad karcinomu

prsu, gastrointestinalniho karcinomu, nadory hlavy a krku nebo nadoru plic (Gschwind et al.,

2004; Takeuchi et al., 2011). Skupina RTK extracelularnich receptorii zahrnuje 58 znamych

¢lent, ktefi se sdruzuji do 20 receptorovych rodin. Vyznamnymi ptedstaviteli skupiny RTK

jsou pak predevsim receptory pro epidermalni ristovy faktor (EGFR). EGFR rodina zahrnuje
ctyti ¢leny — EGFR (ErbB-1), HER2/c-neu (ErbB-2), Her3 (ErbB-3) a Her4 (ErbB-4).

Struktura EGF receptoru bez navéazanych liganda (obr. 3) je tvofena extracelularni doménou

vazajici ligand, transmembranovym regionem a cytoplazmatickou doménou s tyrozinkinazou,

ktera je lemovana nekatalyckymi regulatornimi regiony.
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Obréazek €. 3: Struktura dimerizovaného EGFR (zdroj: Bessman et al., 2012).

Po vazbé¢ ligandu na ektodoménu receptori EGFR, HER3 nebo HER4 dochazi k formaci

homodimerického nebo heterodimerického

tyrozinkindza aktivniho komplexu,

kdy

u posledné¢ zminovaného je partnerem tvoficim komplex nejcastéji HER2 receptor.
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Vysledkem tvorby dimerl je aktivace kindzové aktivity na intraceluldrni strané receptoru.
Vznikaji tak signaly, které maji za nasledek transkripci genl, celuldrni proliferaci
a diferenciaci. Skupinu ligandi aktivujicich EGF receptorovou rodinu tvofi EGF, TGF-a,
HB-EGF, amphiregulin, betacellulin a epiregulin (Gschwind et al., 2004; Marqués et al.,
1999; Moulder et al., 2001).

Zjisténi, ze nékteré nadorové builkky v hojné mife exprimuji EGF receptory na svém
povrchu vedlo k ptipravé latek, které inhibuji EGF receptory nebo jich vyuzivaji pro svij
transport do nddorovych bungk, aby v nich pisobily cytotoxicky. Tyto latky miizeme rozdélit
do dvou skupin a to na monoklonalni protilatky, které byly jiz blize popsany,
a nizkomolekularni latky.

Principem plisobeni nizkomolekularnich latek je jejich inhibice tyrozinkindzové aktivity.
Jako prvni popsanou latkou tohoto typu byl chinazolin, po kterém nésledoval gefitinib
(iressa), ktery byl schvélen pro klinické uziti pii 1é€bé neoperovatelnych karcinomii
nemalobunééného typu karcinomu plic (NSCLC) v USA a Japonsku na pocatku 21. stoleti.
DalSim uspéSnym inhibitorem aktivity EGFR se stal imatinib, ktery byl povolen FDA
pro lécbu pacientii s myeloidni leukémii (CML) a gastrointestindlnim stromalnim tumorem
(GISTs) (Wakeling et al., 1996; Druke ret al., 1996; Joensuu et al., 2001).

Monoklonélni protilatky cilené proti EGF receptoriim jsou vétSinou pfipraveny tak, aby
blokovaly bioaktivitu receptorovych ligandii, inhibovaly heterodimerizaci receptort c¢i
obsazovaly vazebnd mista na receptorech.

Prvni G¢innou pfipravenou protilaitkou byl trastuzumab, ktery je cileny proti HER2
receptoru a svym charakterem je rekombina¢ni humanizovanou MAb. Trastuzumab se vaze
na receptor na povrchu nadorovych buné¢k, nasledné se internalizuje do buiiky a zde inhibuje
bunécnou proliferaci a reparaci DNA, dale spousSti apoptosu a imunitni modulaci.
Trastuzumab byl schvalen pro 1écbu metastatického karcinomu prsu (Kalofonos at al., 2006;
Gschwind et al., 2004).

Dalsiho uspéchu bylo dosazeno s protilatkou cetuximab, coZ je chimérni MAD cilena proti
EGFR. Jejim ucinkem je inhibice vazby endogenniho ligandu, bunécné motility, bunécné
invaze a apoptosy. Cetuximab se s Uspéchem pouziva pii 1é€b€ kolorektalniho karcinomu
(CRC) nebo terapii spinocelularniho karcinomu hlavy a krku (SCCHN) (Gschwind et al.,
2004).

Za zminku jisté stoji i dalsi protilatky, které byly nebo jsou ve stddiu procesu schvalovani

pro 1é¢bu riznych typt nadorovych onemocnéni charakterizovanych zvysenou expresi EGF
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receptortl. Jsou jimi kupiikladu panitumumab pro 1é¢bu CRC a nebo nimotuzumab pro 1écbu

SCCHN (Argyriou et al., 2009; Berardi et al., 2010).

1.4 Radioaktivné znacené peptidy

Skupina sloucenin s peptidovou strukturou patii do skupiny nizkomolekularnich latek, které
jsou se stale vyssi oblibou pouzivany pro radiodiagnostiku (PRRI) a radioterapii (PRRT).
Peptidy nebo jejich analogy se dostaly do popiedi svého ziajmu piedevsim diky svym
vlastnostem, které se blizi charakteru idedlni slouceniny (vysok4 vazebna afinita, specifické
vychytdvani a zadrzovéani v cilovém misté, rychla clearance znecilové tkan¢, adekvatni
kapilarni prostupnost, vysoka stabilita, snadna pfiprava a bezrizikové uziti u pacienti diky
tomu, Ze nevyvolavaji imunitni reakci organismu) pro diagnostiku a piipadnou terapii
nadorovych onemocnéni, a které jim davaji vyhody oproti n€kterym makromolekularnim
latkam a fad¢ nizkomolekularnich latek (Lee et al., 2010; Laverman et al., 2012).

Peptidické latky jsou v nasem organizmu vyznamné v uloze regulatorti fady fyziologickych
funkci. Jejich ulohou je ptedevSim hormondlni modulace vitad¢ tkani, jako je mozek,
gastrointestinalni trakt a endokrinni, vaskuldrni nebo lymfoidni systém. Peptidové hormony
pusobi pfedevsim pies receptory sptazené s G-proteiny. A pravé cileni peptidovych hormont
na tento typ receptoru je dalSim vyznamnym kladem v uZzivani peptidi a jejich analogi
v onkologii. Fyziologicky je mira exprese tohoto typu receptoru nizkd, ale v piipadé
nadorovych bun¢k je naopak vysoka. Nadorové buiiky ,,la¢ni* po ptilivu transmitert, které se
ucastni jejich zvySeného metabolismu a procesu déleni. Proto karcinogenni buniky exprimuji
na svém povrchu velké mnozstvi receptorii z této rozsahlé rodiny receptorovych proteinti pro
peptidové hormony. Tato biologicka skutecnost dodava vyznamu studiim a aplikacim tady
ptipravovanych receptorové specifickych peptidi v radiodiagnostice nebo radioterapii (Reubi
et al, 2008; Trojan a kolektiv, 2003).

Radu peptidovych hormonti — transmitert v jejich pfirozené formé nelze pouzit pro jejich
aplikaci v 1é€b¢€ a diagnostice nadorovych onemocnéni. Jejich pfirozend forma vede k rychlé
degradaci v organismu ze strany regula¢nich mechanizmi, jako je pfedev§im enzymové
plsobeni. Radioaktivné znacené peptidy by se tak ani nedostaly do cilového mista svého
pusobeni. V disledku toho doSlo k syntéze takzvanych peptidovych analogl, které si
ponechavaji ve své struktufe aktivni vazebné misto na cilovy receptor, ale které zdménou
aminokyselin v jejich fetézci nebo modifikaci peptidového fetézce unikaji rychlému

degradacnimu plisobeni zejména v krevnim fecisti, potazmo v jatrech. Zdména aminokyselin
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je vétSinou za D-formy aminokyselin nebo za nepfirozené aminokyseliny. Modifikace
peptidového fetézce se provadi pfidavanim postrannich fetézcii, inkorporaci hydrofilnich
nebo hydrofobnich aminokyselin, anebo cyklizaci, acetylaci ¢i aminaci peptidového fetézce.
Modifikace peptidového fetézce navic umoziuji rychlejsi permeabilitu upravenych peptidi
do cilové tkané ptes stény cév a usnadiiuje 1 jejich pitipravu, kterd probihd nejcastéji metodou
syntéza peptidl na pevné fazi (SPPS) (Lee et al., 2010).

Peptidy, potazmo jejich analogy, se pro klinickou aplikaci mohou znacit optickymi sondami
(fluorofory), nanocasticemi (napiiklad magnetické oxidy Zeleza, nanocastice zlata) anebo
pfedevsim radionuklidy.

Strategie vyvoje radioaktivné znaené¢ho peptidového analogu je ndzorné zobrazena na obr.
4. Na zacatku je vytipovani nadorového onemocnéni s naslednym molekularné biologickym
prozkoumanim bunécného povrchu nadorové transformované buiky, kde se zkouma
pfitomnost receptorti typickych pro dany typ nddorovych bunck. Receptory jsou voditkem
pro zjisténi specifického, na receptor se piirozen¢ vézajiciho peptidu, ktery se stane
ptedlohou pro pfipravovany peptidovy analog. Peptidovy analog se pfipravuje synteticky
pomoci dvou zpiisobll. Prvnim z nich je vyuZiti syntézy peptidii na kapalné fazi (solution-
phase peptide synthesis), kterd je charakterizovdna komplikovanou piipravou a naslednou
nezbytnosti purifikace ptipraveného peptidu. Oproti tomu vynikd svym rychlym
a jednoduchym prib¢hem syntézy druhy zplisob pfipravy peptidi oznacovany jako syntéza
peptidi na pevné fazi (solid-phase peptide synthesis). Posledné¢ zmiflovany zplisob syntézy
peptidi vétSinou vyzaduje minimum Ccisténi findlniho produktu. Na pfipraveny peptidovy
analog se v dal§i fazi pfipravy radioaktivné znacené¢ho peptidu navdze vhodné zvolené
chelata¢ni ¢inidlo, tak aby se neovlivnilo vazebné misto pro interakci s receptorem a stejné
tak farmakokinetické vlastnosti peptidu. Se stejnou opatrnosti se voli vhodny radioizotop
(Okarvi, 2004).

Radioizotopy se voli i s ohledem na zamyslené pouziti radioaktivné znaceného peptidového
analogu. Izotopy vhodné pro radiodiagnostiku jsou zejména **"Tc, '#I, '"'In, "®F, **Cu nebo
%Ga, a pro radioterapeutické uziti *’Y a '""Lu. Vazba izotopti na cilovy peptid se uskute&iuje
bud’ pfimou vazbou radionuklidu na funk¢ni skupinu peptidového fetézce, anebo nejcastéji
nepiimou vazbou prostiednictvim chelatacnich skupin vazanych kovalentni vazbou na
aminokyselinovém fetézci. Nejvice uZivanymi chelatatnimi cinidly uplatiovanymi
v radiochemickém znaceni jsou diethylen-triamin-pentaoctova kyselina (DTPA) a 1,4,7,10-
tetraazacyklododekan-1,4,7,10-tetraoctova  kyselina (DOTA). Tato chelata¢ni cinidla

vytvaieji stabilni komplexy s radioizotopy '''In, **Cu, ®*Ga, *°Y a '"Lu. Pro vazbu '°F na
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eptidovy fetézec se pouziva prostetické skupiny N-sukcinimidyl-4-'*F-fluorobenzoétu (Lee
pep y p p piny y

et al., 2010; Aloj et al., 2004; Laverman et al., 2012).

)

Peptide R
Target
Receptor

Obréazek €. 4: Tlustrace obecného piistupu k vyvoji radioaktivné znacenych peptidi. (zdroj:

Okarvi, 2004)

Proces internalizace radioaktivn¢ znacenych peptidit do cilovych bunék spociva v jejich
navazani na receptorovy protein. Vznikly komplex receptor — peptid je transportovan pies
cytoplazmatickou membranu bunky ve form& endocytarnich castic, které se v prostiedi
cytoplazmy slucuji do vétSich Castic nazyvanych endosomy. Endosomy maji kyselé vnitini
prostiedi, které¢ vyvolava rychlou disociaci komplexu receptor — peptid. Oddéleny receptor je
pak vétSinou externalizovdn zpét na povrch bunky a tim je takzvané recyklovan.
Endosomdlni castice, ve které¢ zlistal radioaktivné znaCeny peptid, je déale v bunécném
prostiedi slu¢ovana s lysozomem. Plsobenim enzymu uvnitt lysozomi dochazi k vyvolani
degradace znacené¢ho peptidu (viz obrazek ¢. 5). Samotny radioisotop zlstava v cytoplazmé
bunky, kde jim emitované radioaktivni zafeni v zavislosti na své energii vyvola terapeuticky
efekt nebo poslouzi k diagnostice nddorového procesu (Breeman et al, 2001).

Somatostatinovy analog octreotide zna¢eny izotopem '''In (D-Phe'-Cys*-Phe’-D-Trp'-
Lys’-Thr®-Cys’-Thr'-o0l, pod obchodnim nézvem OctreoScan®™) je nejstar§im Usp&nym
radiofarmakem peptidového ptvodu, které se jako prvni zacalo pouzivat pro diagnostické
ucely v onkologii. Tento cyklicky oktapeptid je cileny na naddory neuroendokrinniho plivodu
(Laverman et al., 2012; Lee et al., 2011). Svym piivodem je odvozen od somatostatinu a fadi
se tak do skupiny somatostatinovych analogii. Somatostatin je regulacnim cyklopeptidovym
hormonem fungujicim jako neurotransmiter v mozku. Jako reguldtor piisobi inhibi¢né na
tvorbu a sekreci ristového hormonu, insulinu, glukagonu a kalcitoninu pfes své receptory
sptazené s G-proteinem nesoucich oznaceni somatostatinové receptory (SSTrs), kterych
zname 5 druht dale délenych do podtypl. Z ditvodu jeho kratkého biologického polocasu

v krvi (cca 3 minuty) se somatostatin nedal pouzit pro radiodiagnostické ticely. Proto byla
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piipravena cela fada jeho analogli, které postradaji misto pro enzymatické St€peni a jsou tak

chranény pied biodegradaci (Weckbecker et al., 2003).

Q —— Radioisotope

Internalization

Peptide analog

Receptor

Non-specific sites

(e.g. kidneys, liver) Endosome

Nucleus
Tumor cell

Therapy Diagnosis |
Tumor nghborlng
cell
Short-range radiation (Auger, ) Medium-range radiation (p-) Long-range radiation (y)
(e.g. 1In, 211At, 2138j) (e.g. 90y, 177y, 1861188Rg, 131]) (e.g. 1In, ¥Tc, 67Ga)

Obrazek €. 5: Zakladni schéma plisobeni radioaktivné znaenych peptidovych analogi

s vyuzitim v terapii nebo diagnostice nadorovych onemocnéni (zdroj: Eberle et al, 2010).

Skupina radioaktivné znacenych peptidii neni vymezena pouze na somatostatin a jeho
analogy. K dnesnimu dni se intenzivné pracuje na fadé receptorové specifickych peptidu,
které jsou ve stavu vyvoje nebo jiz podstupuji riizné faze klinického testovani. Jde predevs§im
o radiopeptidy cilené na cholecystokininovy receptor typu 2 (CCK2r) a déle naptiklad na
gastrinovy receptor (GRPr) nebo receptor pro glukagon-like peptid-1 (GLP-1r).

1.5 Cholecystokininové receptory a jejich ligandy

Cholecystokinin (CCK) je gastrinu podobny peptid, ktery je Siroce rozSifenym
neuropeptidem v centrdlnim nervovém systému. CCK se sklada z 33 aminokyselin. Vznika
zkracovanim prekurzorové molekuly, kterd ma na pocatku své degradace ve svém
peptidovém fetézci 115 aminokyselin. Z prekurzorové molekuly vznikaji formy CCK, které
jsou biologicky aktivni. Témito formami cholecystokininu jsou CCK39, CCK33, CCKS
a CCK4 (Laverman et al., 2012).
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Cholecystokinin plsobi na cilové buiiky prostfednictvim specifickych receptort. Do

soucasné doby byly identifikovany tfi typy cholecystokininovych receptorti na zaklad¢ jejich
afinity k endogennim peptidim CCK a gastrinu. Tyto dva peptidy jsou shodné v té Casti své
struktury, kterd umoziuje jejich vazbu na CCK receptory. Lisi se v sulfataci tyrosinového
zbytku na pozici 6 (gastrin) a 7 (CCK).
Prvnim typem cholecystokininového receptoru je typ CCKI1, ktery se vyskytuje
v pankreatickych acinarnich buiikkdch. Druhym typem je receptor CCK2, ktery se hojné
vyskytuje v mozku, zaludku, slinivce a Zlucovém méchyfti. Tretim typem je CCK2i4sv, ktery
je variantou CCK2 receptoru. Tento typ receptoru byl objeven u lidského kolorektalniho
karcinomu. CCK1 a CCK2 receptor se li§i svou distribuci v organizmu, molekulovou
strukturou a afinitou k CCK a gastrinu. CCK1 receptor md mnohem vyssi afinitu (500 az
1000x) k sulfatové formé cholecystokininu néz k nesulfatové formé cholecystokininu. CCK2
receptor vykazuje stejnou afinitu ke gastrinu a cholecystokininu a stejné tak umoznuje vazbu
jak sulfatové tak i nesulfatové formy cholecystokininu. CCK2 receptor se proto oznacuje jako
gastrinovy receptor a z hlediska nadorovych onemocnéni ho nalezneme hojné exprimovany
na povrchu nadorovych bunék u medularniho tyreoidalniho karcinomu, ovaridlniho
karcinomu nebo u gastroenteropankreatickych nadorti (Laverman et al., 2012; Koopmans et
al., 2009).

Od konce devadesatych let byly provedeny experimenty s riznymi formami uméle
syntetizovanych analogii cholecystokininu nebo gastrinu. To vSe se stfidavym uspéchem.
Ptipravené analogy maji kratSi peptidovy fetézec oproti svym pfirozenym formdm nebo
obsahuji zamé&néné aminokyseliny ve své struktufe. C-termindlni ¢ast je vSak u vSech stejna.
Obsahuje tetrapeptidovou sekvenci -Trp-Met-Asp-Phe-NH», kterd je podstatna pro vazbu
peptidu na cilovy receptor CCK2. Vychozimi strukturami pro CCK/gastrinové analogy se
staly CCK8 (Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH,) a minigastrin (dGlu-Ala-Tyr-Gly-
Trp-Met-Asp-Phe-NH,) (Lee et al., 2010; Roosenburg et al., 2010).

Vyuziti ligandl véazajicich se na CCK2 receptor je prednostné zaméteno na scintigrafické
zobrazeni a s menSim podilem i terapii medularniho tyreoidalniho karcinomu. Vyznamného
Gspéchu v klinickém testovani bylo dosazeno u '''In-DTPA-MGO zejména pak
v diagnostickych studiich (Behé¢ et al., 2002; Behr et al., 2002). Naopak u radioligandd jako
""n-DOTA-CCKS a "''In-DOTA-MG11 byla zji§téna nizké scintigraficka citlivost a mira
vychytavani, proto se dale nedaly vyuzit pro radioterapii. '''In-DOTA-MGI11 navic

vykazoval velmi nizkou stabilitu.
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Vedle posledné zminénych peptidit vykazuje vysokou stabilitu dalsi ligand CCK2 receptoru
#"Tc-demogastrin 2, ktery se tak stal slibnym diagnostickym nastrojem pii diagnostice

medularniho tyreoidalniho karcinomu (Laverman et al., 2012).
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2. Cile predkladané disertac¢ni prace

Zakladnim cilem ptedkladané disertacni prace bylo studium interakce vybranych
receptorove specifickych, radioaktivné znacenych peptidl a protilatek na cilovych bunéénych
liniich izolovanych z nadorovych tkani. Hlavni zaméteni prace spocivalo v posouzeni novych
moznosti pro hodnoceni interakei ligand-receptor in vitro za pouziti nové zavadéné techniky.
Studium receptorové specifickych latek v sobé zahrnovalo 1 prozkoumani faktorti, které

ovliviiyji jejich biologické chovani v Zivych systémech.
3. Pouzité metody

Studium probihalo jednak pomoci klasickych experimentalnich metod zkouméani interakce
radioligandu na specifickém receptoru vin vitro podminkach, kdy se sledovala mira
internalizace radioaktivné znacené¢ho ligandu do bunck pies jeho cilovy receptor méfena
v lyzatu bunék na pfistroji detekujicim gama zéateni. Druhym zptsobem bylo opét stanoveni
miry internalizace do bun¢k tentokrat métené v redlném case. K tomuto ucelu byla pouzita
automatickd technika s vyuZitim pfistroje LigandTracer”, kterd detekuje mnoZstvi
zachyceného radioligandu v bunkach pfi jeho zvolené koncentraci v médiu.

Klasickd metoda a automaticka technika jsou zalozeny na interakci ligandu a jeho receptoru

s dosaZenim rovnovahy této interakce vyjadiené vztahem pro disociacni konstantu reakce Kp,

_ [LI[R]
~ [LR] , kde [L] je koncentrace radioligandu (peptid nebo protilatka), [R] koncentrace

Kp
volného cilového receptoru a [LR] koncentrace ligand-receptorového komplexu.

Disertacni prace je pfedlozena jako soubor Sesti publikaci, které se tykaji jejiho tématu
studia radioligandii v in vitro podminkach. Uvedené publikace jsou fazeny v kapitolach dle
chronologie jejich publikovani v odbornych casopisech. Odborné publikace v kapitolach I,
III, IV a V byly otistény v odbornych casopisech s impakt faktorem, publikace v kapitole 11
v odborném casopisu bez impakt faktoru a nejnovéjsi publikace uvedena v kapitole VI je ve
stavu posouzeni o ptijeti k opublikovani v odborném Casopise s impakt faktorem. U publikaci

uvedenych v kapitole I, II, IIl a VI je pfedkladatel disertacni prace hlavnim autorem

publikovanych praci.
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4. Podil doktoranda na predkladanych publikacich

V odborné publikaci uvedené v kapitole 1 autor provedl veSkeré bunééné experimenty
véetné jejich vyhodnoceni a sepsal rukopis publikace vcéetné souborného zhodnoceni
vysledkii ve spolupraci se spoluautory. Cilem studie bylo provést ohodnoceni moznosti
vyuziti nové alternativni metody pro kvantifikaci mnozstvi bunécnych receptorti zvané
kinetickd extrapolace (KEX). KEX metoda se porovnala s klasickou saturac¢ni technikou
uréovani poctu receptorti na buitkach. Vysledkem experimentalni studie bylo zjiSténi, Ze nova
testovand metoda kvantifikace poctu bunéénych receptori KEX je vhodnou alternativou
soucasné nejcastéji pouzivané saturacni techniky, jelikoZz poskytuje témét identické udaje
o poctu receptortl na jednu bunku a navic vyzaduje mnohonasobné nizs$i objem prace a tedy
1 potfebného ¢asu na provedeni. Mimo to vykazuje téméf o 2/3 niz$i naro¢nost na mnozstvi
pouzitych chemikalii a spotfebniho materialu.

Odbornd publikace v kapitole II byla vypracovana na zdklad€¢ vysledkli méfeni na
bunéénych kulturach. Autor provedl experimenty na ledvinnych buiikdch OK cells a dale
sepsal rukopis védeckého vytisku. Studie byla zaméfena na prozkoumani specifické vazby
radioligandt ""n-DOTA-minigastrin1 1 a ""Lu-DOTA-minigastrin1 1 na
gastrin/cholecystokinovy (CCK2R) receptor na povrchu pankreatickych nadorovych bun¢k
(AR42J) a jejich moZznou akumulaci v buitkdch proximélniho tubulu ledvin (OK cells).
Zjisténim prace byla vazba radioligandi na CCK2R a jejich ndsledny transport do
nadorovych bunék. Tento vysledek poukazuje na to, Ze struktura peptidu minigastrinll
nebyla naruSena radioaktivnim znacenim, které navic vykazovalo radiochemickou ¢istotu
znaCeni nad 99%. DalSim pozitivnim nalezem byla minimalni akumulace znacené¢ho
minigastrinul 1 do ledvinnych bunék, coz naznacuje relativné nizké riziko radionefrotoxicity
v ptipadné podani in vivo.

Publikace uvedend v kapitole III je spolecnou praci, do které autor ptispél v podobé
bunéénych experimentli uskute¢nénych na pouzitych bunéénych liniich. Autor pracoval se

“ , . 125
znafenym receptorovym substratem

I-EGF, ktery slouzil jako indikator exprese cilového
receptoru pii kultivaci bun€k v pfitomnosti nebo nepfitomnosti gefitinibu. Autor
spolupracoval 1 na Upravach konecné verze rukopisu odborné publikace. V této publikaci
jsme se pokusili odhalit moZny mechanismus vlivu gefitinibu na interakci mezi epidermalnim
rastovym faktorem (EGF) a jeho receptorem EGFR. Experimenty probihaly za pouziti
ptistroje LigandTracer” Grey. V redlném &ase méfena vazba ligandu na receptory byla dale

analyzovana pomoci nové matematické metody zvané Interaction Map, kterd byla schopna
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rozpoznat vazbu homogenniho ligandu EGF na mnoha heterogennich vazebnych mistech
(receptorech) na povrchu buiiky. Vysledkem prace bylo vysvétleni vlivu procesu dimerizace
receptorti na rozdilnou afinitu EGF k EGFR pro rizné bunééné linie. Gefitinib pak indukuje
tvorbu dimerti receptoru EGFR, ktery v disledku toho méni charakter své interakce
s 'I-EGF.

Podil autora vodborné publikaci v kapitole IV spoc¢ivd predevSim v piipravé
Bl radioligandti a v provedeni bundnych experimentii se znadenymi radioligandy ve
spolupraci s Dr. Ludmilou Melicharovou na LigandTracer® Yellow ze strany fakultniho
pracovisté. Autor se déle podilel na sepsani rukopisu. Cilem odborné publikace bylo vySetfit,
do jaké miry zavisi charakter interakce ligand — receptor na volbé bunécné linie. V nasem
pfipad¢ se provedly experimenty na bunéénych liniich exprimujicich receptory z
HER-receptorové rodiny. Zjisténé poznatky této studie poukazuji na fakt, Ze hodnota vazebné
afinity testovaného proteinu vazajiciho se na ten samy typ HER receptoru se mize mezi
bunéénymi liniemi vyznamné li§it. Hodnota afinity testovaného ligandu na jedné bunétné
linii tak neodpovida afinité u jiné bunécné linie se stejnym typem receptoru. Zjisténa hodnota
afinity by tak méla byt vzdy uvadéna pro dany typ bunck, které byly vyuZzity v hodnoceni
vazebnosti ligandu.

Do publikace v kapitole V pfispél autor vysledky z bunéénych experimentii s ligandy
Blcetuximab a "*'I-panitumumab na buiikdch A431 a HepG2, dale spolutidasti na piiprave
pouzitych ligandl a nastavenim podminek méfeni. Autor také provedl vyhodnoceni méteni
na pristroji LigandTracer® Yellow a spolupracoval na sepsani rukopisu. Tato publikovana
studie si kladla za cil opétovné ovéfeni vhodnosti uziti metody KEX pro kvantifikaci poctu
receptor na povrchu bunék. KEX metoda se opétovné porovnala s klasickou saturacni
technikou a navic se provedlo srovnani i s metodou western blottingu. Vysledky poskytnuté
metodou KEX a standardni saturaéni metodou byly velmi blizké ve svych hodnotach pro
vSechny pouzité bun&cné linie. Dle poctu EGFR bylo obéma metodami shodné stanoveno
nasledujici potfadi bunéénych linii: A431>HaCaT>HCT116~HEP-G2. S nalezenymi daty
radioligandovych studii dobfe korelovala exprese receptorovych proteinl zjist€éna pomoci
techniky western blottingu.

Posledni autorova prace umisténd v kapitole VI byla sepsédna na zéklad¢ vysledki in vivo
a in vitro méteni. In vitro méfeni a jejich vyhodnoceni provedl autor samostatné, stejné tak
znadeni protilatky izotopem "*'I. Autor spolupracoval na zji§téni stability '*'I-ligandu pomoci
chromatografické analyzy a na sepsani rukopisu. Tato prace analyzovala vliv radioaktivniho

znaceni na afinitu protilatky nimotuzumab k EGFR u zvolenych buné¢nych linii a stejné tak
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na jeho biodistribu¢ni profil v ptfedklinickych in vivo experimentech. Vysledky prace
ukdzaly, Ze volba radionuklidu a zpiisob jeho navdzani na nimotuzumab méla velmi nizky
efekt na afinitu vazby protilatky na cilovy receptor EGFR bunéénych linii. Oproti tomu volba
radionuklidu, zptisob jeho vazby na nimotuzumab a postup radioaktivniho znaceni viditelné

ovlivnil jeho clearance z krve, vychytavani jatry a jeho naslednou akumulaci v nich.
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Circumventing the requirement of binding saturation for
receptor quantification using interaction kinetic extrapolation
Pavel Barta®°, Hanna Bjérkelund®® and Karl Andersson®?

Quantification of the number of receptors per cell (NRPC)
is important when assessing whether a tumor surface
biomarker is suitable for medical imaging. One common
method for NPRC quantification is to use a binding
saturation assay, which is time consuming and requires
large amounts of reagents. The aim of this study was to
evaluate an alternative method based on kinetic
extrapolation (KEX) and compare it with the classical
manual saturation technique with regard to accuracy as
well as time and reagent consumption. Epidermal growth
factor receptor (EGFR) and HER2 receptor surface
expression were quantified on five tumor cell lines using
three '?*°|-labeled and '*'I-labeled ligands (cetuximab and
EGF for EGFR, trastuzumab for HER2 receptor) for both
techniques. The KEX method involved interaction
measurements in the LigandTracer, followed by KEX
through computerized real-time interaction analysis to
correct for nonsaturation on cells. Variability and NRPC
estimates of the EGFR and HER2 receptor levels using the
KEX method were comparable with the results from the
classical saturation technique. However, the ligand

Introduction

The quantification of the number of receptors expressed
on the surface of a cell is an important measurement task
conducted in many ficlds of biological sciences [1],
including when assessing the suitability of a tumor surface
biomarker as target for medical imaging. The number of
receptors per cell (NRPC) indicates to what extent a
particular gene is expressed, transcribed, and translated.
Furthermore, a variety of detection technologies requires
knowledge on NRPC for obtaining reliable results.

The quantification of NRPC is commonly conducted
with a labeled ligand, which is allowed to interact with
the intended receptor at a concentration sufficiently high
to saturate the receptor population on the cells. After
being washed, the cells are counted and the signal from
the labeled ligand is measured. The NRPC can then be
calculated from the information on specific activity or
label efficiency [2]. Such saturation measurements are
the gold standard of NRPC quantification, but other
methods exist such as a flow cytometric method [3] and
western blot analysis [4].

In this study, we describe an alternative method for
obtaining NRPC using the real-time detection device
Ligand Tracer (Ridgeview Instruments AB, Uppsala, Sweden).

0143-3636 © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins
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consumption for the KEX method was 26-46% of the
classical saturation technique. Furthermore, the KEX
method reduced the workload radically. From the
observations described in this study, we believe that the
KEX method enables fast, credible, and easy NRPC
quantification with a reduction in reagent

consumption. Nuc/ Med Commun 32:863-867 © 2011
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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Ligand-receptor interaction is measured and interaction
kinetic modeling is applied to correct for nonsaturation on
the cell surface receptors. In this way, the saturation
requirement can be circumvented, leading to a significant
reduction in reagent and work-time consumption. We
denote the method as kinetic extrapolation (KEX). On
the basis of the quantification of the epidermal growth
factor receptor (EGFR) and the HER2 receptor on five cell
lines using three labeled ligands [EGF and cetuximab
(Erbitux) for EGFR; trastuzumab (Herceptin) for HERZ],
we estimated the performance of the KEX method in
comparison with the classical saturation technique.

Materials and methods

Cell cultures

The human squamous carcinoma cell line A431 (CLR
1555; ATCC, Rocksville, Maryland, USA), the human
ovarian carcinoma cell line SKOV3 (HTB-77, ATCC,
Rocksville), the human glioma cell line U343MGaCl2: 6
(denoted U343), the human adenocarcinoma cell line
SKBR3 (HTB-30; ATCC, Rocksville), and the human
keratinocyte cell line HaCaT (DKFZ, Heidelberg,
Germany) were used for cell receptor quantification in
this study. The cells were seeded in a small local area in a
Petri dish (Nuclon, dish size 100 x 20; NUNC A/S,

DOI: 10.1087/MNM.0b013e3283483e1¢c
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Roskilde, Denmark) for the KEX method as described
previously [5] and in a 24-well plate for the manual
saturation technique (Nuclon, 24-wells plate; NUNC A/S).
Ham’s F10 cell culture medium (Biochrom AG, Berlin,
Germany) for SKOV3 and U343 cells, Dulbecco’s modified
Eagle medium cell culture medium (Biochrom AG, Berlin,
Germany) for A431 cells, and Dulbecco’s modified Eagle
medium cell culture medium (Sigma-Aldrich, St. Louis,
Missouri, USA) for HaCaT cells were used, supplemen-
ted with 10% fetal calf serum (Sigma, St. Louis, Missouri,
USA), penicillin 100 IU/ml and streptomycin 100 pg/ml,
(Biochrom AG, Berlin, Germany), and L-glutamine
[2 nmol/l, for Ham’s F10 and DMEM (Sigma-Aldrich)
culture medium only]. The cells were grown at 37°C in
an incubator with humidified atmosphere and 5% CO;
until experimental day.

Radiolabeling

A toral of 2.5 pg of human EGF (Chemicon International,
USA) and 80 pg of the monoclonal antibodies trastuzumab
(purified from Herceptin; Roche AB, Stockholm, Sweden)
and cetuximab (purified from Erbitux; Merck KGaA,
Darmstadt, Germany) were labeled with 5-10MBq =1
(Perkin-Elmer, Wellesley, Massachusetts, USA) or 10 MBq
BIT (Institute of Isotopes Co., Ltd. Budapest, Hungary)
according to the chloramine-T protocol [6]. The labeling
reactions were performed with chloramine T (Sigma, St.
Louis, Missouri, USA) and sodium metabisulfite (Aldrich,
Stockholm, Sweden). The desired radiolabeled protein was
purified on a NAP-5 column (GE Healthcare, Waukesha,
Wisconsin, USA) ecquilibrated with PBS (10 mmol/l, pH
7.4, 140 mmol/l NaCl).

Estimating the number of receptors per cell using the
kinetic extrapolation method

The '*I-ligand and "*'I-ligand binding on appropriate
cell receptors was measured in real time at room
temperature using LigandTracer Grey and LigandTracer
Yellow, respectively. The three-step addition of radio-
labeled protein in full culture medium (3ml for
LigandTracer Grey and 5ml for LigandTracer Yellow)
was performed after a short baseline run (10 min) without
the ligand. In the majority of assays 3, 15, and 30 nmol/l of
protein were used, but other ranges starting at 0.1—
4.2 nmol/l and ending at 10-90 nmol/l were tested as well.
The incubation times were chosen adequately for each
ligand concentration to accomplish clear curvature and to
approach equilibrium. When the assay was finished, cells
were washed twice with PBS + 0.1% BSA and once with
PBS, followed by trypsination and resuspension in
complete culture medium. Aliquots of 0.5 ml were taken
for cell counting and radioactivity measurement (auto-
matic ¥ counter 1480 WIZARD 3", Perkin-Elmer). Each
cell line and ligand combination was tested two to nine
times for receptor quantification. Binding traces from the
three-step incubation were fitted to a kinetic model (1:1
for EGE, bivalent interaction for cetuximab and trastuzu-
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mab) in a TraceDrawer 1.2 (Ridgeview Instruments AB,
Uppsala, Sweden). In the case of 1:1 binding, the
binding traces were fitted to:

Signal = Bumax % (C/(C +4s/k))
X (1= exp(— (k x C+4ke) x 1))

where By is the signal corresponding to completely
saturated cell surfaces, ¢ is the concentration, £4 is the
dissociation rate constant, 4, is the association rate
constant, and / is the time [7]. Thus, it is possible to
estimate Bnax from a single nonsaturated binding trace.
The bivalent model is similar but cannot be expressed
analytically and hence requires numerical integration.
The ratio between B,, and the highest measured signal
was used to correct for incomplete saturation.

Estimating the number of receptors per cell using the
classical manual technique

Cells were seeded in triplicate in 24-well plates for the
classical saturation technique. '*I-ligand in complete
medium was added to cells in six concentrations (0.5, 1.5,
5, 15, 50, and 150 nmol/l; 0.5 ml/well). Plates were kept
on ice the whole time. After 4h of incubation (approxi-
mately 4°C), cells were washed six times with serum-free
medium and trypsinated. Resuspended cells were then
counted and the radioactivity was measured to evaluate
cell recepror levels. For '*I-trastuzumab and the cell
lines SKBR3, as well as for '*'I-cetuximab at the cell lines
A431 and HaCa'l, only the highest concentration of
ligand was used to assess the NRPC.

Results and discussion

The KEX method was developed in a two-step manner.
In the first step, a focused correlation study with the
manual saturation technique was conducted using three
cell lines (A431, SKOV3, and U343), three ligands labeled
with 1251, and two receptors. Thereafter, KEX and a
simplified version of the manual technique (highest
concentration only) were conducted in parallel to gather
further data on the accuracy of KEX. The second step was
conducted using three cell lines, with both '**[ and "*'Tin
two different laboratories (Uppsala, Sweden, and Hradec
Kralove, Czech Republic).

The results obtained from the correlation study (first
step) of the KEX method and the classical manual
saturation technique are summarized in Fig. 1. The cells
covered a wide range in receptor quantity: from 3 x 10*
per cell (HERZ on U343) to 6 x 10° per cell (HERZ on
SKOV3). The results from the KEX method and the
manual saturation technique agreed, and the variability of
the two methods were similar, potentially with a slight
advantage for the manual technique. The KEX method
often produces slightly higher NRPC values than the
manual saturation technique. This is probably due to the
combination of (i) an overestimation of B, by the
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factor receptor.

Fig. 2

Kinetics evalution: 12%|-cetuximab and '2%-EGF in A431 cells
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Example of the kinetic evaluation used in the kinetic extrapolation (KEX) method. LigandTracer Grey analysis curves are solid curves with noise, blue
(upper) for '?°|-cetuximab and red (lower) for 125I-eé)idermal growth factor (EGF). The smooth black curves represent binding kinetic fits from
TraceDrawer 1.2 for 12%|-cetuximab (dotted) and '2°I-EGF (solid) binding to EGF receptor (EGFR) in A431 cells. The highest signal was
approximately 38 CPS and 80 CPS for EGF and cetuximab, respectively. Brmay as derived from the kinetic fit, which corresponded to full cell EGFR
saturation, was approximately 58 and 84 CPS for EGF and cetuximab, respectively (not seen).

kinetic extrapolation, and (ii) an underestimation of from no correction to 50% saturation. In Fig. 2, two

signal values in the manual technique, which under-  typical binding traces with accompanying kinetic fits are
estimates B, The correction for lack of saturation shown: 1:1 binding for 1251 EGF and bivalent binding for
in the KEX method varied between 1 and 2, that is, 1251 cetuximab to A431 cells. The signal at the highest
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concentration was 38 counts per seconds (CPS) and 80
CPS, respectively, and the kinetic model estimated By, to
58 and 84, respectively. In this particular case, the
calculated NRPC at harvest should be adjusted by a factor
of 1.53 (=58/38) for labeled EGF and 1.05 (= 84/80) for
labeled cetuximab due to incomplete saturation. The KEX
method applied to the HER2 receptor at SKOV3 using
herceptin was repeated nine times, and allowed assess-
ment of correlation among the batch of trastuzumab
labeling (three batches, three measurements of each), the
highest concentration (ranging from 10 to 90 nmol/l), the
highest signal level (ranging from 24 CPS to 131 CPS), and
the estimated NRPC. One batch of labeling produced
slightly lower NRPC results than the other two. The
highest concentration and highest signal level were not
correlated with NRPC.

The summary of the average NRPC for cells divided
according to the technique type is shown in Table 1. The
values of EGFR per cell and HER?Z receptor per cell for
the given cell lines are in agreement with published data,
where available [8]. The average standard deviation was
19% of NRPC for the KEX method (three cell lines, three
receptors, each repeated two to nine times) and 17% of
NRPC for the classical manual saturation technique (two
or three replicates per cell line—label combination).

In the second step, NRPC estimates have been conducted
for HERZ on SKBR3 cells by use of '?I-trastuzumab, and
for EGFR on A431 and HaCaT cells by use of 'lI-
cetuximab, as presented in Table 1. All collected NRPC
data are shown in Fig. 3. The agreement of the methods is
clear with only one exception (‘***I-EGF on SKOV3 cells).

It was noted that in the classical manual technique
saturation was not always reached, even for the highest
ligand concentration (150nmol/l), mainly for labeled
trastuzumab added to SKOV3 cells. The time required to
reach equilibrium for high-affinity interaction can be 10 or
even 100 h [9] and this will result in underestimation of the
true NRPC when using the classical manual technique.
The KEX method regularly did not reach saturation, but
there was no problem due to the correction for By, by use
of kinetic fits: the NRPC assessment became accurate
even when low ligand concentrations were used and the
receptor saturation was not reached. This is the main
advantage of the KEX method for NRPC evaluation
compared with the manual saturation technique. The
limitation of the KEX method is that it requires a binding

trace with visible curvature, and this may be difficult to
obtain when the NRPC is approximately 10* or smaller
(e.g. U343 cells with HER2 receptor).

Verification of specificity and correction for nonspecific
binding, as commonly assessed by addition of excess of
unlabeled ligand (blocking), were not included in this
study due to the cost. The cells and ligands used in this
report are standard material handled in our laboratory, and
the specificity of the ligands has been proved repeatedly
by such blocking experiments (see e.g. [2,10]). The fact
that the results in this study are in agreement with
previously published reports indicates that the blocking
procedure is not critical for obtaining accurate NRPC for
these ligands. Furthermore, the highest concentration in
the KEX method is often at a low level in which the
nonspecific interactions are less common.

The reagent consumption and workload of the two methods
were also compared. The KEX method consumed
approximately 9.1 pmole of labeled ligand per run in
comparison with 20 or 35 pmole of cetuximab/trastuzu-
mab and EGE respectively, per experiment for the

Fig. 3
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Correlation plot of number of receptors per cell (NRPC) values
obtained with the two different methods. Data from five cell lines (A431,
SKOV3, U343, SKBR3, and HaCaT) expressing various levels of
epidermal growth factor (EGF) receptor and HER2 receptor are shown
in the graph. Trastuzumab (squares), cetuximab (triangles), and EGF
(circles) were used to assess NRPC. KEX, kinetic extrapolation.

Table 1 Summary of the results obtained for the KEX method and the classical manual saturation technique

A431 SKOV3 U343 SKBR3 HaCaT
Number of receptors per cell (x 10°) KEX Manual KEX Manual KEX Manual KEX Manual KEX Manual
1251 ['31)] cetuximab (EGFR) 21 (1.7) 1.8 (1.7) 0.23 0.14 0.28 0.19 MD MD (1.1) (1.0)
251.EGF (EGFR) 2.1 1.3 0.16 0.35 0.35 0.18 MD MD MD MD
25| trastuzumab (HER2) 0.16 0.091 6.3 5.6 0.040 0.031 6.2 5.8 MD MD

EGFR, epidermal growth factor receptor; KEX, kinetic extrapolation; MD, missing data.
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manual technique. If blocking experiments are included,
the KEX method will save even more reagent. The time
spent on laboratory work and the use of dispos-
able cell culture dishes and media by the KEX method
were reduced by approximately 60 and 90% respectively
compared with the classical saturation technique.

In conclusion, we described an improved NRPC assay,
which uses the ability to accurately extrapolate the level
of saturation by kinetic fitting. The novel KEX method
will be particularly useful for laboratory experiments with
expensive ligands.
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ABSTRACT

The gastrin/cholecystokinin receptor (CCK2R) has been discovered as the possible cell
tumor target for peptide receptor radionuclide imaging and therapy (PRRT). Gastrin is the
physiological ligand of CCK2R i human body. Several synthesized gastrin analogues
bind to CCK2R with different affinity. Minigastrin11 is one of them. The aim of this study
was to investigate the specific binding of radiolabeled minigastrinl1 on CCK2 receptors
using the rat exocrine pancreatic tumor cell line (AR42J) and its cellular accumulation in
in vitro condition using opossum kidney cell line (OK cells).

Cells were incubated in the internalization medium containing either HIn-DOTA-
MG11 or "7Lu-DOTA-MG11 for the selected time. At the end of incubation, cells were
disintegrated and cell accumulated radioactivity was determined.

The cellular uptake of ''In- and '"7Lu-labeled peptides was almost equal in AR42]
cells. The cell-bound radioactivity was between 1.5 to 2% of the whole activity in the
experiment. The peptide accumulation study made on OK cells has shown that the cellular
uptake of radiolabeled minigastrinl1 was very low. The cell-bound portion was between
0.05 and 0.08% of the whole activity in the system.

The results showed that minigastrinll labeled with 'In and 177Lu was significantly
bound to CCK2R receptors on AR42J cells and radioactivity was consequently transported
into these tumor cells. Negligible accumulation of ''In-DOTA-MG11 and '""Lu-DOTA-
MG11 in the kidney cells means that radiolabeled MG11 does not represent a risk of
radionephrotoxicity for the patients treated with the agent.

Keywords: Gastrin — Minigastrin — AR42J cells — OK cells — PRRT

INTRODUCTION

The discovery of somatostatin receptors on various kinds of tumors has triggered the
development of radiolabeled somatostatin analogs to be used in tumor diagnosis and
peptide receptor radionuclide therapy (PRRT) in the last decades. Somatostatin analogues
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have started to be common tumor markers in nuclear medicine. However, other radiola-
beled peptides have also enormous value as biological vehicles to deliver radioactivity to
tumor cells for a cancer visualization and treatment. Now a day, radiolabeled peptide-based
agents are originated from the peptide hormones and neurotransmitters such as somatosta-
tin, cholecystokinin (CCK), gastrin, bombesin, substance P, vasoactive intestinal peptide
(VIP), and neuropeptide (NP)-Y12, The action of mentioned peptides is mediated through
specific membrane-bound receptors which mostly belong to G protein-coupled receptors.
Peptides act via their specific receptors as regulatory ligands influencing cell proliferation,
migration, differentiation or apoptosis’. The overexpression of peptide receptors is usu-
ally accompanied with tumor progression; this characterization of the peptide led to their
investigation in the cancer therapy and diagnosis.

It is more than a century since the gastric hormone (gastrin) has been discovered*. The
rise of research in the peptide receptor radionuclide therapy at the end of 20™ century, has
demonstrated an interesting possibility of gastrin/cholecystokinin-2 receptor as the target
for imaging and therapy of some tumors*?,

Gastrin is gastrointestinal peptide, which has become the promising implement in
PRRT. This peptide is physiologically targeted against gastrin/cholecystokinin-2 (CCK2)
receptor. CCK2 receptor, with high affinity for gastrin, is increasingly expressed in several
tumor types, including small cell lung cancers, medullary thyroid carcinomas, neuroendo-
crine gastroenteropancreatic tumors, and others!s.

Human gastrin peptide chain is assembled of 34 or 17 amino acids. The two type of
gastrin are called classical gastrins, which are included gastrin-34 and gastrin-17 (cleaved
from gastrin-34)*. They can also exist in several C-terminal truncated forms such as
minigastrin, a 13-residue peptide’. Human gastrin is synthesized in G-cells, which are
localized in the glands of the pyloric antral part of the stomach®. The stimulation of gastrin
release occurs in response to gastric luminal amino acids, peptides, and neuronal stimula-
tion, while its secretion is inhibited by gastric acid via paracrine mediator somatostatin
which is secreted from D-cells located in corpus epithelium*®, Gastrin synthesis starts in
endoplasmatic reticulum where the preprogastrin, gastrin precursor, is translated and then
cleaved to progastrin. Progastrin passes through Golgi complex into secretary vesicles. Its
molecule is cleaved to G34-Gly, which can be either shortened to G17-Gly or converted
to amidated gastrin G34 and the latter into G17. Progastrins, G34-Gly and G17-Gly are so
called non-classical gastrins, which are able to influence cell proliferation in colon. G34
and G17 belong to the group of classical gastrins, responsible for proliferation and differ-
entiation in stomach and acid secretion*%7. The actions of gastrins are mediated through
CCK2 receptors having high affinity for them. Besides all effects of gastrins mentioned
above, new actions at CCK2 receptor were recently described. These effects include
stimulation of migration, invasion, tubulogenesis, and inhibitions of apoptosis®1l. These
amidated-gastrin properties are the principle for their oncogenic effects.

The first very intensively studied human tumor expressing CCK2 receptor was med-
ullary thyroid cancer (MTC). It was found out that this kind of human cancer lacked
somatostatin receptors in advanced and clinically aggressive forms, but not the CCK2
receptors!2-15, This fact led to the development of gastrin analogues for diagnosis and
therapy. Gastrin analogues investigation has been triggered for the purpose of CCK2
receptor tumors diagnostic imaging and radionuclide therapy in several laboratories.
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Behr et al. showed promising results for the diagnostic and therapeutic application of
B]-radioiodinated human gastrin-12-16, Reubi et al. came with series of nonsulfated cho-
lecystokinin (CCK) analogues coupled at the N-terminus to diethylenetriaminepentaacetic
acid (DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) for
radiometal binding>>!7. Derivatives of gastrin followed the radiolabeling example of its
close relative peptide CCK. Nonsulfated gastrin then has been shown to be more suit-
able for tumor targeting due to its stability, CCK-2 receptor selectivity, high affinity, and
promising in vivo profile. Behr et al. developed (! In-DTPA%)minigastrin, which had high
uptake in stomach and tumor lesions in metastatic MTC patients?18,

Many other gastrin analogues have been prepared, but unfortunately some of them may
have unadvisable side effects. Their uptake at receptor-positive tissues can be followed
with extremely high uptake in to the kidney>!%1°, This radioimmunotherapy limitation
1s quite common and has already been discovered during preclinical and clinical ex-
periments with radiolabeled somatostatin analogue such as 90Y-DOTA-Tyr3-octreotide
(DOTATOC)?. It generally refers to radiolabeled low-molecular-weight biomolecules
such as peptides and monoclonal antibody fragments, which are transported into proxi-
mal tubular kidney cells. It is supposed that the responsible agents for kidney uptake are
megalin and cubilin which are the endocytic receptors. These two proteins on epithelial
cells in proximal renal tubules are responsible for the uptake of many substances such
as peptides, peptide hormones, protein-bound vitamins, and proteins from primary urine
back to bloodstream?!-?2. Their uptake can be facilitated with peptide analogues such as
the presence of positively charged amino acids?. Thus, the kidneys are the main dose-
limiting organs during peptide-based radiotherapy of cancer patients using high doses of
therapeutic radionuclides?!:22.

AIM OF STUDY

The aim of this study was to investigate the binding affinity and uptake of !'In- and
177Lu-labeled minigastrin analogue in in vitro conditions. !"'Tn- and 177Lu-DOTA-dGlu-
Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (!!'In-DOTA-MG11 and !"’Lu-DOTA-MG11) were
prepared and then tested for their specific binding to CCK2 receptor at cell line AR42J (Rat
exocrine pancreatic tumor) and for their uptake and retention to renal proximal tubular cell
line OK cells (Opossum kidney cells).

MATERIALS AND METHODS

Chemicals

RPMI 1640 medium and fetal calf serum were purchased from PAA Cell Culture Com-
pany. Minimal essential medium (MEM), L-glutamine, nonessential amino acids (NEAA),
ethylenediaminetetraacetic acid (EDTA)/trypsin, 3(morpholino) propanesulphonic acid
(MOPS), N-(2-hydroxyethyl)-piperazine-N'-(2-ethanesulphonic acid) (HEPES), Triton
X-100, chemicals used for radiolabeling, and high performance liquid chromatography
(HPLC) analysis were purchased from Sigma-Aldrich, Czech Republic. DOTA-mini-

40



gastrinll was purchased from Pichem, Graz, Austria. The isotope lIn was purchased
from Amersham and !"’Lu from PerkinElmer. Bicinchoninic acid assay (BCA) kit was
purchased from (Pierce, Rockford, USA). Ringer solution was prepared in our depart-
ment in composition of (mM): NaCl 122.5, KCl 5.4, CaCl, 1.2, MgCl, 0.8, Na,HPO, 0.8,
NaH,PO, 0.2, glucose 5, and HEPES 10 (titrated to pH 7.4 by NaOH at 37 °C). Phosphate
buffered saline (PBS) was prepared in our department in composition of (mM): NaCl 137,
KCl12.7, Na,HPO, 0.01 and NaH,PO, 0.01 (titrated to pH 7.4). Acid wash buffer was pre-
pared in our department in composion of 50 mM glycine buffer pH 2.8, and 0.1 M NaCl.

Cell Line
Opossum kidney cell line (OK cells) and Rat pancreatic tumor cell line AR42J were
purchased from European Collection of Cell Cultures.

Peptide Radiolabeling and Radiochemical Analysis

Minigastrinll was labeled with isotopes according to this protocol. Two hundred of
0.4 M acetate buffer solution (pH 5) was mixed with 10 pl of peptide (1 pg/l ul) and
0.1 ml of '"In (1 mCi/0.1 ml of 0.04 M HCI) or 1 pl of V7Lu (1 mCi/0.8 — 1 pl of 0.05 M
HCI). The solution was heated for twenty minutes at 92 °C and then left to cool down.
Gradient RP-HPLC analysis of radiolabeled peptide was made for the determination of
radiochemical purity. HPLC machine (System Agilent 1100 Series, Agilent Technologies
Inc., Santa Clara, CA, USA) with the column 125 x 4 mm and 10 um (Merck) and with
UV and radiometric detection (Polon, Polatom) were used. The mobile phase was A: 0.1%
trifluoracetic acid and B: CH,CN.
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Fig. 1. An example of ITLC SG radioactivity profile (''In-DOTA-MG11)
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Cell Culturing
Renal OK cells were seeded in Minimum Essential Medium Eagle (MEM) supple-
mented with 2 mM L-glutamine, 1% NEAA and 10% FCS in 5% CO, atmosphere at
37 °C. Confluent monolayers were split 1:4 twice a week using (EDTA)/trypsin solution.
Pancreatic tumor cells line AR42J were seeded in RPMI-1640 supplemented with
2 mM L-glutamine and 10% FCS in 5% CO, atmosphere at 37 °C. Subculturing was
performed employing (EDTA)/trypsin solution.

Accumulation Study

For experiments, OK cells of passage number 17-24 were used. They were left to grow
to confluency on Petri dish (6 cm diameter). The experiments were initiated with cell wash
of PBS (2x). The addition of 3 ml Ringer solution with radiolabeled minigastrin (10 nM)
followed. The cells were incubated for indicated intervals (0, 20, 40, 60, 80, 100, 120, 140,
160 and 180 minutes) in 5% CO, atmosphere at 37 °C. When the incubation was over then
the uptake buffer was aspirated, and the dishes with cell monolayers were rapidly rinsed
with ice-cold PBS (6x). The cells were disintegrated by Triton X-100 (0.1% v/v) in 10 mM
MOPS. To elicit the measuring error caused by nonspecific sorption to the cells and Petri
dishes, the radioactivity uptake at time 0 was used as a blank value where the internaliza-
tion medium was discarded immediately after addition. The intracellular radioactivity was
normalized to the cell protein content by the BCA method??.

For accumulation studies, AR42J cells (passage number 41-44) were treated with
(EDTA)/trypsin solution and concentrated to 1 x 10° cells per ml of internalization
medium (RPMI 1640 supplemented with 2 mM L-glutamine and 1% FCS) per microcen-
trifuge tube. Incubation was started by the addition of 1 ng of radiolabeled peptide per
tube (0.71 nM). Cells were incubated at 37 °C in triplicates for both minigastrins for the
indicated interval time periods (0, 5, 15, 30, 60, 90 and 120 minutes). Cellular uptake was
stopped by removal of the internalization medium and twice washing of the cells with ice-
cold PBS. Thereafter, the cells were incubated twice at ambient temperature in acid wash
buffer for 5 minutes. The supernatant was removed and cells were lysed by treatment of
1 M NaOH and cell radioactivity collected (accumulated radioligand fraction).

Measurement of In and ""Lu Activity

Radionuclides activity was measured by a gamma spectrometer 1480 Wizard™ 3
(Wallac, Finland). Radioactivity of all samples was compared with analyzed standard
sample activity.

Data Analysis
All values are the results of two independent experiments with triplicates in each
experiment. The evaluation of obtained experimental data was made in GraphPad Prism.

RESULTS

OK cells, Radioligand Uptake
Graphs depicted in Figures 2 and 3 show the process of '''In-DOTA-MG11 and '7"Lu-
DOTA-MGI11 accumulation in #n vitro conditions. The amount of cumulated peptides
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Fig. 3. Internalization of 177Lu-DOTA-MGI1 in OK cells. Data expressed as mean = SD

was relatively low. The internalized fraction was only about 0.01% of the whole peptide
radioactivity added to cells. This activity was similar for the both radionuclides used for
peptide labeling. It can be seen that slightly higher amount of 177Lu-DOTA-MGI11 was
internalized into kidney cells than that of !'!In-labeled minigastrin.

AR42] cells, Radioligand Uptake

Rat exocrine pancreatic tumor cell line AR42J expressing CCK2 receptors exhibited
higher accumulation of the both peptides than that of the kidney cells (Figures 4 and ).
The equilibrium of peptide uptake in the cells was reached between 30 and 60 minutes
for 177Lu labeled minigastrin. On the other hand, the uptake equilibrium for ''!In-labeled
minigastrin was not reached even after 120 minutes of experiments.
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DISCUSSION

A lot of gastrin analogues with similar properties to gastrin, mainly the ability of spe-
cific receptor binding, were prepared up to now. They are called minigastrins, and they
have been investigated for tumor peptide receptor radiotherapy and diagnosis. Medullar
thyroid carcinoma carrying gastrin/cholecystokinin receptors was the first evidence for
radiolabeled minigastrin development, as somatostatin analogues had not been able to bind
effectively on these tumor cells due to low somatostatin receptor density?16.1%,

Minigastrinl1 is one of the promising gastrin analogues. The uptake of this peptide
was tested in in vitro conditions in our study. The two cell lines, pancreatic tumor cell line
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and kidney cells, were chosen for this study. The first one was AR42]J cells, which carry
specific CCK2 receptors. This cell line has been used in in vitro or in vivo (injected nude
mice) study?*. These cells were employed as reference cell line, by which the internaliza-
tion of labeled minigastrin mediated by the CCK2 receptor system was supposed®2>.

OK cells are derived from proximal tubule and they are thought to have megalin-cubilin
complex. This complex is responsible for radiolabeled peptide accumulation in the kid-
neys2l22, Kidney cells were used for the study of radiolabeled peptide uptake to evaluate
the possible risk of radionephrotoxicity?®.

In this study, '""In and 177Lu were used for radiolabeling of minigastrinll. In is
frequently used for diagnostic purposes whereas !7’Lu is used for radiotherapy in nuclear
medicine. These two radioisotopes were attached to the peptide via DOTA chelate. Radio-
chemical purity of M n-DOTA-MG11 was over 99% (Figure 5).

Ulln and '77Lu labeled minigastrins were tested for their ability to bind on gastrin-
specific receptors (AR42]J cells) and for their possible uptake via megalin/cubilin complex
into kidney cells (OK cells).

The analysis of '[n-DOTA-MG11 and '""Lu-DOTA-MGI11 uptake in AR42J cells
showed slightly different results. The both peptides were bound to CCK2 receptors on
AR42] cells and consequently internalized into the cells. The internalized fraction of
TTLu-DOTA-MG11 initially increased with incubation time and the internalization curve
reached its plateau approximately in one hour after dosing. In the case of !!!In-labeled
minigastrin, the plateau was not reached even after 180 minutes of incubation. Moreover,
the amount of internalized In-DOTA-MGI11 was lower than that for 7"Lu-DOTA-
MG11. Nevertheless, both radiolabeled peptides under study were able to bind on gastrin
receptors on AR42J cells and consequently internalized into the cells.

The accumulation study of radiolabeled minigastrinl1 in the kidney was carried out on
proximal tubule cells. The peptide uptake was very low compared with results obtained in
exocrine pancreatic cells. '''In-DOTA-MG11 and '"7Lu-DOTA-MG11 uptake was below
0.1% of administered dose per mg of proteins which means that radiolabeled minigastrin
11 did not significantly internalize into proximal tubule cells. The two labeled peptides
under study would not cause a risk of radionephrotoxicity in their possible clinical ap-
plication.

CONCLUSION

The structure of the both tested peptides In-DOTA-MGI11 and '7’Lu-DOTA-MG11
was not changed by radiolabeling. This was approved on tumor cell line with gastrin spe-
cific receptor CCK2. Moreover, the process of radiolabeling was applied with an excellent
quality, where the radiochemical purity was over 99%.

The next pursued task of this study was the possible radionephrotoxic influence of
employed peptides. Fortunately, very low accumulation of radiolabeled minigastrinl I was
observed on the model kidney cell line, for the both radionuclides.

The results of this study showed, the In and '7"Lu labeled peptides can be used as
the suitable diagnostic and therapeutic markers in nuclear medicine. However, in vitro re-
sults are the first step in a long way study of minigastrin utilization in medicine. However

14

45



further investigation in the field of in vivo study must be done to confirm our finding in
this study.

ACKNOWLEDGEMENTS

We gratefully acknowledge and thank for financial support of this study from Grant

Agency of Czech Republic No. 305/07/0535. Authors wish to thank Davoud Ahmadimo-
ghaddam for his technical assistance.

10.

11.

12.

13.

14.

REFERENCES

. Reus, J. C.: Peptide receptors as molecular targets for cancer diagnosis and therapy. Endocr. Rev., 24, 2003,

389-427.

. NOCk, B. A. ct al.; CCK-2/gastrin receptor-targeted tumor imaging with (99m)Te-labeled minigastrin ana-

logs. J. Nucl. Med., 46, 2005, 1727-1736.

. KRENNING, E. P. et al.; Peptide receptor radionuclide therapy. Ann. N. Y. Acad. Sci., 1014, 2004, 234-245.
. Dockray, G. 1.: Topical review. Gasirin and gastric epithclial physiology. J. Physiol., 518 (Pt 2), 1999,

315-324.

. MaTHER, S. J. et al.; Sclection of radiolabeled gastrin analogs for peptide receptor-targeted radionuclide

therapy. J. Nucl. Med., 48, 2007, 615-622.

. DOCKRAY, G., DIMALINE, R. & VARRO, A.: Gastrin: old hormone, new functions. Pfliigers. Arch., 449, 2005,

344-355.

. CaPLIN, M., ct al.: Expression and processing of gastrin in pancreatic adenocarcinoma. Br. J. Surg., 87, 2000,

1035-1040.

. PaGLIOCCA, A. et al.: Stimulation of the gastrin-cholecystokinin(B) receptor promotes branching morpho-

genesis in gastric AGS cells. Am. J. Physiol. Gastrointest. Liver Physiol., 283, 2002, G292-299.

. NozLg, P. I. et al.; Stimulation of gastrin-CCKB receptor promotes migration of gastric AGS cells via mul-

tiple paracrine pathways. Am. J. Physiol. Gastrointest. Liver Physiol., 284, 2003, G5-84.

Tobisco, A. et al.; Molecular mechanisms for the antiapoptotic action of gastrin. Am. J. Physiol. Gastroin-
test. Liver Physiol., 280, 2001, G298-307.

WROBLEWSKL, L. E., PRITCHARD, D. M., CARTER, S. & VARRO, A.: Gastrin-stimulated gastric epithelial cell
invasion: the role and mechanism of increased matrix metalloproteinase 9 expression. Biochem. J., 365,
2002, 873-879.

Reugl, J. C. & Waser, B.: Unexpected high incidence of cholecystokinin-B/gastrin receptors in human
medullary thyroid carcinomas. Int. J. Cancer, 67, 1996, 644-647.

Reurr, J. C. et al.: Somatostatin receptors and somatostatin content in medullary thyreid carcinomas. Lab.
Invest., 64, 1991, 567-573.

BEHE, M. & BEnR, T. M.: Cholecystokinin-B (CCK-B)/gastrin receptor targeting peptides for staging and
therapy of medullary thyroid cancer and other CCK-B receplor expressing malignancies. Biopolymers, 66,
2002, 399-418.

. FROBERG, A. C. et al.: Comparison of three radiolabelled peptide analogues for CCK-2 receptor scintigraphy

in medullary thyroid carcinoma. Eur. J. Nucl. Med. Mol. Imaging, 36, 2009, 1265-1272.

. Berwr, T. M. et al.: Targeting of cholecystokinin-B/gastrin receplors in vivo: preclinical and itial clinical

evaluation of the diagnostic and therapeutic potential of radiolabelled gastrin. Eur. J. Nucl. Med., 25, 1998,
424-430.

. Reusy, J. C. et al.: Unsulfated DTPA- and DOTA-CCK analogs as specific high-aftinity ligands for CCK-B

receptor-cxpressing human and rat tissues in vitro and in vivo. Bur. J. Nucl. Med., 25, 1998, 481-490.

.Benr, T. M. ct al.: Radiolabeled peptides for targeting cholecystokinin-B/gastrin receptor-expressing

tumors. J. Nucl. Med., 40, 1999, 1029-1044.

15

46



19.

20.

21

22.

23.
24,

25.

26.

16

BEHR, T. M. et al.: Cholecystokinin-B/gastrin receptor binding peptides: preclinical development and evalu-
ation of their diagnostic and therapeutic potential. Clin. Cancer. Res., 5, 1999, 3124-3138.

Bopegl, L. et al.: Receptor-mediated radionuclide therapy with 90Y-DOTATOC in association with amino
acid infusion: a phasc [ study. Eur. J. Nucl. Med. Mol. Imaging, 30, 2003, 207-216.

MELIS, M. et al.: Renal uptake and retention of radiolabeled somatostatin, bombesin, neurotensin, minigas-
trin and CCK analogues: species and gender differences. Nucl. Med. Biol., 34, 2007, 633-641.
CHRISTENSEN, E. . & VERROUST, P. J.: Megalin and cubilin, role in proximal tubule function and during
development. Pediatr. Nephrol., 17, 2002, 993-999.

NOBLE, J. E. & BAILEY, M. J.: Quantitation of protein. Methods Enzymol., 463, 2009, 73-95.

DUFRESNE, M., SEvA, C. & Fourmy, D.: Cholecystokinin and gastrin receptors. Physiol. Rev., 86, 2006,
805-847.

SvoBopA, M., DupUucHE, M. H., LAMBERT, M., Bul, D. & CHRISTOPHE, J.: Internalization-sequestration and
degradation of cholecystokinin (CCK) in tumoral rat pancreatic AR 4-2 J cells. Biochim. Biophys. Acta,
1055, 1990, 207-216.

SCHWEGLER, J. S., HEPPELMANN, B., MILDENBERGER, S. & SILBERNAGL, S.: Receptor-mediated endocytosis
of albumin in cultured opossum kidney cells: a model for proximal tubular protein reabsorption. Pfliigers
Arch., 418, 1991, 383-392,

47



ITI. GEFITINIB INDUCES EPIDERMAL GROWTH FACTOR RECEPTOR DIMERS
WHICH ALTERS THE INTERACTION CHARACTERISTICS WITH 125I-EGF

Bjorkelund H, Gedda L, Barta P, Malmqvist M, Andersson K: Gefitinib induces epidermal
growth factor receptor dimmers which alters the interaction characteristics with '*’I-EGF.

PLoS One. 2011 Sep; 6(9):¢24739.

48



@ pros ene

OPEN a ACCESS Freely available online

Gefitinib Induces Epidermal Growth Factor Receptor
Dimers Which Alters the Interaction Characteristics with
125|.EGF

g s 1,2 1 . _21,2,4 1,2
Hanna Bjérkelund"?*, Lars Gedda', Pavel Barta®, Magnus Malmqvist'**, Karl Andersson

1 Biomedical Radiation Sciences, Department of Radiclogy, Oncology and Radiation Science, Uppsala University, Uppsala, Sweden, 2 Ridgeview Instruments AB, Uppsala,
Sweden, 3 Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec Kralove, Charles University in Prague, Prague, Czech Republic, 4 Bioventia AB,
Uppsala, Sweden

Abstract

The tyrosine kinase inhibitor gefitinib inhibits growth in some tumor types by targeting the epidermal growth factor
receptor (EGFR). Previous studies show that the affinity of the EGF-EGFR interaction varies between hosting cell line, and
that gefitinib increases the affinity for some cell lines. In this paper, we investigate possible mechanisms behind these
observations. Real-time interaction analysis in LigandTracer‘® Grey revealed that the HER2 dimerization preventing antibody
pertuzumab clearly modified the binding of '°I-EGF to EGFR on HER2 overexpressing SKOV3 cells in the presence of
gefitinib. Pertuzumab did not affect the binding on A431 cells, which express low levels of HER2. Cross-linking
measurements showed that gefitinib increased the amount of EGFR dimers 3.0-3.8 times in A431 cells in the absence of
EGF. In EGF stimulated SKOV3 cells the amount of EGFR dimers increased 1.8-2.2 times by gefitinib, but this effect was
cancelled by pertuzumab. Gefitinib treatment did not alter the number of EGFR or HER2 expressed in tumor cell lines A431,
U343, SKOV3 and SKBR3. Real-time binding traces were further analyzed in a novel tool, Interaction Map, which deciphered
the different components of the measured interaction and supports EGF binding to multiple binding sites. EGFR and HER2
expression affect the levels of EGFR monomers, homodimers and heterodimers and EGF binds to the various monomeric/
dimeric forms of EGFR with unique binding properties. Taken together, we conclude that dimerization explains the varying
affinity of EGF — EGFR in different cells, and we propose that gefitinib induces EGFR dimmers, which alters the interaction
characteristics with '2°I-EGF. .
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Introduction
The extracellular binding of EGF to EGFR (also denoted

EGFR dimerization requires a conformation change caused by the
binding of EGF to monomeric EGFR [3,4,5]. Upon receptor
dimerization, the cytoplasmic tyrosine kinase domain is activated

ErbB1) triggers signals that are transduced through the cells and
causes cell proliferation. Atypical activity and over-expression of
EGFR is associated with a number of tumors, making it a common
target for cancer research. Although well studied, many questions
still remain unanswered about the interaction of EGF with EGFR,
the resulting signaling and its involvement in cancer.

Apart from EGFR, the epidermal growth factor receptor family
consists of the HER2, HER3 and HER4 receptors. The four
receptors are known to dimerize, as homodimers or as
heterodimers with other members of the family. The presence of
EGFR dimers in EGF unstimulated cells have been discussed for
many years, where some groups claim that EGFR dimers exist
without stimulation [1,2] while the more common belief is that

'@ PLoS ONE | www.plosone.org

49

through phosporylation [6]. HER2 is consecutively and ligand
independently activated and is the preferred binding partner of
EGFR [7]. HER2 dimerization with EGFR enhances and
prolongs the downstream signaling caused by EGF binding [8],
possibly due to the endocytosis deficiency of HER2, which in turn
negatively affects the EGFR downregulation [9].

The EGF - EGFR interaction is known to be complex.
Scatchard plots depict the presence of both low affinity and high
affinity receptor populations, the latter less abundant [10,11].
More recent studies presents a difference in affinity to EGF
between the monomeric and homodimeric form of EGFR [12],
where homodimers bind EGF more strongly. Furthermore, the
high affinity population has been pointed out as the primary
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mediators of the EGFR signaling [13]. This vaguely suggests that
EGFR dimers correspond to the high affinity population observed
in the past.

The use of tyrosine kinase inhibitors (TKI) is a mean of
disrupting the proliferation and anti-apoptotic downstream
signaling [14]. One example is gefitinib (IRESSA™) which is
directed towards EGFR and used as therapy against non-small cell
lung cancer [15]. The aim is to inhibit tumor growth, but the
response varies to a large extent between patients [16]. The reason
behind this variation has been extensively investigated and
discussed during the last decade, without much success. Lapatinib
is another TKI targeted towards EGFR and HER?2 for HER2
overexpressing mammary tumors [17]. It binds the inactive forms
of EGFR as opposed to gefitinib that stabilize the active
conformation [18,19,20,21]. Gefitinib, but not lapatanib, have
previously been shown to promote dimerization of EGFR. These
dimers are considered non-active and conformationally different
from ligand triggered dimer forms [21].

We have previously investigated the kinetic properties and the
affinity of the '*I-EGF — EGFR interaction in different cell lines
exposed to various treatments (complete or serum free medium, in
the presence or absence of gefitinib) [22]. No effect of gefitinib was
observed in U343 and SKBRS3 cells, but it clearly affected the
binding of '®I-EGF in A431 and SKOV3 cells. The overall
affinity increased in both cell lines, but the kinetics properties
(association and dissociation rate) were differently affected between
the two. In addition, the shape of the real-time binding curves
produced in LigandTracer Grey displayed evidence of more than
one EGF binding interaction taking place simultaneously. The
overall affinity was quantified and it was found to vary as much as
40 times between cell lines (from 0.2 nM in SKBR3 to 8 nM in
A431).

The aim of this work was to investigate the biological
mechanism behind the effect of gefitinib on the '*L-EGF -
EGFR interaction and the differences in affinity between hosting
cell lines. We present a detailed interaction analysis study of how
the binding of '*I-EGF to EGFR is affected by tyrasine kinase
inhibitors and the HER2 dimerization preventing antibody
pertuzumab. Real-time binding traces of the interaction together
with cross-linking assays show a connection between the effect of
gefitinib and EGFR dimer levels. We also introduce a novel tool
for binding trace analysis of complex interactions: the Interaction
Map. Having previously been applied to molecular interaction
analysis by SPR [23], this tool shows promise for resolving the
complex results of protein-cell interactions.

Gefitinib Induce EGFR Dimers - Affects Interaction

Results

Gefitinib and serum free medium does not alter the EGFR
or HER2 expression in A431, U343, SKOV3 or SKBR3 cells

The EGFR and HER2 expression level under different
culturing conditions (complete medium or serum free medium,
with or without gefitinib) was quantified either manually or with
the kinetic extrapolation (KEX) method [24] using LigandTracer
(Table 1). No clear differences were observed between treatments
in any of the four cell lines. The apparent affinity to *I-EGF
varied greatly between the cell lines, as described previously [22]
and presented in Table 1. For this set of cell lines, there seems to
be some correlation between HER2 and EGFR expression and the
overall affinity, with a higher affinity in cells expressing a large
number of HER2 receptors and fewer EGFR.

Pertuzumab affects the binding of '*I-EGF to SKOV3
cells but not to A431 or U343 cells

The dimerization preventing antibody pertuzumab binding to
HER? was added to investigate the role of EGFR-HER?2
heterodimerization to the measured '**I-EGF interaction, pro-
ducing binding traces presented as representative curves in
Figure 1. Little or no differences were observed for U343 cells
and A431 cells (data not shown). The addition of pertuzumab to
SKOV3 cells modified the binding of '*’I-EGF, observed as
differences in curvature, when simultaneously treated with
gefitinib. The increase in affinity caused by gefitinib, observed as
a higher saturation of receptors with the first concentration and a
slower dissociation (Fig. 1C and D, black curves), was essentially
canceled by pertuzumab (Fig. 1C and D, red curves).

The effects of EGF, gefitinib and pertuzumab on EGFR
dimerization in A431 and SKOV3 cells

The amount of dimerized EGFR receptors in A431 and
SKOV3 cells was studied by immunoblots using the reagent BS®
as a receptorcross-linking agent. The cells were incubated with or
without EGF, fetal calf serum (FCS), gefitinib and pertuzumab
before lysis, as presented in Figure 2 (representative data from one
of four experiments). A presence of EGFR dimers without
stimulation of EGF is seen in both cell lines, although to a higher
extent in SKOV3 where the differences between stimulated and
unstimulated cells are small (Fig. 2A-D, lane 1 and 2). No
differences were observed between cells stimulated with complete
or serum free medium in the presence of gefitinib (Fig. 2A-D, lane
34 and 6-7). Detection of B-actin was used as a loading control.

Table 1. The EGFR and HER2 expression of A431, U343, SKOV3 and SKBR3 cells in four culturing conditions.

free medium

A431 U343 SKOV3 SKBR3

EGFR HER2 Kp, app  EGFR HER2 Kp, app EGFR HER2 Kp, app EGFR HER2 Kb, app
Complete medium 2.1*+04E6 15*0.1E5 8nM 64+05E5 3.1+06E4 14nM 34*06E5 20*+03E7 09nM 41+03E5 58+05E6 0.2nM
Serum free medium 22+05E6 1.7+0.2E5 6.7+0.6E5 3.5*+04E4 19+0.2E5 2.1*0.05E7 3.5*+05E5 7.2*0.6E6
Gefitinib +complete 22+0.3E6 2.6+0.5E5 69+1.0E5 22*03E4 32*+06E5 23*0.1E7 4.6+06E5 64+26E6
medium
Gefitinib +serum 13+0.2E6 2.0*0.5E5 53*0.1E5 27*03E4 2.18E+05E5 3.0*0.4E6 57*03E5 6.5*+0.3E6

doi:10.1371/journal.pone.0024739.t001
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Estimation of EGFR and HER2 receptors were conducted either manually or by the KEX method using LigandTracer. Estimations of the affinities have been described
previously [22]. Data are presented as mean=S.E (n=2—6). No clear effects of the treatments on the EGFR and HER2 expression is observed in either of the cell lines.
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Figure 1. The effect of pertuzumab on the '**|-EGF - SKOV3 interaction. The binding of '**I-EGF to cultured SKOV3 cells in LigandTracer Grey,
in the presence (red) or absence (black) of the HER2 dimerization disrupting antibody pertuzumab. The cells were cultured in A) complete medium, B)
serum-free medium, C) complete medium containing 1 M gefitinib or D) serum free medium with 1 M gefitinib. The '2*I-EGF - SKOV3 interaction is
affected by pertuzumab, most evidently in gefitinib treated cells where the shape of the binding traces is clearly altered. The curves are representative
data from triplicates or quadruplicates and have been normalized to the equilibration level of the second concentration for better comparison.

doi:10.1371/journal pone.0024739.g001

However, the absolute number of EGFR seemed to vary between
treatments.

The intensities of the EGFR monomer and dimer bands were
quantified using Image] to study the effect of X (where X was
EGF, gefitinib or pertuzumab) on dimerization. The effect was
calculated as

Dimer*
Dimerization™ R
EffectValue® = ———— T = Mo-nm?f\ﬁ;’:r
Dimerization™Ne: Dimer
MonomerNoX

where an EffectValue significantly different from 1 signifies an
impact of X on the EGFR dimerization. Another lysate within the
same gel treated identically apart from the exposure of X was used
as the reference (Tables 2 and 3).
Exposure of EGF increased dimerization in A431 cells 3.9 times. No
effect of EGF on EGFR dimerization was observed in SKOV3 cells.
EGFR dimerization in EGF unexposed A431 cells increased
3.0-3.8 times upon gefitimb tratement (Table 2). Gefitinib
increased EGFR dimerization in most of the EGF exposed A431
cells as well, but to a lesser extent (1.4-1.9 times). A significant
effect of gefitinib was observed in EGF treated SKOV3 cells
(p<<0.1), with an increase of 1.8-2.2 times. No effect of gefitinib on
EGFR dimerization was detected in EGF untreated SKOV3 cells.

@ PLoS ONE | www.plosone.org
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No effect of pertuzumab on the EGFR dimerization in A431
cells was observed (Table 3). In SKOV3 cells, a significant (p<<0.1)
disruption of in average 40-60% of the EGFR dimerization was
detected upon pertuzumab treatment.

Lapatinib effects the binding of '#I-EGF to A431 cellsin a
different manner than gefitinib

Exposure of lapatinib modified the kinetics of the **I-EGF-
A43] interaction (Fig. 3A). A fast on—fast off interaction was
observed in all treatments, but the contribution of it increased
when the cells were treated with lapatinib (Fig. 3A, green and
black curves). This resulted in an overall faster interaction during
both association and dissociation. The difference between the
signal height of the first and second concentrations, as indicated by
an arrow, is slightly less when treated with serum free medium
(Fig. 3A, black curves). These alterations were different from the
effects of gefitinib in A431 cells, where the overall affinity
increased upon exposure and the dissociation rate varied between
complete and serum free medium (Fig. 3B, green and black
curves).

The heterogeneity of the binding of '*|-EGF can be
visualized by Interaction Maps

Interaction Map is a mathematical method to decipher a
heterogeneous interaction into its underlying components. It is
based on the main assumption that the binding of a ligand to a

September 2011 | Volume 6 | Issue 9 | e24739
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Figure 2. EGFR dimerization effects of EGF, gefitinib and pertuzumab observed in cross-linking analysis. EGFR targeting antibodies
were used to depict EGFR monomers and dimers on A431 (A and B) and SKOV3 (C and D) lysates. The cells were treated with or without gefitinib and
pertuzumab in complete (+FCS) or serum free medium. The difference between A and B as well as C and D is the stimulation of EGF. EGFR dimers
exist without stimulation of EGF (A-D, lane 1-2), particularly in SKOV3 cells. Gefitinib increases the dimer levels in both cell lines, regardless of other
treatment (A-D, lane 3-4 and 6-7). Pertuzumab does not affect the overall dimer levels of EGFR in A431 cells much (A and B, lane 5-7), but clearly
disrupts EGFR dimerization in SKOV3 (C and D, lane 5-7). The BS® free lysates were used as negative controls for the cross-linking assay and the p-
actin band was used as a loading control. This is a representative of one of four experiments.

doi:10.1371/journal.pone.0024739.g002

heterogeneous mixture of targets can be expressed as a sum of
interactions [23,25] where each interaction is represented in an
on-off map by its specific pair of recognition (log(k,)) and stability
(log(ky)) coordinates and a color corresponding to the calculated
contribution (warm colors-large contribution).

Interaction Maps were first calculated on simulated data
representing known interaction properties similar to the ones
shown to exist in the EGF-EGFR interaction (Fig. 4), which
verified that the algorithm could accurately resolve a multitude of
different simultaneous interactions. When applied on real
interaction data, the Interaction Maps displayed up to three
different simultaneous interactions in A431 cells (Fig. 5A—C). The
Interaction Map of the binding of '*’I-EGF to A431 in complete
medium depicted two interactions: one fast on—fast off, Al, [4.79,
—3.25] with a Kp of 9nM and one slow on-slow off, A2
[3.98,—4.94], with a Kp of 1 nM (Fig. 5A). These two interactions
contributed approximately equally to the measured binding curve.
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When exposed to gefitinib in serum free medium (Fig. 5B), the
recognition of the more stable interaction increased slightly from
logk.): 3.98 (A2) to log(k,): 4.37 (B2), while as the weaker
interaction (Al) remained in position (B1). Furthermore, a fast on—
slow off high affinity interaction (B3) appeared at position
[6.11,—5.28], corresponding to a Kp of 41 pM. Pertuzumab did
not alter the positions and contributions of the peaks (Fig. 5C,
peaks C1, C2, C3).

The Interaction Maps of SKOV3 cells presented interaction
patterns different to A431 cells. In complete medium two
contributing '*I-LEGF-SKOV3 interactions occurred simulta-
neously with approximately the same recognition but different
stability (D1 [5.07,—3.48] and D2 [4.85,—4.59] (Fig. 5D)). The
more stable interaction D2, with a Kp of about 0.4 nM,
contributed to approximately 65% of the measured binding curve.
Upon gefitinib treatment in serum free medium, D2 shifted to a
higher stability (E2 [4.89,—5.82]) corresponding to a Kp, of 20 pM
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Table 2. The effect of gefitinib on EGFR dimerization in A431 and SKOV3 cells.

A431

Without pertuzumab With pertuzumab
Effect of: Without EGF With EGF Without EGF With EGF
Gefitinib+complete medium 3.6+1.0* 1.920.1% 3.8+0.9% 1.6+0.2*
Gefitinib+serum free medium 3.6+0.8*% 14£0.0% 3.0+0.6% 1.4+02
SKov3

Without pertuzumab With pertuzumab
Effect of: Without EGF With EGF Without EGF With EGF
Gefitinib+complete medium 1.2+0.1% 2.0+0.1% 1.1+02 2.1+0.4%
Gefitinib+serum free medium 15£0.1* 1.8+0.1* 1.2£02 22:+04*

mean*S.E (n=4).

treated SKOV3 cells, irrespective of FCS and pertuzumab.
doi:10.1371/journal.pone.0024739.t002

(Fig. 5E). Furthermore, the contribution of the less stable
interaction D1 was reduced even further (E1). No equivavelent
to the fast on—slow off interaction observed in A431 cells (B3/C3)
appeared in gefitinib treated SKOV3 cells. The addition of
pertuzumab resulted in an interaction pattern (Fig, 5F) resembling
a mixture of the other two Interaction Maps (Fig. 5D and E), with
the more stable interaction F2 somewhere in between the previous
two positions D2 and E2 while as the weaker interaction Fl
remained in position (Fig. 5F).

Discussion

The aim of this study was to further investigate the binding of
'2L.EGF to EGFR in order to explain previous results which
indicated an impact of the tyrosine kinase inhibitor gefitinib on the
interaction [22]. The study started with the quantification of
EGFR and HER?2 expression on the four previously studied cell

The intensity of the monomer and dimer Western blot bands were analyzed and compared within gels. The table presents EffectValues, i.e. quotients of dimerization
degrees. Lysates within the same gel treated identically apart from the exposure of gefitinib (with/without FCS) were used as references. Data are presented as

*indicates treatments affecting dimerization, i.e. with a calculated effect significantly different from 1 (p<<0.1). Gefitinib increases dimerization in A431 cells and in EGF

lines. The total number of EGFR and HER2 receptors did not
vary at different treatments and can thus not explain the effects of
gefitinib on the EGF binding.

All EGF incubations described in this paper (i.e. in real-time
interaction measurements using LigandTracer and prior to cell
lysis for the cross-linking assay) were performed at room
temperature, Measurements at 37°C would have been more
comparable to the reality inside a body, but the heat triggers
EGFR to internalize upon EGFT binding, resulting in processing or
recycling of EGFR. These intracellular processes are difficult to
distinguish from the activities of the membrane bound receptors.
Thus, to make the data analysis manageable, room temperature
were chosen as an adequate alternative to 37°C. The pre-
treatments of gefitinib or pertuzumab before LigandTracer
measurements or cell lysis were all done at 37°C.

The antibody pertuzumab disrupts the dimerization ability of
HER2, creating fewer EGFR-HER2 heterodimers and more

Table 3. The effect of pertuzumab on EGFR dimerization in A431 and SKOV3 cells.
A431
Without EGF With EGF
Gefitinib
Complete Gefitinib+complete Gefitinib +serum Compl Gefitinib+complet +serum free
Effect of: medium medium free medium medium medium medium
Pertuzumab 0.9%+0.2 1.1x£03 1.52£0:1 1.0£0.0 1:5s50:1 1.1+0.1
SKOV3
Without EGF With EGF
Gefitinib
Complete Gefitinib+complete Gefitinib +serum free Complete Gefitinib+complete +serum free
Effect of: medium medium medium medium medium medium
Pertuzumab 0.5*0.0* 05+0.1* 0.4+0.1% 0.520.0* 0.5£0.1% 0.6+0.1*
The table presents EffectValues, i.e. quotients of dimerization degrees. Lysates within the same gel treated identically apart from the exposure of pertuzumab were used
as references. Data are presented as mean=*SE (n=4).
*indicates treatments affecting dimerization, ie. with a calculated effect significantly different from 1 (p<0.1). Pertuzumab disrupts approximately 50% of the
dimerization in SKOV3 cells, regardless of treatment of EGF, FCS or gefitinib. No effects of pertuzumab on EGFR dimerization in A431 cells are observed.
doi:10.1371/journal.pone.0024739.t003
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Figure 3. The effect of lapatinib on the '**I-EGF-A431 interaction. The binding of '*I-EGF to cultured A431 cells treated with complete
medium (red), serum free medium (blue), 1 pM of lapatinib (A) or gefitinib (B) in complete medium (green) or 1 puM lapatinib (A) or gefitinib (B) in
serum free medium (black) was measured in LigandTracer Grey. A) Lapatinib alters the kinetics of the interaction, as shown as a faster overall
association rate and dissociation rate. In serum free medium, the difference between the first and second concentration (indicated by an arrow) is
slightly less. B) Gefitinib increases the affinity, observed as a slower dissociation rate and small difference in signal height between the first and
second concentration (arrow). The effect of gefitinib is larger in serum free medium.

doi:10.1371/journal.pone.0024739.g003

EGFR homodimers [26]. In this paper, real-time interaction data kinetic properties. In A431 and U343 cells, where the HER2 count
of the binding of '”I-EGF to EGFR on A431 and SKOV3 depicts  is about 10% of the EGFR count, no obvious effect of pertuzumab

the impact of pertuzumab on association and dissociation rates, was detected. Upon pertuzumab exposure in HER2 overexpress-
thus establishing a connection between dimer quantities and ing SKOV3 cells, the overall affinity decreased in gefitinib treated
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Figure 4. Heterogeneity and kinetic properties of simulated binding curves, presented as Interaction Maps. Interaction Maps were
calculated from simulated binding measurements to illustrate the ability to decipher complex interactions. The Interaction Maps display every
contributing interaction of the measured binding curve as a peak with specific recognition (log(k,)) and stability (log(ka)) coordinates using colors
representing the relative degree of contribution (red: large contribution, blue: small contribution). Panels A, B, and C contains maps for monovalent
interactions (CurveA, CurveB, CurveC). Panel D shows a map for the complex interaction CurveAB known to contain two independent interactions
(CurveA+CurveB). Panel E shows a map for the complex interaction CurveABC known to contain three independent interactions
(CurveA+CurveB+CurveC). The corresponding simulated binding curves are shown in Panel F. The binder was added first at 3 nM, then at 9 nM,
followed by dissociation during several hours, as indicated by the arrows.

doi:10.1371/journal.pone.0024739.9004
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Figure 5. Heterogeneity and kinetic properties of the '>*I-EGF-EGFR interaction, presented as Interaction Maps. Interaction Maps
were calculated from real-time binding measurements of the interaction between '**I-EGF and A431 (A-C) or SKOV3 (D-F) cells, using complete
medium (A and D), gefitinib in serum free medium (B and E) or gefitinib in serum free medium in the presence of pertuzumab (C and E). A} Under
normal conditions in A431 cells, a fast on-fast off (A1: [4.79,—3.25]) and a slow on-slow off (A2: [3.98,—4.94]) interaction are observed. B) When
treated with gefitinib in serum free medium, the more stable peak (A2) is slightly shifted to a higher recognition (B2: [4.37,—4.96]), but more
importantly another peak at [6.11,—5.28] (B3) appears. C) The coordinates and the contributions of the different peaks are approximately the same
with pertuzumab as without, indicating no effect of pertuzumab on the binding of '2*-EGF in A431 cells. D) The binding of '**l-EGF to SKOV3 cells at
normal conditions consists of two interactions at [4.85,—4.59] (D2) and [5.07,—3.48] (D1), the latter less contributing. E) For gefitinib and serum free
treated SKOV3 cells, the more stable interaction (D2) is shifted to even higher stability (E2: [4.89,—5.82]) while the contribution of the other
interaction is reduced (E1). F) The Interaction Map of gefitinib and serum free treated SKOV3 cells in the presence of pertuzumab seems to be a

mixture of Interaction Maps D and E.
doi:10.1371/journal.pone.0024739.g005

cells, observed as a higher dissociation rate and larger differences
in signal height between the first and second concentration in the
binding traces. In other words, pertuzumab seems to interrupt
most of the affinity enhancing effect of gefitinib. This indicates that
gefitinib may affect the '®I-EGF-EGFR interaction in SKOV3
by a process involving dimerization.

A goal in this project was to disrupt EGFR homodimerization as
well, in order to investigate its connection to the binding
characteristics of the '*I-EGF-EGFR interaction. However, no
agent was found that accomplish this without simultaneously
competing with EGF for the binding site (creating side effects
impossible to distinguish from homodimerization disruption
effects), thus this could not be established.

By the use of the cross-linking reagent BS®, the dimers on the cell
surface will remain together during cell lysis and immunoblot
analysis [27]. In the cross-linking analysis presented in this paper,
EGFR dimers are visible without EGF stimulation in both A431
and SKOV3 cells, however to a low extent in A431 cells. The
increase of a factor 4 upon EGF stimulation in A431 cells affirms the
hypothesis that EGF binding induces dimerization. On the other
hand, no impact of EGF on the EGFR dimerization in SKOV3 cells
was detected, providing strength in the hypothesis of existing dimers
independent of EGF stmulation. The cell dependent matter of
dimerization may be due to differences in EGFR and HER2
receptor quantities. HER2 is known to spontaneously form
homodimers [28-29]. The findings in this paper indicate that this
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applies also to EGFR-HER2 heterodimers. EGFR homodimeriza-
tion on the other hand, appears to require the presence of EGF, as
observed in EGFR-rich A431 cells.

In this study, complete medium containing FCS was used in
most assays. FCS is known to include some amount of growth
stimulators such as EGF, although this is assumed to be low and is
not expected to affect the outcome. Furthermore, FCS is often
included in similar studies by other groups, making the results
comparable.

The immunoblot results further highlight the impact of gefitinib
on the dimerization. Gefitinib increased EGFR dimerization in
A431 cells, more evidently in the absence of EGF where the
overall dimerization was comparably low. In SKOV3 cells on the
other hand, the impact of gefitinib was generally less. The
induction of EGFR dimers by gefitinib have been studied
previously. Yarden et al. proposed that the binding of gefitinib
stabilizes an active conformation of the kinase domain of EGFR,
creating “quasi-dimers” solely connected intracellularly [21].
Gefitinib is known to prevent growth in both A431 and SKOV3
cells [30], suggesting that the tyrosine kinase activity of the
induced EGFR dimers are inhibited, but this does not specify
whether they resemble the naturally formed dimers or not. The
impact of gefitinib on the kinetics of the extracellular interaction
with '®LLEGF [22] indicates that the increased dimerization is
more than an intracellular phenomenon although further
conclusions about the nature of the dimers are difficult to draw.
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Serum free medium did not affect the dimerization degree of
gefitinib treated cells. This indicates that the effect of serum free
medium to the kinetics of the interaction between 'I-EGF and
gefitinib treated A431 cells cannot be explained by dimerization
variation or is too small to be detected by immunoblotting.

The HER2 dimerization inhibitor pertuzumab did not affect
the overall EGFR dimerization in A431 cells to a detectable
degree, regardless of EGF stimulation, indicating that the EGFR
dimers on A431 cells are mostly homodimers. In SKOV3 cells on
the other hand, EGFR dimerization drops to 50% upon
pertuzumab treatment. The pertuzumab concentration used in
the experiment (20 nM) will prevent approximately 75-85% of the
HER?2 population to form dimers [32], which explains that there
are still visible amounts of EGFR dimers in SKOV3 cells. Other
factors, like EGFR forming heterodimers with HER3 or HER4 as
binding partners are possible but less likely because these receptors
are believed to be expressed in much lower levels and are assumed
not to affect the outcome much [31]. On the whole, pertuzumab
clearly reduces EGFR dimerization.

The combination of pertuzumab and gefitinib is interesting.
Looking at the numbers in Table 2 and 3, gefitinib doubles the
amount of EGFR dimers in EGF stimulated SKOV3 cells, while
pertuzumab simultaneously decreases the amount to 50%. The
counteraction of pertuzumab on the gefitinib effect was visible in
the real-time interaction data of 'I-EGF-SKOV3 as well, yet
again suggesting dimerization as a strong contributor to the
mechanism of action of gefitinib on the extracellular binding of
EGF. As pointed out earlier, it is unclear to what extent EGFR
forms heterodimers and homodimers in the cells. Gefitinib may
induce solely EGFR homodimers and pertuzumab disrupts
EGFR-HER?2 dimers but may increase EGFR homodimers. This
way, the dimers observed for cells in normal conditions (Fig. 1A,
black curve) and when exposed to a combination of gefitinib and
pertuzumab (Fig. 1C and D, red curves) may be of different
nature, possibly creating the small but visible difference in
interaction kinetics observed in the real-time interaction data.

The measurement of the effect of lapatinib on the binding of
"LEGF to A431cells complements the gefitinib study. Lapatinib
binds the inactive forms of EGFR and HER?2 and does not induce
EGFR dimers as opposed to gefitinib that stabilize the active
conformation of EGFR [18,19,20,21]. In this paper, real-time
interaction data shows that lapatinib affects the binding of '*I-
EGF, demonstrating that there are other examples of intracellular
binders with the potential to influence extracellular interactions.
However, the effect of lapatinib on the kinetic properties was
unlike what was observed for gefitinib, indicating that the
mechanism of action is different between the two tyrosine kinase
inhibitors. This strengthens the hypothesis that the generation of
EGFR dimers, not observed for lapatinib, is an important part of
the effect of gefitinib on the '**[-EGF binding. By binding and
stabilizing the inactive conformation of EGFR, lapatinib may
alternatively inhibit EGFR dimerization, as suggested from the
clear, but different, shape of the real-time binding curve.

Interaction Map analysis opens up possibilities for speculation.
The two to three visible peaks in each of the Interaction Maps in
Figure 5 demonstrate a heterogeneous nature of the binding of
EGF to EGFR and provide a detailed description of both the
contribution and kinetic properties of the simultaneously occurring
interactions. One peak at approximately [5, —3.5] 1s visible in all
six Interaction Maps (Al, Bl, Cl, DI, El, FI. A peak
representing a more stable interaction is observed as well (A2,
B2, C2, D2, E2, F'2), but it changes in position and contribution
between treatments and cell lines and may even be divided into
two peaks in the gefitinib treated A431 cells (B3, C3). One
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hypothesis is that the right-most peaks (Al-F1) visible in all
treatments correspond to the binding of '*I-EGF to monomeric
EGFR and that the more stable peaks (A2-F2, B3, C3) observed in
the left parts of the Interaction Maps represent the interaction
between 'L-EGF and its two major dimeric forms. The
comparably low amount of HER2 receptors in A431 cells makes
HER? an unlikely dimerization partner, leaving EGFR as
monomers and homodimers. In SKOV3 cells on the other hand,
the large HER2 count will likely “consume” most EGFR
receptors, shifting the equilibrium to a more heterodimeric state
(Fig. 6A). The differences in A2 and D2 may thus represent the
two types of EGFR dimer types. This peak is altered in the
presence of the dimerization altering factors gefitinib and
pertuzumab, strengthening the idea of it representing the dimeric
state. If this hypothesis is valid, Figures 5B and 5E shows that
gefitinib induces a shift in contribution from a monomeric state
towards a dimeric. It also alters the interaction of EGF with the
dimeric form, observed as a new fast on—slow off peak (B3, C3) in
A431 cells and a change towards higher stability (from D2 to E2)
in SKOV3 cells. The effect of pertuzumab (Fig. 5C and F)
indicates that the gefitinib induced dimers are still mostly
homodimers in A431 cells (unaffected by pertuzumab) and
heterodimers in SKOV3 cells (clearly affected by pertuzumab)
(Fig 6B). One necessary experiment for verifying the accuracy of
this hypothesis would be to distinguish between EGFR homodi-
mers and EGFR-HER2 heterodimers, in normal conditions and
upon gefitinib treatment. Gefitinib is directed towards EGFR [33],
suggesting that the induced dimers are solely EGFR homodimers
if presuming the need of gefitinib binding to both binding partners
for a functioning dimerization. However, kinase inhibitors are
notoriously promiscuous [34] and it is possible that gefitinib also
binds to HER2 to some extent.

The question remains whether EGF can bind to pre-existing
EGFR dimers or if the differences in interaction are merely the
result of EGF dissociating from either EGFR monomers or dimers.
The observed association rate of a ligand to its target will relate to
the recognition and stability of the interaction and the concentra-
tion of the ligand, while the observed dissociation rate is dependent
on the stability alone [35]. The differences in stability between the
observed peaks can thus represent various forms of dissociation. In
A431 cells there are differences in recognition as well, indicating
that EGF is able to not only dissociate from, but also associate #o at
least two different structures. Our hypothesis is that these
structures are EGFR monomers and EGFR dimers, ie. '2°I-
EGF binds independently and directly to both EGFR monomers
and existing EGFR homo/hetero dimers on A431 cells.

One of the goals of this paper was to establish the biological
processes behind the effect of the tyrosine kinase inhibitor gefitinib
on the EGF-EGFR interaction. We propose that gefitinib induces
dimers with higher affinity to '*I-EGF than EGFR monomers or
the EGFR dimers normally displayed on the cell surface.
Furthermore, the heterogeneity of the '*I-EGF-EGFR interac-
tion proposes an explanation to the previously observed differences
in affinity between cell lines. The epidermal growth factor
receptors may be identical in both sequence and tertiary structure,
but to what extent they form dimers may depend on e.g. the
receptor expression of the hosting cell line. Each EGFR
monomer/dimer form interacts with EGF with specific kinetics
properties (recognition and stability), which results in differences in
overall affinity depending on the prevalence of these interactions.
Interaction Maps can decipher a measured interaction into its
contributing components, thus opens up for a detailed under-
standing of the EGFR family puzzle.
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Figure 6. Proposed mechanism of EGF binding to EGFR in
normal conditions and when treated with gefitinib. A) Real-time
binding data of '**I-EGF to A431 and SKOV3 cells, as presented in
Interaction Maps, depicts a reality where EGF interacts with not only
one receptor form, but several. The different receptor populations may
be the monomeric, heterodimeric and homodimeric form of EGFR. The
equilibration between the different monomer/dimer states will likely be
dependent on the number of EGFR and HER2 receptors expressed on
the cell surfaces, where a large HER2 count shifts the equilibrium to
more EGFR-HER2 heterodimers and a high EGFR expression results in
more EGFR homodimers. Differences in stability of the interaction imply
that EGF can dissociate from all three forms. The ability of EGF to bind
to ligand free dimers (dashed lines) remains unclear, as the existence of
such dimers. B) When treated with gefitinib, the binding of EGF to the
dimeric form is altered, suggesting that a new dimeric form is created,
either as an addition (A431) or as a replacement (SKOV3).
doi:10.1371/journal.pone.0024739.9006

In conclusion, the results presented in this paper show that
gefitinib induces formation of EGFR dimers which alters the
apparent interaction characteristics with EGF. The prevalence of
monomers, homodimers and heterodimers are different between
cell lines and are likely dependent on EGFR and HER2
expression. EGF binds to the various monomeric/dimeric forms
of EGFR with unique binding properties, thus the distribution of
the different EGFR forms in a cell will affect the overall affinity.

Materials and Methods

Antibodies and reagents

The tyrosine kinase inhibitors gefitinib and lapatinib was from
Biaffin GmbH (Kassel, Germany) and GlaxoSmithKline (London,
UK) respectively. Cetuximab was purified from Erbitux® (Merck
KGaA, Darmstadt, Germany) and trastuzumab was purified from
Herceptin® (Roche AB, Stockholm, Sweden). The humanized
monoclonal antibody pertuzumab, directed towards HER2 to
prevent dimerization, was purified from Omnitarg™  from
Genentech (San Fransisco, CA, USA). The cross-linking reagent

ot
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bis(sulfosuccinimidyl)suberate (BS3) was purchased from Thermo
Scientific (Rockford, IL, USA). The polyclonal rabbit anti-EGFR
antibody was from Santa Cruz (Santa Cruz, CA, USA) and the
monoclonal mouse anti-B-actin antibody (clone AC-15) was from
Sigma Aldrich (St Louis, MO, USA). Peroxidase-conjugated anti-
rabbit antibody and peroxidase-conjugated anti-mouse antibody
was purchased from GE Healthcare (Waukesha, WI, USA).

Cell culture

Four cell lines were used: the human squamous carcinoma cell
line A431 (CLR 1555, ATCC, Rocksville, MD, USA), the human
ovarian carcinoma cell line SKOV3 (HTB-77, ATCC, Rocksville,
MD, USA) the human glioma cell line U343MGaCl2:6 (a subclone
of U343MG [36]), denoted U343, and the human breast cancer cell
line SKBR3 (HTB-30, ATCC, Rocksville, MD, USA). In all cellular
experiments, the cells were grown in a humified incubator at 37°C,
equilibrated with 5% CO0y until experimental day. The cells were
cultured in Ham’s F10 cell culture medium (Biochrom Ag, Berlin,
Germany) supplemented with 10% fetal calf serum (Sigma, St
Louis, MO, USA), L-glutamine (2 mM) and PEST (penicillin
100 IU/ml and streptomycin 100 pg/ml, from Biochrom Ag,
Berlin Germany) if not otherwise specified.

Radiolabeling

Human Epidermal growth factor (EGF, Chemicon Internation-
al, USA) was labeled with '*1 (Perkin-Elmer, Wellesley, MA,
USA) using the Chloramine-T protocol [37].

Treatment of cells with tyrosine kinase inhibitors

Cells were exposed to four different treatments, as described
previously [22]. In brief, cells were incubated for 24—48 h in
either complete or serum free Hams F10 culturing medium in the
presence or absence of 1 pM of either gefitinib or lapatinib.

Estimating number of receptors

The expression levels of EGFR and HER2 were estimated using
either the manual or the kinetic extrapolation (KEX) method, as
described by Barta et. al. [24]. For the manual protocol, cells were
seeded in triplicates in 12-wells plates (NuclonTM, Roskilde,
Denmark). '*I-labeled cetuximab and trastuzumab were used for
the quantification of EGFR and HER2 respectively. A single
concentration of 100 nM antibody was estimated to be sufficient
for saturating the receptors, as it corresponds to approximately
100xKp. After 3-4 hours of incubation at 4 °C, the cells were
washed repeatedly with serum free medium, followed by trypsination.
The number of resuspended cells were counted and the radioactivity
measured (automatic gamma counter 1480 WIZARD™ 3~
PerkinElmer) to evaluate cell receptor levels [38]. For the KEX
method, cells were incubated with increasing concentrations of either
®Llabeled trastuzumab or cetuximab in LigandTracer Grey at
room temperature. The binding traces were to a kinetic model
describing a bivalent interaction, using TraceDrawer 1.2 (Ridgeview
Instruments AB, Uppsala, Sweden). This resulted in an estimation of
Bi1ax, Which was used to correct for non-saturation of receptors.

Real-time interaction measurements of 'EGF in
LigandTracer

Real-time measurements of the binding of '*’I-EGF to EGFR
on the cells were performed at room temperature in LigandTracer
Grey instruments, according to previously published protocol [39].
After a short baseline, the cells were incubated for 3.5 h twice
using increasing concentrations of '*’I-EGF. The concentrations
were chosen based on the affinity to EGF for the three cell lines
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(2.8 and 9 nM for A431, 0.5 and 1.5 nM for U343, 0.7 and 2 nM
for SKOV3). The ligand solution was replaced with fresh medium
(containing 1 pM gefitinib or 1 M lapatinib in the TKI treatment
studies) and the dissociation rate was followed over night.

Dimerization perturbation

To prevent EGFR-HER2 dimerization, A431, SKOV3 and
U343 cells were incubated with 20 nM of pertuzumab over night
prior to the detection of the 'I-EGF — EGFR interaction in
LigandTracer Grey or the cross-linking experiments. The
antibody remained in the '*I-EGF solution during measurement
(LigandTracer) or EGF incubation (cross-linking). Pertuzumab
effects were studied in combination with four of the treatments
described above (complete medium, serum free medium, 1 uM
gefitinib and serum free medium+gefitinib).

Cross-linking of EGFR and HER2

Prior to cross-linking, the cells were treated with or without
1 uM gefitinib (48 h) and 20 nM pertuzumab (over-night) in 37°C
as described previously, followed by incubation with or without
EGF (9 nM) for 3.5 hours at room temperature. After three times
washing with ice cold PBS, the cells were subjected to 1 mM of the
cross-linking reagent BS®at room temperature for 30 min. The
reaction was terminated using 20 mM (final concentration) Tris-
Cl, pH 8.5 for 15 min at room temperature. Subsequently, cells
were washed with ice cold PBS and solubillized in lysis buffer
containing 150 mM NaCl, 20 mM Tris(amino), 5 mM EDTA,
10% (v/v) glycerol and 1% (v/v) Triton X-100 and a cocktail of
protease and phosphatase inhibitors.

Immunoblotting and image analysis

Cell lysates were separated by SDS-PAGE in a 3-8% tris-
acetate gel (Invitrogen, Carlsbad, CA, USA) and transferred to
PVDF membranes (Millipore Corporation, Billerica, MA, USA),
which were blocked for 1 h with PBS-T with 5% BSA (w/v) before
incubation with primary antibodies at 4°C over-nigh. The proteins
were visualized using peroxidase-conjugated ImmobilionTM
Western Chemiluminescent HRP Substrate (Millipore Corpora-
tion, Billerica, MA, USA) in a cooled charge-coupled device
(CCD) camera (FujiFilm, Luminescent Image analyzer LAS-
1000plus). The intensity of bands was quantified in Image]
(Rasband, W.S,, Image], U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011)
to study the consequences of treatments upon dimerization.
Statistical analysis was performed in Minitab® 15 (Minitab Inc.,
State College, PA, USA) using Student’s t-tests. Results withh[z;
values less than 0.1 were deemed significant. The HiMark™"
(Invitrogen, Carlsbad, CA, USA) molecular weight protein
standards ranging from 31 kDa to 460 kDa was used to assess
the molecular weight of identified bands.

Interaction Map analysis
The mathematical method Interaction Map [25] expresses the
measured binding of a (homogeneous) ligand to a heterogeneous
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group of targets as a sum of interactions, each having a unique
combination of the association rate constant k, and dissociation
rate constant kg:

n
MeasuredCurve =

b

m

{ij x CurveComponent (conc,k; ,k’d)]
i=1j=1
where conc is the concentration of protein in solution (the
“ligand”) and Wj is the weighing factor describing the
contribution to the measured real-time interaction curve. The
calculated contributing curves are represented as colored (red =-
large Wj;, dark blue =small Wy) peaks in an on-off plot. In this
paper, the Interaction Map method used 24 (k,)x30 (kg) different
nodes with kinetic parameter values evenly distributed in log-space
(log10(k,) = {2.0000, 2.2609, 2.5217, ..., 7.4783, 7.7391, 8.0000} ,
logl0(kg) = {-6.0000, —5.8276, —5.6552, ..., —1.3448, —1.1724,
—1.0000}). A Tichonov-type regularization algorithm was used to
real-time binding curves measured in LigandTracer Grey, adding
penalty to the sum-of-square residuals if there are many peaks in
the Interaction Map. A similar algorithm has been presented
previously [23] and has been applied to SPR-based real-time
interaction analysis.

The non-linear fitting algorithm was implemented in Visual
Basic/Visual Studio 2003 (Microsoft, Mountain View, CA). The
ability of the Interaction Map algorithm to accurately decompose
a complex binding data was validated on a series of binding curves
simulated in MATLAB 6.5 (The Mathworks, Natic, MA, USA).
The peak position was estimated as the center of gravity for the
peak and is reported as [logl0(k,) , logl0(ky)]. The contribution of
a peak was estimated as the percentage of the weight factors (Wj)
for the pixels of the peak in comparison to the sum of all weight
factors.

The interaction map algorithm was tested using a range of different
simulated binding curves with known interaction properties. In this
paper, simulated curves with similar binding properties as what was
found in the investigated '*I-EGF - EGFR interaction were used:
monovalent CurveA (k, = 10° M 's7h kg =5%10"" 571, monova-
lent CurveB (k,=5*10* M 's ; ky=10"" s7"), monovalent Cur-
veC (k,=8%10° M~'s™Y; ky=8*10"% 57", complex CurveAB
(CurveA+CurveB) and complex CurveABC (CurveA+CurveB+Cur-
veC). In all cases, an assay of first 2 h of 3 nM binder, then 2 h of
9 nM binder and finally 6 h of dissociation (i.e. 0 nM binder) was
simulated. Noise corresponding to 1% of the signal was added to each
curve. These five curves were subjected to Interaction Map analysis
and were expected to produce single, double or triple peak maps.
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Abstract. Cell lines are common model systems in the
development of therapeutic proteins and in the research
on cellular functions and dysfunctions. In this field, the
protein interaction assay is a frequently used tool for
assessing the adequacy of a protein for diagnostic and
therapeutic purposes. In this study, we investigated the
extent to which the interaction characteristics depend
on the choice of cell line for HER-family receptors. The
interaction characteristics of two therapeutic antibodies
(trastuzumab and cetuximab) and one Affibody molecule
(Zygraaan). interacting with the intended receptor were
characterized with high precision using an automated real-
time interaction method, in different cell lines (HaCaT,
A431, HEP-G2, SKOV3, PC3, DU-145). Clear differences in
binding affinity and kinetics, up to one order of magnitude,
were found for the interaction of the same protein binding
to the same receptor on different cells for all three proteins.
For HER-family receptors, it is therefore important to refer
to the measured affinity for a protein-receptor interaction
together with the hosting cell line. The ability to accurately
measure affinity and kinetics of a protein-receptor inter-
action on cell lines of different origins may increase the
understanding of underlying receptor biology, and impact
the selection of candidates in the development of therapeutic
or diagnostic agents.
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Introduction

Cell-based assays are commonly used in the development of
therapeutic proteins and in the research on the underlying
biology of cellular functions and dysfunctions. As the smallest
element of living matter, cloned cells in culture represents
an in vitro model system that reflects essential molecular
function of tissues in vivo, such as signaling, metabolism and
cell membrane transport. Protein interaction assays are one
subclass of cell-based assays and they are particularly common
in the development of diagnostic and therapeutic proteins, such
as therapeutic antibodies or molecular imaging agents.

One important question is the validity of any particular cell
line as a model for the disease under study. This question is
very important in oncology, where the tumor cell is by defini-
tion altered into an immortal state. There is increasing evidence
that the choice of model cell line can impact the estimation of
the efficacy (1), or the pharmacokinetics (2), or the apparent
affinity (3-5) of a compound by a factor 3-10. The validity of the
cell line as a model has long-lasting impact on the development
of therapeutic proteins and fundamental research, because it
questions the scope of reported findings: Is the observed effect
general for the disease under study or is the effect limited to the
currently used model system?

The cell-based assays for protein-cell interactions have
essentially remained the same during the last 40 years: Most
assays rely on incubation of labeled protein with the cell culture,
followed by a wash and finally a quantification of the amount of
retained label on the cells after a wash. Even though the read-out
modalities have been improved with increased sensitivity and
throughput, the basic assay principle of incubate-wash-quantify
has remained the same. Recent development in protein design
and affinity maturation has however increased the binding
strength of the proteins to K <1 nM, which leads to inherent
problems with the assay principle of incubate-wash-quantify
since the time required to reach equilibrium often exceeds
10 h (6). Therefore, we apply a novel type of assay capable of
measuring how proteins interact with molecular targets on living
cells in real-time, LigandTracer® (7). This assay is conducted
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on an inclined, slowly rotating petri dish and was applied on
protein-receptor interactions on different hosting cell lines.

This study is focused on interaction of targeting proteins
with receptors belonging to HER (human epidermal growth
factor receptor) tyrosine kinases family. Signaling and cross-
interaction of HER family is described in a number of reviews
(8-11). The HER family consists of four homologous recep-
tors: EGFR (epidermal growth factor receptor, also called
HER1), HER2, HER3 and HER4, and ten known ligands.
One commonly accepted mechanistic model is that binding of
a ligand to a HER receptor causes profound conformational
changes, leading to homo- and heterodimerisation, even though
other theories have been presented (12). Of note, HER2 has no
known ligand, but is capable of dimerizing with other members
of HER family without ligand binding (11). Cellular responses
to HER receptor tyrosine kinase activation are numerous, and
include cell division, differentiation and motility, as well as
apoptosis suppression.

It is well documented that excessive HER signaling, arising
from receptor overexpression, mutations or autocrine stimu-
lation, is a hallmark of a wide variety of solid tumors (8,10).
Currently, several monoclonal antibodies targeting different
receptors of HER2 family are approved for clinical use and a
number are under active development (13).

Our main hypothesis is that for targeting proteins binding
to HER-family receptors, the interaction characteristics will
be strongly dependent on the choice of cell line. To verify
this hypothesis, we performed a detailed characterization of
three different molecular interactions: *'I-cetuximab - EGFR,
125]-trastuzumab - HER2 and Affibody molecule "'In-Z342 -
HER2, each conducted on three different cell lines.

Materials and methods

Cell lines. The cell lines used in this study were human squa-
mous carcinoma cell line A431 (Health Protection Agency,
Salisbury, UK), the human ovarian carcinoma cell line
SKOV3 (HTB-77, ATCC, Rocksville, MD, USA), the human
prostate cancer bone metastasis cell line PC3 (CRL-1435,
ATCC), the human prostate cancer brain metastasis cell
line DU-145 (HTB-81, ATCC), the human keratinocyte cell
line HaCaT (DKFZ, Heidelberg, Germany), and the human
Caucasian hepatocyte carcinoma cell line HEP-G2 (Health
Protection Agency). The cells were seeded on a small local
area of a petri dish (Nuclon™, dish size 100x20, NUNC A/S,
Roskilde, Denmark) as previously described (7). Cells were
cultivated in RPMI cell culture medium (Biochrom AG,
Berlin, Germany) for SKOV3, PC3 and DU-145 cells, Eagle's
MEM cell culture medium (Sigma-Aldrich, Germany) for
A431 and Hep-G2 cells and Dulbecco's MEM cell culture
medium (Sigma-Aldrich) for HaCaT cells. Cell culture media
were supplemented with 10% fetal calf serum (FCS, Sigma,
St. Louis, MO, USA), L-glutamin (2 mM, Biochrom AG),
PEST (penicillin 100 IU/ml and streptomycin 100 pg/ml for
SKOV3, PC3 and DU-145 only, Biochrom AG). The cells were
cultivated at 37°C in incubator with humidified atmosphere
and 5% CO, until experimental day.

Radiolabeling. Monoclonal antibody cetuximab (80 ug)
(purified from Erbitux, Merck KGaA, Darmstadt, Germany)
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were labeled with 10 MBq "I (Institute of Isotopes Co.,
Ltd. Budapest, Hungary) using Chloramine-T according to
the protocol (14). Monoclonal antibody trastuzumab (80 ug)
(purified from Herceptin, Roche AB, Stockholm, Sweden)
was labeled with 5-10 MBq '*I (Perkin-Elmer, Wellesley,
MA, USA) using the same protocol (14). The labeling reac-
tions were performed with chloramine-T (Sigma) and sodium
metabisulfite (Aldrich, Stockholm, Sweden). The desired
radiolabeled protein was purified on a NAP-5 column (GE
Healthcare, Waukesha, WI, USA) equilibrated with PBS
(10 mM, pH 74, 140 mM NaCl). Affibody molecule Zgps342
was pre-conjugated with DOTA (1,4,7,10-tetraazacyclodo-
decane-1,4.7-tris-acetic acid-10-maleimidoethylacetamide)
and radiolabeling with '""In (Covidien, Hazelwood, MO)
through chelation was performed essentially as previously
described (15).

Real-time interaction measurements in LigandTracer.
Real-time measurements of the binding of labeled proteins
to their respective receptors on the cells were performed at
room temperature in LigandTracer® (Ridgeview Instruments
AB, Uppsala, Sweden). LigandTracer Yellow was used
for P'I-cetuximab and Affibody molecule ''In-Z342
measurements, and LigandTracer Grey for '*I-trastuzumab
measurements, all according to previously published protocol
(3). After a short baseline measurement, the cells were incu-
bated first at a lower concentration of protein, then at a higher
concentration and finally the cells were putin fresh cell culture
medium to monitor the release of bound material. The concen-
trations and incubation times used for the different proteins
are shown in Table I. All measurements were repeated at least
twice. Affinity estimations were made using non-linear fits
to the ‘OneToOne’, *OneToOneDepletionCorrected’ or the
‘OneToTwo’ interaction model in TraceDrawer 1.3 (Ridgeview
Instruments AB).

Interaction Map analysis. The mathematical method Interaction
Map (12,16) expresses the measured binding of a (homogeneous)
ligand to a heterogeneous group of targets as a sum of inter-
actions, each having a unique combination of the association rate
constant k, and dissociation rate constant k:

m

n
MeasuredCurve = z 2 [W,, x CurveComponent (conc, k., k’d)]
i=l j=1

where conc is the concentration of protein in solution (the
‘ligand’) and W, is the weighing factor describing the contri-
bution to the measured real-time interaction curve. The
calculated contributing curves are represented as grayscale
(black = large W, white = small W,) peaks in an on-off plot.
In this study, the Interaction Map method used 24 (k,) x 30 (k)
different nodes with kinetic parameter values evenly distrib-
uted in log-space (logl0O(k,) = {2.00,2.25,2.50, ... ,7.25,7.50,
775}, logl0(k,)={-6.60,-6.40,-6.20, ... ,-1.20,-1.00,-0.80}). A
Tichonov-type regularization algorithm was employed, adding
penalty to the sum-of-square residuals if there are many peaks
in the Interaction Map. A similar algorithm has been presented
previously (17) and has been applied to SPR-based real-time
interaction analysis.
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Table I. Concentrations and incubation times used in LigandTracer assays.

Protein Label First incubation Second incubation Third incubation Retention measurement
Cetuximab 137 3nM,4-5h 15nM,5-6 h - 0nM,~5h
Trastuzumab 1251 1nM,2-3h 4nM,2-3 h 7 nM, 2-3 h* 0nM,~5h
s 1 1nM,2-3 h 4nM,2-3h @ 0nM,~5 h

In most assays, the binding protein was incubated at two different concentrations. “For "*I-trastuzumab measurements on DU-145 and PC3 cells,

a third concentration was applied as well.

Table II. Affinity values for the investigated protein-receptor interactions.

Targeting protein Molecular target Cell line Kp, (pM) Prevalence (%) Ky, (nM) Prevalence (%)
P1[-cetuximab EGFR A431 13540 100 -
B-cetuximab EGFR HaCaT 119£21 100 -
BI-cetuximab EGFR HEP-G2 =10 100 -
125]-trastuzumab HER2 SKOV3 100£50 100 -
125]_trastuzumab HER2 PC3 90+50 ~10 80+11 ~90
125]_trastuzumab HER2 DU-145 120+100 ~50 29+17 ~50
"n-Zyrroaa HER2 SKOV3 50+30 100
[ | By A HER2 PC3 1324 ~15 10%® ~85
L i 1 57 A HER2 DU-145 46+5 ~40 10® ~60
In cases where two affinities were derived for an interaction, the estimated relative prevalence is reported.
R T A e e e in Fig. 1. There were clear differences in how the *'I-cetuximab

elunmab_ist

= celuimab_Hop-G2

[——celumimab_HaCaT _+=2=
120 —

Signal {a.u.)

1200

Time (Minutes)

Figure 1. Binding curves representing '*'I-cetuximab interacting with EGFR
on three different cell lines. '*'I-cetuximab was used at two different con-
centrations (indicated with two arrows); 3 nM for the initial 4-5 h, followed
by 15 nM for another 5-6 h, followed by a wash-out measurement in pure cell
culture medium (i.e. 0 nM "'[-cetuximab). The signal levels from HaCaT and
A431 were comparable, and HEP-G2 measurements resulted in significantly
lower signal level. Curves have been scaled to enhance visibility.

Results

BII_cetuximab - EGFR. Binding curves from '[-cetuximab
interacting with A431, HaCaT and HEP-G2 cell lines are shown
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binding progress in time. The results for the cell lines A431
and HaCaT may look different, but this difference is related
to assay conditions. The large number of EGFR receptors per
A431 cell (2x10%cell) (18) depletes the antibody-containing
medium of unbound antibody, resulting in lower effective anti-
body concentration at equilibrium during the incubation of the
lower concentration. Thus an interaction model that accounts for
depletion of antibody is required for accurate analysis of data for
A431. The interaction to HEP-G2 is very rapid (i.e. short time to
reach equilibrium) and shows minor increase in signal when the
concentration is elevated during the second incubation step. The
HEP-G2 binding curves do not contain sufficient curvature for
a detailed kinetics and affinity analysis. The estimated affinities
for the interactions are provided in Table II.

5] trastuzumab - HER2. Binding curves from '**I-trastuzumab
interacting with HER2 on SKOV3, PC3, and DU-145 cell lines
are shown in Fig. 2. The binding of "I-trastuzumab to HER2
on SKOV3 is slower than to HER2 on the other cell lines. When
comparing signal magnitude, SKOV3 cells have approximately
2 orders of magnitude more HER2 receptors per cell than the
others. The binding profiles of the three interactions are very
different: '*I-trastuzumab interacting with SKOV3 produced
a monophasic binding profile, while as '**I-trastuzumab inter-
acting with HER2 on PC3 cells produced a biphasic profile.
For DU-145, a weak biphasic profile was found. Therefore,
SKOV3 results were analyzed using the OneToOne model
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1251-trastuzumab - HER2 on SKOV3, DU-145, and PC3 cells
125 Wasluzumas DU- 145 swee

125Huashazumat PC3 - 125l trastulumad SKOVI

300
250 1 7/
200

150 17 AT

Signal (a.u.)

R
100 | : t
i

— sl H
-,; ;WM.J-,W/\"%»K-—-—VA—
W h o il
o 1

-50 ¢ - : - + + : + {
0 100 200 300 400 500 B0 700 800
Time {Minutes)

Figure 2. Binding curves representing '**I-trastuzumab interacting with
HER2 on three different cell lines. '*’I-trastuzumab was used at two dif-
ferent concentrations on SKOV3 (indicated with two arrows); first 1 nM for
the initial 3 h, followed by 4 nM for another 3-4 h, followed by a wash-
out measurement in pure cell culture medium. For PC3 and DU-145, three
concentrations were used (indicated with three arrows); first two shorter
incubations at 1 nM and 4 nM, followed by a 3 h incubation at 7 nM. Since
the signal level from SKOV3 was 30-100 times higher than the signal levels
from PC3 and DU-145, the curves have been scaled and moved to enhance
visibility.

and the other two cell lines were analyzed using the biphasic
OnéloTwo model. The affinity values are presented in Table II.
The binding properties of the single interaction to SKOV3 and
the stronger interactions of PC3 and DU-145 are all similar.

W In-DOTA-Zypzo.54 - HER2. Binding curves from Affibody
molecule '""In- DOTA-Zypras4; interacting with HER2 on
PC3, DU-145, and SKOV3 cell lines are shown in Fig. 3. There
are clear differences in how the "In-DOTA-Z,jp 5.4, binding
progress in time. The binding curves on PC3 and DU-145 are
biphasic. The association rate of "'In-DOTA-Zzpoas to PC3 is
higher than that to DU-145, but the affinity is approximately the
same. For SKOV-3, the association rate is ~10 times slower as
compared to PC3 and DU-145, and only one interaction seems
to occur. The large number of HER2 receptors per SKOV-3
cell causes depletion (as described for the cetuximab measure-
ments above) and thus a depletion-corrected analysis model was
used. All estimated affinities are shown in Table II. The weaker
interaction of PC3 and DU-145 was difficult to quantify, indi-
cating that it is a weak interaction available but it is difficult to
accurately estimate its properties.

Also in this case, the affinity of the ""In-DOTA-Zygp;342
interaction with HER2 on SKOV-3 was close to the higher
affinity of binding to PC3 and DU-145 cells. Of note, for both
prostate cancer cell lines, the approximate prevalence of binding
sites with lower affinity for !In-DOTA-Z yzg2.54, Was similar to
the prevalence for '*I-trastuzumab.

To further illustrate the biphasic behavior of '''In-Z342
interacting with HER2 on PC3 and DU-145, Interaction Maps
were calculated (Fig. 4). Both interactions result in Maps with
two distinct peaks, one representing a high-affinity event (the
leftmost peaks Al and B1) and another representing a weaker
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Figure 3, Binding curves representing "'In-Zygg,.4, interacting with HER2
on three different cell lines. "In-Zyzryas, Was used at two different concen-
trations (indicated with two arrows); first 1 nM for the initial 2-3 h, followed
by 4 nM for another 2-3 h, followed by a wash-out measurement in pure cell
culture medium. For SKOV3 cells, longer incubation times were required as
indicated with a separate set of arrows. The signal level from SKOV3 was ~10
times higher than the signal levels from PC3 and DU-145. The curves have
been scaled to enhance visibility.

event (A2, B2). The affinities corresponding to the peaks are Al:
45 pM, A2: 3.2 nM, B1: 10 pM, B2: 3.1 nM.

Discussion

This study confirms the hypothesis that the binding strength
(affinity) and binding kinetics of targeting proteins to a
cell-surface HER-family receptor can be strongly dependent
on the hosting cell line. This finding is corroborated by the
observation by Bjorkelund er a/ (3) that binding of a natural
ligand, EGR, is different to different EGFR-expressing cell
lines. Furthermore, our findings are in agreement with data
(obtained by classical Scatchard analysis) that affinities of
HER2- and EGFR- targeting antibodies is dependent on the
cell line (4,5). Thus, we issue a warning for transferring an
affinity value measured on one cell line to other cell lines.
‘We suggest that an affinity, which has been determined in a
cell-based assay, should always be referred to together with
the identity of the hosting cell line; otherwise the results may
be misinterpreted and used in situations where they are not
valid. The risk of the transferred affinity value being about one
order of magnitude different is large, clearly for HER family
receptors and potentially also for other receptor families.

To be more specific, for "*'I-cetuximab interacting with
EGFR, there is a factor 10 in affinity difference across three
cell lines. For *’I-trastuzumab interacting with HER2, all
three cell lines result in a strong interaction of approximately
the same affinity (~100 pM), but two prostate cancer cell lines
have clear biphasic behavior which is missing in the ovarian
cancer cell line. Similarly, binding of "'In- DOTA-Zyggoa4 tO
HER2 shows clear difference in terms of interaction Kinetics
and in the degree of biphasic behavior. In any of these three
cases, reporting the interaction characteristics from one of the
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Figure 4. Interaction Maps illustrating the heterogeneity of the interactions of " In-Zjzg;.04, - HER2 on the cell lines DU-145 and PC3. For DU-145, two
different interactions are visible, one stronger (A1) with an apparent affinity of 45 pM and one weaker (A2) with an apparent affinity of 3.2 nM. The two interac-
tions Al and A2 have a similar contribution to the total binding. For PC3, two interactions are visible, one stronger (Bl) with an apparent affinity of 10 pM
and one weaker (B2) with an apparent affinity of 3.1 nM. The weaker interaction B2 contributes more to the total interaction than the stronger interaction.

cell lines would typically not be representative for the other
cell lines.

One potential origin of the observed differences is that the
protein-receptor interactions on cells may be heterogeneous
in a cell-dependent manner. Heterogeneity can have many
underlying causes: The receptor on the cell may exist with
different glycosylation patterns or as different isoforms,
they may dimerize with themselves or with other receptors,
or may be mutated to mention only a few possibilities. It is
therefore understandable that the protein-receptor interaction
in a cellular context may be very complex. This is illustrated
in the Interaction Maps (Fig. 4) where "In- DOTA-Zr5542
binding to HER2 on DU-145 and PC3 are depicted as two
different events of very different affinities. What these two
peaks represent is not known. It is previously shown that the
EGF-EGFR interaction (12) is strongly dependent on the
balance between receptor dimers and monomers, and this is a
potential explanation also in this case.

The observed differences in binding profile open up for
speculation on the biological origin of the heterogeneity. For
P_cetuximab-EGFR, the deviating cell line HEP-G2 is derived
from liver and may have not only EGFR but also other less
specific receptors for the capture and subsequent catabolism of
circulating proteins. The observed interaction of *'I-cetuximab
with EGFR on HEP-G2 is however very strong, which is an
argument against less specific receptors being part of the picture.
In the case of HER2 expressing cells, there is a clear differ-
ence between the prostate cancer cell lines and SKOV3, both in
terms of binding characteristics, and of the relative response to
the two different proteins used in this study. As assessed using
125]-trastuzumab, PC3 and DU-145 have a small amount of HER2
receptors with different binding characteristics compared to
SKOV3. However, the binding of "'In- DOTA-Zy ;.44 to HER2
does not result in such large differences of receptor quantity, as
evident from smaller difference in signal level across the three
cell lines. PC3 and DU-145 both have signs of heterogeneity
(similar for trastuzumab and Zygg,s4,), Which is not seen on
SKOV3. The origin of the differences is currently unknown, but
trastuzumab and Zypp,.4 are known to bind different receptor
epitopes meaning that the Z342 epitope is more abundantly
exposed. It is further known that SKOV3 expresses one order
of magnitude more HER?2 receptors than EGF receptors (18),
while as PC3 and DU-145 have similar expression levels of the
two receptors (15,19). Formation of HER2-EGFR dimers is a
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probable factor influencing the observed heterogeneity in this
case.

In the development of therapeutic or diagnostic agents,
protein interaction assays provide important decisive infor-
mation during the initial phases. During protein selection in
selection or screening processes, candidate proteins are chosen
on their ability to bind the receptor in a variety of biophysical
assays. These assays may produce perfectly accurate results for
the environmental conditions they represent, but do the values
reflect the interaction properties in the target environment,
i.e. the living cell? Since this study indicates that interaction
properties can vary one order of magnitude between different
hosting cell lines, it would be advisable not to discard any
strong binders when moving from biophysical assays to cell-
based assays. [t may be that strongest binders in the biophysical
assays turn out to perform moderately on cells, and that the
best binder in cells is found among those performing good,
but not the best, in biophysical assays. We strongly believe
that a poor binder in biophysical assays will also be poor in
cell-based assays.

It is well known that there is a large variation in the efficacy
of therapeutic and diagnostic agents in a population of patients.
The ultimate goal would be personalized medicine, wherein the
patient is first characterized with respect to probable response
to a variety of treatments, and then provided the treatment most
likely to be effective. Understanding the underlying cause of
differences in the interaction of a therapeutic or diagnostic agent
with the target protein in different cell lines is one of the first
important steps. This study shows that the detection technology
of today can accurately map the variation across cell lines in a
far more detailed manner than manual incubate-wash-quantify
assays, and potentially pave the way for more detailed character-
ization of patients prior to selecting treatment.

In conclusion, we confirm that the binding affinity of the
same protein binding to HER-family receptors can vary one
order of magnitude due to cellular context. Care is advised
in transferring an affinity value measured on one cell line to
other cell lines, and we suggest that an affinity should always
be referred to together with the identity of the hosting cell line.
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Abstract: Introduction: Determining the number of expressed receptors per cell (NRPC) in cell lines is
an important prerequisite for many experimental procedures in biomedical research. This paper
focuses on the comparison of a newly developed method of determining NRPC - the Kinetic
extrapolation method (KEX) - with the standard saturation method. These two methods, both based on
radiolabeled ligand-receptor binding, were compared with the data on receptor expression found
using quantified western blotting,

Methods: Four cell lines with different expressions of epidermal growth factor receptor (EGFR) were
chosen for the experiment: A431, HaCaT, HCT116 and HepG2. Two radiolabeled monoclonal antibodies
specific for EGFRs were used as ligands: [1311]-cetuximab and [131I]-panitumumab. The classic
manual technique based on the saturation of cell receptors was performed on cells seeded in 24-well
plates. The KEX method uses the LigandTracer, a special instrument which detects ligand retention in
real time from seeded cells onto a rotating Petri dish. The western blot analysis was performed
according to the routinelly used procedure.

Results: A very close accordance between the manual saturation technique and the KEX method was
found in all four cell lines used. The NRPC in the cell lines follows the same order using both ligands:
A431>HaCaT>HCT116~HepG2. Similarly, consistent data on EGFR expression in the studied cell lines
were obtained using western blot analysis and the radiolabeled ligand binding assays.

Conclusions: The KEX method could be as similarly useful for determining receptor expression as is the
classic saturation method and western blotting.
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1. Introduction

Cell lines are used extensively in biomedical research and drug development as in vitro
models for normal or cancerous tissues. The validity of the data obtained in such experiments
depends on the quality of the cell line, particularly when it is being used as a surrogate for the
tissue of origin [1]. However, the typical parameters of cell lines may change due to range of
factors and the authentic characteristics may be lost. Until recently, this issue has received
little attention. Several methods are available for the characterization of cell lines, such as
isoenzyme analysis, karyotyping, HLA-typing, DNA fingerprinting and immunological
approaches. However, the data produced by these methods have not been sufficiently
reproducible among laboratories [1]. A common type of measurement in biology and
biochemistry, pharmacology, cancer research and drug discovery is the assessment of ligand-
receptor interactions. For such type of experimental studies, one crucial cellular parameter
which must be defined is the expression of intended receptors in the cell lines. As the number
of receptors may change due to a variety of factors, the continuous inspection of the receptor
expression in the used cells during passage is necessary. The increasing study of new
biological drugs such as peptides, monoclonal antibodies and antibody fragments is likely to
increase interest in quick and inexpensive in vitro methods of describing receptor expression
in cell lines. Thus, determining the number of expressed receptors per cell NRPC) has
become a relatively important technique for biomedical research in general and especially in
oncology.

To evaluate membrane receptor expression, researchers frequently use the methods
based on the interaction between specific radiolabeled receptor ligands and the cells
expressing the receptor being studied. To determine NRPC, the standard saturation method

known as the classic manual technique is commonly utilized. This method uses a ligand
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which interacts with the target receptors at concentrations sufficiently high to saturate the
receptor population on the cells [2; 3]. Recently, an alternative method for obtaining NRPC
called the Kinetic extrapolation method (KEX) has been published [4]. KEX uses real-time
detection by an instrument called the LigandTracer® (Ridgeview Instruments AB, Uppsala,
Sweden). Of course, several other methods based on different procedures, may be used to
characterize the expression of the receptor of interest on the cellular membrane. Alternatively,
the amount of the receptors may be determined using methods such as immunoblotting or
flow cytometry [5, 6]. A comparison of the results obtained by the above mentioned methods
in one laboratory using the same cellular models may be useful to evaluate the reliability and
validity of these techniques. In addition, possible advantages and disadvantages may be more
closely observed under such conditions.

Our work focused on a comparison of three techniques used to evaluate the amount of
selected receptors on the cellular membrane. In the first step, we compared two methods
based on radiolabeled ligand-receptor binding, the standard saturation method and the Kinetic
extrapolation method. As radioactive ligands "*'I-labeled monoclonal antibodies were used.
The results obtained using these procedures were compared with quantified western blotting
analysis in the second step. As a model receptor, the epidermal growth factor receptor
(EGFR) was chosen. This receptor is overexpressed in various types of tumors and is also a
target structure for antitumor monoclonal antibodies [7]. The study was performed in vitro on
four cell lines (A431, HaCaT, HCT116, HepG2) expressing various amount of EGRF
receptors, with two monoclonal antibodies (["*'1]-cetuximab and [**'I]-panitumumab) being

used as EGFR ligands.
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2. Materials and methods

2.1. Cell cultures

Four different cell lines expressing EGFR were chosen for the experiment — A431, HaCaT,
HCT116 and HepG2. The human squamous carcinoma cell line A431 (CLR 1555, ATCC,
Rocksville, MD, USA) was cultured in Dulbecco's Modified Eagle's Medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich). The human
keratinocyte cell line HaCaT (DKFZ, Heidelberg, Germany) was cultured in Dulbecco's
Modified Eagle's Medium supplemented with 10% fetal calf serum (Sigma-Aldrich) and 2 nM
L-glutamine (Sigma-Aldrich). The human colorectal carcinoma cell line HCT116 (CCL-247,
ATCC, Rocksville, USA) was cultured in McCoy's 5a Medium Modified (Sigma-Aldrich)
with 10 % fetal bovine serum (Sigma-Aldrich) and 5 % L-glutamin (Sigma-Aldrich). The
hepatocellular carcinoma cell line HepG2 (HB-8065, ATCC, Rocksville, USA) was cultured
in Eagle's Minimum Essential Medium (Sigma-Aldrich) with 10% fetal bovine serum (Sigma-
Aldrich). The cultivation for the purposes of the KEX method was performed in Petri dishes
(NuclonTM, dish size 100x20, NUNC A/S, Roskilde, Denmark). The cells were seeded on the
entire surface of petri dish, with one third of the cells removed by special scraper (Corning)
just before the experiment. In the case of the manual saturation technique the cells were
seeded in 24-well plates (NuclonTM, 24-wells plate, NUNC A/S, Roskilde, Denmark). The

cells were grown in 37 °C, in a humidified atmosphere of 5% CO2.

2.2. Ligands and radiolabeling
Two monoclonal antibodies were chosen as EGFR ligands — cetuximab and panitumumab.
Cetuximab (IMC-C2235, Erbitux®, Merck) is a chimeric mouse-human monoclonal antibody

targeted against EGFR. As an inhibitor of EGFR cetuximab is already used to treat colorectal
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cancer as well as cancer of the head and neck [8]. Panitumumab (Vectibix®, Amgen) is a
fully human monoclonal antibody used in the treatment of patients with colorectal cancer [9].
These two antibodies were labeled with iodine-131 (Perkin-Elmer, USA) via the chloramite-T
protocol [10]. In brief, 20 MBq of a iodine sodium solution was mixed with 200 ug of
monoclonal antibody and 20 pl of chloramine T (4 mg/ml, Sigma-Aldrich). The mixture was
then incubated on ice for 10 minutes, then the reaction was stopped by the addition of 40 pL
of NapS,0;5 (4 mg/l, Sigma-Aldrich). Four radioiodinations were done for each antibody.
Antibodies were labeled with specific activity of 100 MBg/mg of protein. Average
radiochemical yield for cetuximab was 90.3 £ 4.2% and 52.0% =+ 3.0% for panitumumab,
respectively. The labeled antibody was separated on a Sephadex column PD-10 (GE
Healthcare). Radiochemical purity was verified by instant thin layer chromatography (ITLC-
SG, Varian, USA). Average radiochemical purity was 97.1 = 1.5% for cetuximab and 98.3%
+ 1.2 for panitumumab, respectively. Saline was used as the mobile phase for ITLC-SG. The
quality of the final product was verified also by HPLC using 0.05M NaCl as mobile phase
(flow rate 0.8 ml/min), BioRad Gel column BIO-Sil Sec 250, 300x7.8 mm and radiometric
detection. The retention times were 9.7 min for both labeled antibodies while free iodine peak
had the retention time of 13.2 min. The stability of radiolabeled cetuximab and panitumab in
appropriate cell culture media at 37 °C was tested with following results (mean + S.D.):
radiochemical purity was 95.1 & 1.6% in case of cetuximab and 96.5% + 2.0% in case of

panitumumab, respectively, after 24 hours of incubation.

2.3. Western blot analysis
The cells were lysed using a lysis buffer containing 0.5% SDS and 10 mmeol/L Tris/HCI, pH
7.4; the mixture was supplemented with 0.5 ug/mL leupeptin (SERVA, Germany), 2 pg/mL

aprotinin (SERVA, Germany), 50 pg/mL benzamidine (SERVA, Germany), and 40 pg/mL
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PMSF (SERVA, Germany). The homogenate was centrifuged at 6,000g for 10 minutes at
4°C. The protein content of the supernatants was determined by the BCA method using the
Thermo Scientific Pierce BCA Protein Assay Kit (Thermo Scientific, USA). Protein extracts
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
for EGFR and for the protein loading control B-actin on a 10% gel (5 pg protein/lane) on a
Power Pac HC apparatus (Bio Rad, UK). Proteins were -eclectrotransferred onto a
polyvinilidene (PVDF) membrane (Sigma - Aldrich, USA). Transfers of proteins were
checked routinely by staining the membrane with Ponceau S solution (SERVA, Germany).
The proteins were blocked for one hour at room temperature with 5% low-fat dried milk (Bio-
Rad, UK) in a Tris-buffered saline solution containing 0.05% Tween 20 (TBST). For
immunoblotting, the antibodies were dissolved in a TBST buffer with 5% low-fat dried milk.
The membrane was immunoblotted overnight with a monoclonal anti epidermal-growth factor
receptor antibody produced in mouse clone F4 (Sigma - Aldrich, USA) at dilution 1:100 or
monoclonal anti-B-actin antibody produced in mice at dilution 1:2000, then washed four times
with a TBST buffer. Detection was performed for 1 hour with anti-mouse IgG (Fab specific) —
a peroxidase conjugated antibody at 1:8000 dilution for EGFR and B-Actin (Sigma - Aldrich,
USA). After washing the membrane four times with a TBST buffer, chemiluminiscence was
developed using the reagent SuperSignal West Femto Chemiluminescent Substrate (Thermo
Scientific, USA) for EGFR, and SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, USA) for B-Actin. The immunoreactive bands on the X-ray films (FOMA
Bohemia, Czech Republic) were scanned with calibrated the CCD Image Quant 400 camera
(GE Healthcare, Sweden), then evaluated using NIS elements software, version 3.22

(Laboratory Imaging Prague, Czech Republic). [11]

2.4. The manual saturation technique
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For this method the cells were seeded in triplicates in 24-well plates. The experiment was
performed after reaching a confluence of about 80%. The media was removed, the cells
washed with PBS and the media in six various concentrations of >!I-labeled ligand (0.5, 1.5,
5,15, 50 and 150 nM; 0.5 ml/well) was added to the cells. An incubation at 4 °C for 4 hours
proceeded, followed by six washes of the cells in a serum-free culture medium. Then the cells
were trypsinised, counted and radioactivity was measured with an automatic gamma counter

(1480 Wizard™, Perkin Elmer, USA) to determine the receptor number.

2.5. The kinetic extrapolation method (KEX)

The ligand retention on each appropriate receptor was measured in real-time by a
LigandTracer Yellow (Ridgeviews Instruments AB, Uppsala, Sweden) at room temperature.
The cells were seeded into Petri dishes and cultured until the confluence reached cca 80%.
Then one third of the cells were removed by a cell scraper to provide a reference point for the
measurement. The cells were washed with PBS, and 5ml of full media was added to the dish
for the experiment. During the first 10 minutes of measurement without the added ligand the
baseline of background was set; this was followed by the three-step addition of a labeled
ligand to reach concentrations of 3, 15 and 30 nM. The incubation times for each step were
chosen individually according to the point of saturation shown by the accumulation curve.
When the assay was finished, the cells were washed once in bovine serum albumin solution in
PBS (1% w/v) and once with PBS. Then they were trypsinized, counted and radioactivity was
measured (Automatic gamma counter 1480 Wizard™, Perkin Elmer, USA). Each cell line
and ligand combination was tested five times. The binding curves measured by the Ligand
Tracer Yellow were fitted to a bivalent kinetic model in TraceDrawer 1.2 (Ridgeviews

Instruments AB, Uppsala, Sweden) [12].
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3. Results

An overview of the results in A431, HaCaT, HCT116 and HepG2 cells for the manual method
is shown in Fig. 1 and for the KEX method in Fig. 2.

The found average NPRC for each cell line using manual saturation technique and
[*!1]-cetuximab was as follows: A431 — 1.65*10° EGFR/cell, HaCaT — 0.87%10° EGFR/cell,
HCT116 — 0.22*%10° EGFR/cell and HepG2 — 0.08*%10° EGFR/cell. The following average
NPRC for each cell line using manual saturation technique and [*'T]-panitumumab was
obtained: A431 —1.99*10° EGFR/cell, HaCaT — 0.67*10° EGFR/cell, HCT116 — 0.14*10°
EGFR/cell and HepG2 — 0.16%10° EGFR/cell. |

The found average NPRC for each cell line using the KEX method and i
cetuximab was as follows: A431 — 1.84%10° EGFR/cell, HaCaT — 0.91*1 0° EGFR/cell,
HCT116 — 0.13*10° EGFR/cell and HepG2 — 0.07*10° EGFR/cell. The following average
NPRC for each cell line using the KEX method and ["*'I]-panitumumab was obtained: A431 —
1.93*10° EGFR/cell, HaCaT — 1.06%10° EGFR/cell, HCT116 — 0.20*10° EGFR/cell, and
HepG2 — 0.19*10° EGFR/cell.

The quantified data on EGFR protein expression in A431, HaCaT, HCT116, and
HepG?2 cells obtained by western blot analysis are presented in Fig. 3. The data obtained by
KEX method and manual saturation technique were analyzed using one-way ANOVA test
combined with Bonferonni post-hoc test. The analysis showed that the differences in mean
values of NRPC between four tested cells lines are significant with exception of HCT116 and

HepG?2 for both ligands.
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4. Discussion

The amount of receptors of interest expressed in the biological membranes is a very
significant parameter, one which has been evaluated in various types of biological and
pharmacological studies. The cell lines commonly used as in vitro models in biomedical
experimental studies can be unintentionally swapped, contaminated or mutated. Any of these
occurrences may result in variations in different cellular parameters including the number of
intended receptors. Thus, verification of receptor expression in the cells under study should be
a routine procedure during experimental procedures to eliminate possible errors and limit
incorrect conclusions. Such examination, however, should be as effective, time-consuming
and reliable as possible. With these goals we sought to compare selected, potentially useful
methods to determine the expression of a model receptor in cell lines.

The expression of receptors may be determined by several methods. We compared a
new automatized procedure with the classic manual method of assessing receptor expression
as well as with a method based on immunoblotting. Whereas the standard saturation method
and western blotting are considered well-known and well-described methods, the Kinetic
extrapolation method using the LigandTracer has been developed relatively recently [13, 14].
With its special rotating dish, this apparatus has been successfully applied in the measurement
of the affinity of radioligands to the cell-surface receptors of intact cancer cells [14]. When
using an appropriate radioligand the instrument can be also successfully used to determine in

vitro cellular retention and uptake [13], especially in case of radiolabeled monoclonal

antibodies [3]. Results have recently been published describing semi-automated real-time

76



measurement using LigandTracer technology to analyze membrane-protein expression in
tissue sections [15].

Our results showed a very close accordance between the manual saturation technique
and the KEX method in all four cell lines used. In addition, western blot analysis confirms
that the measured values of NPRC for EGFR are correct. To exclude possible bias in the
evaluation of the results of western blot analysis, a quantification of the blots was performed.
The differences in the quantity of receptor protein found by immunoblotting may be
considered, therefore, to be relatively objective and reliable. However, western blot showed
accordance with other techniques only in the sense of relative order of studied cell lines.
Blotting techniques are principally semi-quantitative and full objectification may be difficult
to be reached. Western immunoblotting has rarely been used as a quantitative gold standard in
targeted probe design. The gold standard in determining NRPC is still the manual technique
that is used for a very long time.

KEX measurements contained time resolved measurement of the binding during
incubation at three different concentrations (3 nM, 15 nM and 30 nM). We denote the
measurement during incubation “association phase”. It is in certain cases possible to continue
measuring after incubation by replacing the incubation liquid with plain cell culture medium,
such a measurement we denote "dissociation phase". As shown by Nakajima and coauthors
[16], the shape of the bivalent binding curve during association phase is determined by four
different kinetic constants: konl1, koff1, kon2, koff2. This means that it is possible to extract
all kinetic and affinity parameters and the Bmax from only an association measurement,
provided that the data contains sufficient curvature. The precision would be better if a
dissociation measurement is also conducted, but in the KEX assay that is impossible. The
analytical program TraceDrawer 1.2 uses a numerical integrator to calculate theoretical

bivalent binding curves and a non-linear fitting algorithm to fit the kinetic constants konl,
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koffl, kon2, koff2 and Bmax to match the measured data. In this way, all kinetic constants
and the Bmax can be estimated through use of only one association phase, provided it
contains different concentrations and results in clear curvature in the binding trace. For KEX
method we use only estimated Bmax value.

We can conclude that the KEX method is an equivalent method for determining NPRC
as compared to the classic saturation technique, thus may be an effective tool in biological
research. A drawback seems to be a relative high initial investment to purchase the
LigandTracer apparatus. On the other hand, as Barta et al. [4] has showed that the time of lab-
work needed and the demand of disposable cell culture dishes and media by the KEX method
was reduced by approximately 60% and 90%, respectively, compared to the classical
saturation technique. The method requires only a fraction of the reagents, cells and working
time in comparison to a manual protocol. The KEX method is versatile, and may be used to
determine NRPC for other types of receptors besides EGFRs, e.g. somatostatin (SST) and
cholecystokinin/gastrin (CCK), and in general all receptors expressed onto a cell membrane
with a known ligand that can be radiolabeled.

According to the results obtained, the use of the novel KEX methods seems to be
beneficial. Beside the previously mentioned advantages, the KEX method limits radiation
exposure to the laboratory staff to a minimum in comparison with the manual technique [13].
However, the KEX method has several limits. The rotating technique is designed only for
adherent cells not for suspensions. The potentially useful cells need to be sufficiently adherent
to withstand the rotation of the cell dish [13]. This could preclude the use in some cases, since
some cell lines are only available as suspension culture. The possible evaporation of cell
culture medium during the course of the experiment may also be a problem in long-term

studies. In our experiments the incubation interval was a maximum of four hours. Since
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proper functionality has been proved for an operational interval of up to 48 h [13], this issue
was not relevant for our study.

In our experiments we used the type of the LigandTracer Yellow constructed not only
for detection of iodine-131. This apparatus is able to measure radioactivity of other gamma
emmitors, so various ligands labeled with technecium-99m, indium-111, or other convenient
radiolabels are acceptable for these types of studies. In addition, other types of LigandTracer
instrument with different type of detectors are available. Thus labeling is not limited only to
gamma emmitors -- beta-emmitors or fluorescently labeled ligands could be also used to

evaluate receptor expression.

5. Conclusions

The KEX method could be just as useful in the determination of receptor expression as the
classic saturation method and western blotting. The comparison of the two methods based on
receptor-ligand interaction demonstrated a very close similarity regarding the data obtained on
the expression of EGFR in the selected cell lines. However, the ligand consumption and work
load was substantially lower in case of the KEX method. The reliability of the methods used
was confirmed by the general agreement found between both the KEX and saturation methods
as well as western blotting. Because of its reliability and effectiveness, the KEX method may
be useful in the evaluation of the expression of other types of membrane receptors in the
future. And also the described methods could be important in studies on the change in
receptor density within culturing time and the different number of passage in a single

laboratory.
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Abstract

Background: Radiolabelled monoclonal antibodies with affinity towards tumour-associated
antigens may enhance the effectiveness of cancer treatment in targeted radiotherapy. The
humanised monoclonal antibody nimotuzumab represents a promising vector to deliver
radioactivity to tumours that are overexpressing epidermal growth factor receptor type 1
(ErbB1). This paper analyses the effect of radiolabelling nimotuzumab on the uptake of the
antibody to cancer cells that have a high density of ErbB1 and on the biodistribution profile
of the labelled antibody in preclinical experiments.

Methods: Nimotuzumab was labelled with "*'T by oxidative iodination and with '""Lu using

nimotuzumab conjugates with two different chelators (DTPA and DOTA) and two different
spacers. For the receptor studies, two cell lines (HaCaT and A431) were used. Biodistribution
studies were performed on male Wistar rats.

Results: The choice of radiolabel and the manner of its attachment to nimotuzumab had little
effect on the antibody internalization ability to the ErbB1-expressing cell lines. However, the
selection of radiolabel, the way in which it was attached to nimotuzumab and the
radiolabelling procedure significantly affected blood clearance, liver uptake and liver
persistence of radiolabelled nimotuzumab.
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Introduction

Radiolabelled monoclonal antibodies (MAb) and their fragments that have an affinity
towards tumour-associated antigens can be used as a delivery system to target radiotracers to
tumour cells for diagnostic and therapeutic purposes. This approach is particularly effective
in targeting tumours present at distant sites or that are inoperable, i.e., where surgical
resection is limited or impossible. The use of radiolabelled MAbs may enhance the
effectiveness of cancer treatment, and the selective delivery of radioactivity to tumour sites
could improve its efficacy and reduce toxic side effects in healthy organs. One of the most
promising targets in cancer-specific radioimmunotherapy is the family of epidermal growth
factor receptors (EGFRs).

Solid tumours expressing receptors for the epidermal growth factor are linked to poor patient
survival and/or a more advanced disease stage [14; 23]. For these reasons, tumours
expressing EGFRs have been a focal point in the development of anticancer therapies since
1980 [13; 14].

The epidermal growth factor receptor is a tyrosine kinase receptor, which regulates cell
growth, lineage determination, cell repair and functional differentiation in normal cells [20].
The family of EGFRs are grouped into four types, including: ErbB1 (also known as EGFR),
ErbB2, ErbB3 and ErbB4. EGF receptor function is activated by several ligands naturally
produced in the body, such as EGF, TGFa, HB-EGF, amphiregulin, betacellulin and
epiregulin [15; 18; 22; 24].

The interaction of the ligand with the extracellular binding domain of the receptor triggers a
cascade of kinase activity (TK) leading to gene transcription and cell proliferation or
differentiation [3; 24; 25]. These physiological processes also occur in tumour cells in solid
tumours, for example in non-small cell lung cancer (NSCLC) and bladder, pancreatic, gastric,
colorectal, prostate, breast, ovarian, head and neck cancers. Solid tumour cells over-
expressing EGFRs, mainly of the ErbB1 subtype, are characterised by increased proliferation,
angiogenesis and tumour cell invasion and decreased apoptosis [14; 17; 21; 23].

The EGFR tumour anticancer strategy is focussed on the generation of tyrosine kinase
inhibitors (TKIs) or monoclonal antibodies (MAbs). These anti-EGFR agents can be used
either in monotherapy or, preferably, in combination with standard chemotherapy or radiation
treatment [13; 14].

Anti-EGFR monoclonal antibodies either inhibit EGFR-ligand interactions or hinder receptor
dimerisation. In both cases, EGFR receptor activation is prevented, and programmed cell
death is activated [13; 14]. Another use of MAbs is in the delivery of a toxin or radioisotope
to tumour cells. This latter strategy is used to target MAbs specifically to tumour cells in
radiotherapy and thus reduce the radiotoxicity burden on patients [2].

In this study, we analysed the in vivo biodistribution profiles of radiolabelled nimotuzumab
(hR3) in rats and the uptake of radiolabelled nimotuzumab to tumour cells. The hR3 antibody
is a humanised anti-EGFR monoclonal antibody, subtype IgG1. This novel antibody lacks
some of the common side effects observed with other monoclonal antibodies, such as the
development of an acneiform rash. Due to the good tolerance of hR3, which has already been
approved in Phase I, II and III trials for some tumour-types, such as brain malignancies and
squamous cell carcinoma of the head and neck (SCCHN)), it has been approved for marketing
in 27 countries [5; 9; 19; 26]. In vitro studies were performed on the immortalised human
cancer cell line, A431 (human squamous carcinoma cells) and the HaCaT cell line (human
keratinocyte), both of which express a high amount of the ErbB1 receptor
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The hR3antibody was labelled with two isotopes: *'I or '""Lu. The isotope "*'I was either
directly bound to the antibody or in case of '"’Lu bound through one of two different
chelators and one of two different spacers attached to the ligand. These two isotopes were
chosen due to their different applications in nuclear medicine. The | isotope emits both beta
and gamma ray radiations, which can be used either for imaging or for therapy. In contrast,
""Lu is mostly used for radiotherapy due to its preferable beta decay, which damages the
targeted tissue.

Methods
Cell cultures

In this study, two cancer cell cultures were used, namely the human squamous carcinoma cell
line A431 (Health Protection Agency Culture Collection, Salisbury, United Kingdom) and the
human keratinocyte cell line HaCaT (DKFZ, Heidelberg, Germany). For the in vitro
experiments, cells were seeded onto a Petri dish (dimension 60 x 16 mm, TPP AG,
Trasadingen, Switzerland) and allowed to grow to confluence. A431 cells were grown in
Eagle’s MEM cell culture medium (EMEM, Sigma-Aldrich), and HaCaT cells were grown in
Dulbecco’s MEM cell culture medium (DMEM, Sigma-Aldrich). Both media types were
supplemented with 10 % foetal bovine serum (FBS, PAA, Pasching, Austria), L-glutamine
(L-glu, Sigma-Aldrich, 1 % for EMEM or 0.1 % for DMEM) and 1 % non-essential amino
acids (NEAA, Sigma-Aldrich). The cells were grown at 37°C and 5 % CO, atmosphere in a
humidified incubator until the experimental day.

Radiolabelling with *'I

The antibody nimotuzumab (hR3, Theraloc, Oncoscience AG, Wedel, Germany) was labelled
using oxidative iodination, according to the Chloramin-T protocol [12]. The carrier-free
isotope "*'T was directly bound to the antibody nimotuzumab molecule (covalent binding to
benzene ring of tyrosine). Because the chemical amount of antibody exceeded concentration
of 131-I by several orders, only some molecules of antibody were radioactively labeled.

The monoclonal antibody (80 png) in isotonic phosphate buffer solution (PBS 10 mM, pH 7.4)
was labelled with *'I (10 MBq, 8 — 10 pl of "*'I sodium iodide solution) (Institute of Isotopes
Co., Ltd. Budapest, Hungary). Twenty microlitres of chloramin-T (Sigma-Aldrich) solution
(concentration 4 mg/ml), corresponding to 80 pg of the agent, was added to the same buffer
as an oxidation agent. The reaction was stopped with 40 pl of sodium metabisulphite solution
(Sigma-Aldrich; concentration 4 mg/ml). After stopping the reaction, labelled protein was
purified from non-labelled *'I on a NAP-5 column (GE Healthcare, Uppsala, Sweden) using
PBS (10 mM, pH 7.4) as the elution buffer.

Isocratic HPLC analysis was performed on Agilent System 1100 with UV-VIS and
radiometric detection, equipped with a Bio-Sil Sec-250 column (Bio-Rad Laboratories,
Hercules CA, USA). For the mobile phase, 0.05 M sodium chloride solution with 0.01 M
NaNj; was used with a flow rate of 0.8 ml/min.

Radiolabelling with '""Lu
Radiolabelling of nimotuzumab with '"’Lu was performed after the modification of the

antibody with different chelators: p-SCN-Bn-DOTA (p-isothiocyanatobenzyl-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), p-SCN-Bn-DTPA (2-(4-
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Isothiocyanatobenzyl)diethylenetriaminepentaacetic acid) or DOTA-NHS-ester (N-
hydroxysuccinimidyl-DOTA). The average number of chelates linked to the antibody
molecule was determined using Y by a radioactive method previously described by Meares
CF et al. [16]. The average degree of substitution was 4-5 chelator groups per 1 antibody
molecule.

Radiolabelling was performed as described previously by Beckford Vera DR et al. [6].
Briefly, aliquots of '""LuCl; (15-185 MBgq, in 1-25 pul 0.05 mol/l HCI, PerkinElmer) were
added to 25-50 pl of 0.5 mol/l NH4OAc buffer at pH 7.0, followed by 50-100 pl (0.200—
0.540 mg) of the conjugate. The reaction mixture was incubated at 42°C for 1.5 hours. To
scavenge any free radiometals for further quality control, a solution of DTPA or EDTA (7-17
ul, 0.01 mol/1, pH 6.0) was added to the reaction vial and the mixture was incubated for 15
min at room temperature. Purification of the radiolabelled product was performed by gel
filtration on a Sephadex G-50 in physiological solution (0.9 % NacCl).

HPLC analysis was performed on the Agilent System (see above). For the mobile phase,
ammonium acetate (0.1 M) with EDTA (1 mM) and NaN; (0.01 M) pH 7 was used with a
flow rate of 0.8 ml/min.

For fast analysis, thin-layer chromatography on ITLC-SG (Pall Corporation, USA) was
performed in sodium citrate solution (0.1 M).

In vitro experiments

Cells seeded on a Petri dish were washed with PBS (2 x 5 ml, 10 mM, pH 7.4, 37°C, sterile).
Krebs Ringer solution (3 ml, pH 7.4, 37°C, sterile) containing either '''Lu-hR3 or "*'I-hR3
was added to the cells. The incubation was performed at 37°C in a humidified atmosphere
supplied with 5% CO,. Incubation times were 0 (to detect non-specific binding), 30, 60, 90,
120, 150 and 180 minutes for '""Lu-DOTA(NHS)-nimotuzumab (without the 90 and 150
minutes time-points), '’’Lu-DOTA(p-SCN-Bn)-nimotuzumab, '"’Lu-DTPA(p-SCN-Bn)-
nimotuzumab and "*'I-nimotuzumab.

At the end of the incubation period, the cells were washed with PBS (3 x 5 ml, 1 to 3 minutes
per washing, 10 mM, pH 7.4, cold), followed by glycine-HCl buffer (2 x 3 ml, 5 minutes per
washing, pH 2.2, cold). The cells were lysed with NaOH solution (3 ml, 1 M). The
radioactivity in the lysates was measured using the automatic gamma counter 1480
WIZARDt™ 3” (PerkinElmer), and the counts were normalised against the amount of cell
protein, as measured by a BCA Protein Assay (Thermo Fisher Scientific).

In vivo experiments - animals

For the biodistribution studies, male Wistar rats weighing 190-260 g were used. The animals
were starved overnight before the experiment (to empty the bowels), but had free access to
water. All the animal experiments were approved by the Ethics Committee of the Faculty of
Pharmacy in Hradec Kralove, Charles University in Prague.

In vivo experiments - biodistribution in rats

Radiolabelled nimotuzumab was administered to the animals intravenously in a volume of
0.2 ml. The mass and activity of the individual antibodies were as follows: '"'Lu-DOTA-(p-
SCN-Bn)-nimotuzumab (0.01 mg and 3.6 MBq per animal), '"'Lu-DOTA-(NHS)-
nimotuzumab (0.01 mg and 3.6 MBq per animal) and '’Lu-DTPA-(p-SCN-Bn)-
nimotuzumab (0.01 mg and 3.0 MBq per animal). During the experiments, the rats were
housed singly. At various time points after injection, the carotid artery was exposed under
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ether anaesthesia and a blood sample was collected in a glass tube containing dry heparin.
The rats were then sacrificed and dissected. The organs of interest were weighed, and the
radioactivity was measured in the automatic gamma counter 1480 WIZARD 3. The results
were expressed as the mean * standard deviation of at least four animals.

Statistical analysis

The data are shown as the mean =+ standard deviation. The GraphPad Prism program, version
5.02, was used for the blood radioactivity-time course fitting and calculation of the
elimination half-life.

Results
Stability testing of *'I-nimotuzumab

Stability testing of "*'I-nimotuzumab was performed in both a physiological solution or in rat
plasma. The samples were analysed at specific time points after the radiolabelling procedure.

The analysis was performed on a HPLC system. The results are summarised in Figure 1 and
2.
Pl-nimotuzumab stability in a physiological solution was measured at 0, 1, 3, 5.5 and 24
hours after labelling. The radiochemical purity of labelled nimotuzumab slightly decreased
after 5.5 hours, when a small peak of a low molecular weight impurity appeared (eluted after
the main peak of the labelled antibody). The most significant impurity was detected at 24
hours after labelling.

The stability of Bl nimotuzumab was also tested in rat plasma at 0, 1, 2, 3, 24 and 48 hours
after radiolabelling. The very small impurity from decaying radiolabelled nimotuzumab was
detected from the third hour after the labelling procedure and increased over time.

The found impurities in the stability testing of the agents under study possibly originated
either from auto-radiolysis or instability of the antibody molecule.

In vitro binding of nimotuzumab

The antibody nimotuzumab was labelled with two isotopes: ''Lu and "'I. The binding
characteristics of the labelled ligand were tested on living cells. A431 and HaCaT cells
express a large amount of ErbB1 on their surface [3; 14]. Therefore, these cell lines provide a
very good model to test the receptor-antibody interaction.

Four differently labelled MAbs were tested: 177Lu-DOTA-(p-SCN-Bn)-nimotuzumab, "TLu-
DOTA-(NHS)-nimotuzumab, '""Lu-DTPA-(p-SCN-Bn)-nimotuzumab and "*'I-nimotuzumab.
One nanomolar solution of the labelled monoclonal antibody in the internalisation medium
(Krebs Ringer solution) was incubated with the cells for the indicated lengths of time: 0 (to
detect non-specific binding), 30, 60, 90, 120, 150 and 180 minutes (0, 30, 60, 120 and 180
minutes for '"’Lu-DOTA-(NHS)-nimotuzumab only). Triplicates were prepared for each time
point. The unbound ligand was washed out after the incubation. Labelled antibody, which was
still bound to the receptor, was washed out with a glycine buffer solution. The cells were
lysed, the radioactivity in the protein lysate was counted, and the amount of protein was
measured. The final result for each time point was formulated as the internalised activity
(CPS) per mg of cellular protein.

The in vitro uptake efficiency of each labelled antibody is summarised in Figures 3-6. The
uptake of all four differently labelled antibodies was not particularly effective, as
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demonstrated by low values for the internalised activities.

Figure 4 shows the in vitro internalisation activity of '”’Lu-DOTA-(NHS)-nimotuzumab,
which has the highest value of internalised activity of all four of the tested antibodies. At
equilibrium, internalized activity represented 1.4% (+£0.02) and 1.1% (£0.09) of the total
activity in the system for the A431 and HaCaT cells, respectively.

The kinetic interaction plateaus for '”’Lu-DOTA-(p-SCN-Bn)-nimotuzumab, '’Lu-DTPA-(p-
SCN-Bn)-nimotuzumab and "’'I-nimotuzumab occurred at the following percentages of
internalised activity: 1.2% (+0.01) and 1.1 (£0.09); 0.8% (£0.14) and 0.6% (+0.08); and 0.9%
(0.21) and 1.0% (£0.39), respectively, for the A431 and HaCaT cells.

Biodistribution studies

The distribution profiles of intravenously administered nimotuzumab radiolabelled with '""Lu
in selected rat organs and systems are summarised in Tables 1-3 and the profiles for "'I-
labelled nimotuzumab are summarised in Table 4. Calculated elimination half-lives of
radiolabelled nimotuzumabs are summarized in Table 5.

The distribution of radioactivity in the whole blood was calculated by assuming that blood
represents 6.5% of total body weight. The radioactivity disappeared from the blood very
slowly, the main distribution organ being the liver. The slowest blood radioactivity time
decrease was for "*'I-nimotuzumab. When nimotuzumabs differentially labelled with '""Lu
are compared, the rate of blood radioactivity clearance increased in the order '”’Lu-DTPA-(p-
SCN-Bn)-nimotuzumab < '""Lu-DOTA-(p-SCN-Bn)-nimotuzumab < '"’Lu-DOTA-(NHS)-
nimotuzumab, the same order in which radioactivity uptake in the liver increased. Contrary to
"TLu-labelled agents, radioactivity uptake in the thyroid after *'I-labelled nimotuzumab
administration increased with time, suggesting a partial deiodination of the agent.
Radioactivity found in the kidney and gastrointestinal tract was most likely connected with a
slow elimination of the degradation products of radiolabelled nimotuzumab from the body.
Radioactivity in other organs was below 1% of the administered dose.

Discussion

The antibody nimotuzumab belongs to the group of monoclonal antibodies (like cetuximab)
with the significant influence on the tumour cell biology. Even if nimotuzumab binds to the
ErbB1 receptors with moderate affinity (Kp ~ 1 x 10”) as proved in prior in vitro studies
(A431 cells), it has still ability to decrease tumour cell proliferation, which was confirmed in
clinical trials [4; 11; 13; 21]. Nimotuzumab affinity to ErbB1 receptors opens also fascinating
possibility to utilize this agent as a vehicle for the delivery of radioactivity to ErbB1- rich
tumour cells. The successful targeting of radiolabelled antibody to tumour cells requires not
only carrier specificity towards tumour-associated antigens, but also the use of an appropriate
radionuclide and a suitable method for radionuclide attachment to the agent. A radiolabelled
antibody is thus composed of several parts, the most important being a receptor-specific
antibody, which may be coupled to a spacer and a chelator for binding the radionuclide. Both
the spacer and the chelator may alter the pharmacological properties of the antibody (its
binding affinity, distribution profile in the body, etc). This approach is usually used for
labelling with radiometals. Another option is the direct labelling of the antibody with an
appropriate radionuclide, such as radioiodine. For therapeutic use, the choice of a suitable
radionuclide is relatively limited. Besides *°Y (a pure beta-emitter with a relatively short half
life of 2.7 days), '"'Lu (beta- and gamma-emitter with a half life 6.7 days and a shorter
penetration range) is also a suitable candidate, especially in smaller lesions [10]. In this paper,
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we have studied the effect of different chelators (DOTA, DTPA) and different spacers (p-
SCN-Bn and NHS) on the accumulation of '""Lu-nimotuzumab radioactivity in two tumour
cell lines and on its distribution characteristics in rats. The results were compared with those
of *'I-nimotuzumab.

The in vitro experiments were performed on two well-characterised cell lines, both of which
express the ErbBl receptor at a high level. The A431 cell line is a gold standard for
experiments targeting epidermal growth factor receptor. However, useful attributes, such as
stable ErbB1 expression and good growth characteristics, also increase the utility of the
HaCaT cell line for these experiments. A recent study has quantified the number of ErbB1
receptors per cell [5]. The number of receptors was found to be approximately 2.0 million
ErbB1 receptors per cell for A431 and 1.0 million per cell for HaCaT.

When we compare the results of our in vitro experiments, no significant difference in ligand
uptake was found between the differently labelled antibodies. Cellular uptake of the
radiolabelled antibodies reached the equilibrium for both cell lines after 1-2 hours of
incubation (Figure 3-6); at this time, the complete saturation of the receptors could be
assumed.

The highest value of internalised activity was found for the A431 cell line for the '""Lu-
DOTA-(NHS)-nimotuzumab ~ and  '""Lu-DTPA-(p-SCN-Bn)-nimotuzumab  antibodies.
However, the difference between the maximal internalised activity dose in A431 and HaCaT
cells was small. In most cases, antibody internalisation was similar between both cell lines.
However, we would expect to obtain a higher internalised dose of activity for all the
radiolabelled antibodies tested in A431 cells. The reason we do not see this difference may be
due to the affinity of receptors to labelled antibodies. The process of radiolabelling can
modify the targeted structure (the antibody in this case) and thus change the conformation of
the antibody-binding site. The alteration of antibody structure may cause a lower affinity of
antibodies to receptors and thus reduce antibody internalisation.

On the other hand, if the structure of the radiolabelled antibody was changed, then the
internalisation dose should still be lower in HaCaT cells than in A431 cells. Therefore, the
similar internalisation doses we observed for both cell lines may be the result of either an
excessive cell surface receptor density, the interaction between receptors on A431 cells or
receptor expression changes emerging as a result of long cultivation times, which is a known
risk when using immortalised cell lines. An excessively high density of receptors can lead to
the protection of receptor binding sites from the ligand-receptor interaction. Similar
protective interactions can occur between the ErbB1 receptor and other members of the EGF
receptor family.

Study of interactions of receptor-specific ligands with cell receptors is the first step in the
development of new radiopharmaceuticals, which have the potential to become new
therapeutic substances. Nimotuzumab was designed as a new anticancer drug due to its
antiproliferative, antiangiogenic and proapoptotic activity [11]. The present paper deals with
its possible employment for targeted radioimmunotherapy. The labelled antibodies were
internalized into the carcinoma cells bearing ErbB1 and thus can deliver the radioactivity to
tumours.

With respect to the biodistribution profile of radioactivity in rats, all agents under study
remained in the circulating blood for relatively long periods of time. This behaviour is a
general characteristic of antibodies. The blood radioactivity half-lives decreased in the
following order: "'I-nimotuzumab > '"’Lu-DTPA-(p-SCN-Bn)-nimotuzumab > '""Lu-
DOTA-(p-SCN-Bn)-nimotuzumab > '""Lu-DOTA-(NHS)-nimotuzumab. ~ The uptake of
radioactivity in the liver increased in the same order.
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In the case of nimotuzumab labelled with '"’Lu-DOTA and DTPA, a large percentage of
""Lu-radioactivity was localised in the liver, and the uptake of radioactivity in this organ
increased over time. The persistence of liver radioactivity may result from the normal
metabolic turnover of the agents under study and/or from partial damage of the structure of
nimotuzumab caused by chelator attachment and the radiolabelling procedure. The
transchelation of '""Lu from the chelator to the metal-avid proteins of the liver may also
contribute to a high and long-term liver radioactivity uptake. Whereas the change of the
spacer (p-SCN-Bn or NHS) attaching '"’Lu-DOTA-chelate to the nimotuzumab molecule had
only a limited effect on the blood radioactivity half-life and on liver radioactivity uptake, the
antibody bearing the DOTA-chelator exhibited a more rapid blood clearance and higher liver
radioactivity accumulation in comparison with that of DTPA. Because DOTA forms
thermodynamically and kinetically more stable complexes with trivalent metals than DTPA,
this difference may result from different alterations of the native antibody structure during the
course of the chelator (DOTA or DTPA) attachment to the parent macromolecule and/or the
radiolabelling procedure.

Bl-nimotuzumab was cleared from the blood more slowly, radioactivity uptake in the liver
was lower and "'I was cleared from the liver faster when compared to '"’Lu-labelled
nimotuzumabs. At longer time intervals, "'I-radioactivity was partly accumulated in the
thyroid and stomach. The reason for this is that iodinated macromolecules frequently suffer
from in vivo deiodination to form free iodide and/or iodinated thyrosine. lodinated thyrosine
is structurally similar to the thyroid hormones that are known to be rapidly deiodinated by
enzymes found in the liver, kidney and thyroid. The thyroid (and partly also the stomach) is
also a target organ of free iodine. Therefore, the radiolabelled degradation products of "*'I-
nimotuzumab were probably externalised from the liver to the bloodstream, accumulated in
the thyroid for some time and finally eliminated from the body via the urine. The
radiolabelled degradation products of '*'I-nimotuzumab in the blood may also increase the
value of total blood radioactivity, prolonging its elimination half-life. Alternatively,
breakdown products of '""Lu-labelled nimotuzumab antibodies containing a radiometal-
chelator may partly persist in the liver (due to high hydrophilicity) for a substantially longer
time.

Radioactivity found in the kidney and bowels was most likely due to urinary and biliary
excretion of radiolabeled antibody fragments. Long term radioactivity accumulation in the
kidney suggests that a partial tubular reabsorption of these fragments by receptor-mediated
endocytosis could be involved in the renal handling of the antibody break-down products
(this process is well documented for peptides and antibody fragments in literature [1; 8]).

The highest radioactivity concentrations in the kidney and liver were determined after
administration of the agents under study to rats. These organs are likely to be dose-limiting
ones in possible radio-immunotherapy using radiolabeled hR3.

In summary, neither the selection of the radiolabel (**'I or '""Lu) nor the method of '"'Lu
attachment to the nimotuzumab significantly affected the internalisation characteristics of
radiolabelled nimotuzumab in A431 and HaCaT cells. On the other hand, the radioactivity
distribution profiles in rats were different depending on the radiolabelling procedure
employed. Nimotuzumab labelled with "*'I exhibited the longest elimination half-life and the
lowest radioactivity uptake in the liver. Attachment of the chelator (DTPA and DOTA) to the
nimotuzumab molecule and radiolabelling of the conjugate with '”’Lu resulted in a reduction
in the elimination half-lives and a several-fold increase of radioactivity retention in the liver.
This effect was most pronounced for DOTA-immunoconjugates that were radiolabelled at a
higher temperature. With "*'I-nimotuzumab, the liver radioactivity uptake decreased with
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time, probably due to a partial deiodination of the parent radioimmunoconjugate. However,
"TLu persisted in the liver for substantially longer periods of time (liver radioactivity
increased over time, even up to 72 hours after administration).
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Tables

Organs
Blood(total)
Pancreas
Liver
Adrenals
Kidney
Lung
Heart
Spleen
Stomach
Intestine
Colon
Testes
Thyroid
Brain
Femur

5 min

82.15+6.94
0.09 +0.01
12.51 £2.05
0.05+0.00
1.41+0.24
2.52+0.45
0.94+0.23
0.73 £0.05
0.27 +£0.03
1.28 +0.23
0.43 +£0.04
0.26 = 0.05
0.03 +£0.01
0.56+0.13
0.22 +£0.04

60 min

69.26 + 8.81
0.13+0.03
18.17+2.19
0.05+0.01
1.67 £0.26
2.23+0.37
0.74 +£ 0.07
1.19+0.16
0.33+£0.02
3.03+£0.37
0.66 +0.16
0.61 +0.09
0.07 £ 0.01
0.33+0.11
0.26 = 0.04

24 h

19.58 £ 2.53

0.12 £0.04

20.77£2.32

0.04 +0.01
2.10+0.14
0.81+0.10
0.34+0.05
1.41+0.15
0.71 £0.38
3.04 +£1.04
3.71+£1.38
0.83 +£0.21
0.04 +0.01
0.10+0.03
0.42 +0.05

72 h

1.92 +£2.50
0.16 £ 0.16

26.48 +4.04

0.02 +0.00
2.04 £0.17
0.39+0.24
0.10+0.06
1.42 £0.08
0.14 +0.06
1.95+0.45
3.83+0.75
0.26 £0.11
0.01 £0.01
0.02 +0.01
0.36 = 0.09

Table 1 Distribution of radioactivity in selected organs and systems of rats after intravenous
administration of '"’Lu-DOTA-(p-SCN-Bn)-nimotuzumab to rats (data expressed in

%D/organ).

Organs
Blood(total)
Pancreas
Liver
Adrenals
Kidney
Lung
Heart
Spleen
Stomach
Intestine
Colon
Testes
Thyroid
Brain
Femur

5 min

70.94 £ 4.72
0.08 £0.01
12.58 £ 0.75
0.05+0.00
1.16 £0.27
2.70 £ 1.43
0.76 £0.17
0.76 £ 0.05
0.27 £0.03
1.48 £0.22
0.40 £0.04
0.26 £0.04
0.03£0.01
0.40 +0.08
0.24+£0.01

60 min

56.16 £ 6.17
0.09£0.01
19.80 +1.95
0.04 £0.00
1.31£0.10
1.79 £0.82
0.70£0.27
1.35+0.23
0.39+£0.09
3.13£0.60
0.53 £0.09
0.50 £0.07
0.05+0.03
0.31 £0.06
0.26 £0.02

24 h

8.69 £4.18
0.11 £0.06
3498 +£3.22
0.03£0.01
1.81£0.16
0.43£0.16
0.22£0.07
1.64 £0.16
0.23 £0.08
2.39+0.61
12.69 + 6.38
0.58 £0.22
0.03+£0.01
0.06 =0.03
0.23 £0.05

72 h

0.24+0.15
0.21+£0.24
39.68 + 8.64
0.03£0.01
1.69 £0.20
0.18 £0.03
0.09 =£0.03
1.41£0.22
0.13£0.06
1.26 £0.44
2.87+0.49
0.27£0.07
0.01 £0.00
0.01 £0.00
0.20 £0.02

Table 2 Distribution of radioactivity in selected organs and systems of rats after intravenous
administration of '”’Lu-DOTA-(NHS)-nimotuzumab to rats (data expressed in %D/organ).
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Organs
Blood(total)
Pancreas
Liver
Adrenals
Kidney
Lung
Heart
Spleen
Stomach
Intestine
Colon
Testes
Thyroid
Brain
Femur

5 min

69.65 + 12.09

0.07£0.01
11.66 +2.39
0.04 £0.01
2.34+1.31
3.20£1.02
0.54 £0.07
0.53+£0.11
0.25+0.03
1.08 £0.09
0.37£0.02
0.25+£0.04
0.03+£0.01
0.43 £0.09
0.23 £0.07

60 min

58.55+13.31

0.09 £0.02
12.48 +£2.40
0.04 £0.01
2.15+0.08
2.16 £ 0.37
0.57+0.14
0.59 £0.07
0.28 £0.08
2.09+0.31
0.39£0.06
0.59 +£0.08
0.06 =0.03
0.31 £0.03
0.22 £0.04

24 h

22.88+1.16
0.11 £0.02
14.68 = 0.66
0.03 £0.00
4.30+0.28
1.34+1.08
0.40 £0.03
0.82 +£0.08
0.48 £0.16
2.04+0.15
4.80+0.22
0.80 £0.07
0.04 £0.01
0.13£0.02
0.19£0.04

72 h

11.18 £ 0.83
0.07 £0.04
17.22 +£0.97
0.03 £0.00
4.54 +0.20
0.71 £0.24
0.21£0.02
0.93+£0.10
0.22 £0.00
1.33£0.15
2.12+0.41
0.61£0.12
0.03 £0.00
0.06 £0.01
0.19+£0.01

Table 3 Distribution of radioactivity in selected organs and systems of rats after intravenous
administration of '”’Lu-DTPA-(p-SCN-Bn)-nimotuzumab to rats (data expressed in

%D/organ).

Organs
Blood(total)
Pancreas
Liver
Adrenals
Kidney
Lung
Heart
Spleen
Stomach
Intestine
Colon
Testes
Thyroid
Brain
Femur

5 min

88.84 £ 4.80
0.15+0.09
7.57 £0.64
0.07£0.01
1.39+£0.27
2.19+0.42
0.90£0.13
0.59 +£0.05
0.31 £0.05
1.12£0.17
0.37£0.07
0.26 £0.04
0.03 £0.00
0.49 £0.05
0.24 £0.02

60 min

79.78 £1.49
0.11 £0.02
6.68 £0.51
0.07 £0.00
1.51+£0.30
1.90 £ 0.55
0.84 £0.13
0.62 +£0.05
0.53£0.15
2.23+0.18
0.52+0.10
0.68 £0.13
0.06 £0.02
0.34 £0.06
0.29+£0.01

24 h

38.83 + 1.81
0.16 £0.02
3.56 £0.40
0.04 £0.00
0.92+0.14
1.57+£0.72
0.60 £0.14
0.31£0.02
1.01 £0.28
2.11+0.10
1.29 £0.04
1.61 £0.10
0.53 £0.50
0.19+£0.07
0.16 £0.02

72 h

25.66 = 1.04
0.14£0.02
2.30+0.13
0.03 £0.00
0.54 £0.03
0.98+0.18
0.39£0.05
0.21 £0.04
0.69 +0.08
1.42£0.02
0.91 £0.08
1.12£0.09
1.13£0.86
0.12+£0.02
0.11 £0.01

Table 4 Distribution of radioactivity in selected organs and systems of rats after intravenous

administration of "*'I-nimotuzumab to rats (data expressed in %D/organ).

Antibody

Half-life (hours)

"7Lu-DOTA-(p-SCN-Bn)-nimotuzumab
"7TLu-DOTA-(NHS)-nimotuzumab
7Lu-DTPA-(p-SCN-Bn)-nimotuzumab

131

[-nimotuzumab
Table 5 Elimination half-lives of radiolabelled nimotuzumabs under study.

11.8
7.4

18.0
30.4

Correlation coefficient R

Blood

radioactivity-time decreases were fitted using one-compartment open pharmacokinetic model
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according to equation Az = Age™ "

m freshly prepared radioligand

9000

8000
7000
6000
5000
4000
3000
2000
1000

| 1 hour of preparation

M 3 hours of praparation

M 5.5 hours of preparation

24 hours of preparation

Voltage {(mV)

Elution time {min)

Figure 1 The stability testing of [1311]nimotuzumab incubated in a physiological solution
(0.9 % NaCl, stored at 4°C) for indicated time performed on HPLC system. The
chromatography records are depicted in order from front to back as described in the label on
right. The voltage measured by a radiometric detector corresponds to a volume activity of the

eluate.

w freshly prepared radionuclide

® 1 hour of preparation in plasma

4000

M 2 hours of preparation in plasma
3500

m 3 hours of preparation in plasma
3000

24 hours of preparation in plasma
2500

2000

Voltage (mV)

W 48 hours of preparation in plasma
1500

1000
500

Elution time (min)

Figure 2 The stability testing of [131I]nimotuzumab incubated in plasma (stored at 37°C) for
indicated time performed on HPLC system. The chromatography records are depicted in
order from front to back as described in the label on right. The voltage measured by a

radiometric detector corresponds to a volume activity of the eluate.
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177 u-DOTA-(p-SCN-Bn)-nimotuzumab
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Figure 3 The time depending internalization of [177Lu]DOTA-(p-SCN-Bn)-nimotuzumab
assayed on cancer cells A431 and HaCaT. Data expressed as mean+SD.

177Lu-DOT A~(NHS)-nimotuzumab

Internalized activity (%)

0 50 100 150 200

Minutes

Figure 4 The time depending internalization of [177Lu]DOTA-(NHS)-nimotuzumab assayed
on cancer cells A431 and HaCaT. Data expressed as mean+SD.
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177Lu-DTPA-(p-SCN-Bn)-nimotuzumab

-— A431
-# HaCaT

Internalized activity (%)

0 50 100 150 200

Minutes

Figure 5 The time depending internalization process of [177Lu]DTPA-(p-SCN-Bn)-
nimotuzumab on cancer cells A431 and HaCaT. Data expressed as mean+SD.

Bl himotuzumab

1.5

-o— A431

Internalized activity (%)

0 50 100 150 200

Minutes

Figure 6 The time depending internalization process of [ 13 11]Jnimotuzumab on cancer cells
A431 and HaCaT. Data expressed as mean+SD.
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7. Abstrakt

Univerzita Karlova v Praze, Farmaceuticka fakulta v Hradci Kralové

Katedra: Farmakologie a toxikologie

Kandidat: Mgr. Pavel Barta

Skolitel: Prof. PharmDr. Ing Milan Laznicek, CSc.

Néazev disertacni prace: Studium interakce receptorové specifickych radiofarmak s

biologickym systémem na bunécné trovni

Cileni nadorovych bunck receptorové specifickymi peptidy nebo protilatkami patii
k vyznamnému diagnostickému a n€kdy i terapeutickému ndstroji v boji proti nddorovym
onemocnénim.

Receptorové specifické peptidy jsou predevsim odvozené od télu vlastnich peptidovych
hormontl, proto o nich mluvime jako o peptidovych analozich. Analogy peptidii obsahuji ve
svém peptidovém fetézci vazebné misto shodné s pfirozenym peptidem umoziujici jejich
specifické navazani na cilovy receptor. Peptidové analogy se pouzivaji misto pfirozenych
peptidi zejména z divodu jejich lepSich biologickych vlastnosti usnadiujicich jejich
distribuci v organismu do mista jejich pisobeni nebo zdlivodu jejich ochrany pied
biologickou degradaci. Vazba a internalizace peptidového ligandu do burky vétSinou sama
o sobé nenavozuje terapeuticky efekt, proto peptidovy analog nese aktivni latku jako je
cytotoxin nebo radioizotop, kterd ma terapeuticky ucinek anebo i diagnosticky v ptipadé
radioaktivniho izotopu. Terapeuticky efekt radioizotopu pak zahrnuje poskozeni DNA
nadorové buiiky vedouci ke ztraté jejich proliferacnich schopnosti a k zaniku bunky. Vedle
terapeutického efektu je Cast€js$i pouziti radioaktivné znafenych peptidi pro zobrazovaci
ucely. Zobrazovaci schopnost gama zafeni emitujicich izotopl usnadiiuje nalezeni loZiska
nadoru.

Terapeuticky vyuzivané receptorové specifické monoklonalni protilatky jsou schopné
bréanit pfenosu signalu vzniklého z interakce ptirozeného ligandu na cilovém receptoru tim,
ze blokuji vazebnd mista na receptorech. Terapeuticky ucinek také spoiva v zabranéni
pfenosu signalu z receptoru na efektorové proteiny uvniti builky a tim vzniku bunécné
odpovédi. Monoklonélni protilatky nemuseji mit sami o sobé dostate¢ny terapeuticky tc€inek,
proto se Castéji pouzivaji ve formé transportnich latek pro cytotoxicka 1éCiva nebo
radionuklidy, které plisobi zanik cilenych bunck. Radioaktivni znaceni monoklonalnich
protilditek ma stejné jako u peptidovych analogli i diagnosticky ucel. Nevyhodou protilatek

byva velikost jejich molekuly. Zatimco peptidy o kratkém peptidovém fetézci snadnéji
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pronikaji do mista piisobeni, protilatky se jen pomalu distribuuji a rychleji podléhaji
biodegradaci v jatrech. ReSeni této komplikace zposlednich let spodivd ve vytvoreni
fragmentl protilatek, které se postupné ,,poskladaji*“ na cilové struktufe receptoru, mluvi se
o tzv. pre-targeting metod¢. Vedle snadné distribuce v organismu se navic snizuje riziko
cytotoxické nebo radiologické zaté€ze pacienta.

Cil publikované prace v kapitole I byl zaméfen na piipadné ovlivnéni biologickych
vlastnosti peptidu minigastrinl1l (MG11) radioaktivnim znacenim, kdy se testovala jeho
schopnost interakce na specifickém cholecystokininovém receptoru typu 2 (CCK2r) a mira

jeho internalizace do pankreatickych nadorovych bunék AR42J. Minigastrinovy analog byl
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znacen radionuklidy "'Lu a * 'In, kdy prvné uvedeny mé v onkologii terapeutické vyuziti
a druhy diagnostické. Vazba komplexu '''In-DOTA-MGI11 na receptor byla pomala
a nedoséhla rovnovahy mezi asociaci a disociaci reakce ligandu na receptoru ani po tiech
hodinach inkubace. Na druhou stranu, interakce komplexu '’Lu-DOTA-MG11 na CCK2r
doséhla rovnovahy po jedné hodiné inkubace vcetné vyssiho internalizovaného podilu
radiopeptidu z celkového pridaného mnozstvi, nez tomu bylo v ptipadé '''In-DOTA-MGI 1.
Radiofarmakum '""Lu-DOTA-MG11 je tedy schopno se efektivné vézat na cilovy CCK2r
a ma tak slibné pfedpoklady pro své uplatnéni v terapii radionuklidem zna¢enymi receptorové
specifickymi peptidy (PRRT). VySe zminénd radiofarmaka se pouzila i pro zjiSténi piipadné
radionefrotoxicity, kterd byva castou doprovodnou komplikaci aplikace radioaktivné

zna¢enych peptidovych analogii. Komplikace s poskozovanim ledvin v pfipadé radioaktivné

wrwe
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izotopy v ledvinnych buiikach proximalniho tubulu. Pro otestovéani pfipadné kumulace " In-

a '"Lu-ligandu se pouzila bun&éna linie izolovana z proximalniho tubulu ledvin vadice
oposum (OK bunky). Vysledky experimentu byly pfiznivé, nebot’ neprokazaly vyznamnou
kumulaci radioligandii v ledvinnych bunkach. Internalizace radiopeptidii vykazovala
maximalnich hodnot kolem 0.1 % z celkové pfidaného mnozstvi aktivniho ligandu k bunikdm.

Publikace v kapitole II se zaméfila na zlepSeni zpusobu kvantifikace receptorti na buiikach
(NRPC). Studie porovnala moZnosti nabizené klasickou manuélni technikou pro NRPC
snovym zpusobem kvantifikace receptori na automatickém zafizeni nesouci nazev
LigandTracer” uréeného pro real-time méfeni interakce radioligandu s cilovym receptorem na
bunécném povrchu. Novy zplsob stanoveni poctu receptorti dostal oznaceni KEX metoda.
Nézev je odvozen od zadkladniho principu metody, ktery spociva v extrapolaci dat kinetické

reakce vazby ligandu na receptor, tedy ve vypoctu teoretické hodnoty Buax, kterd odpovida

signalu kompletné saturovaného mnozstvi cilenych receptort na povrchu buniky. Manualni
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metoda se fadi mezi techniky kvantifikace receptori na povrchu bunck osvédcené
mnohaletym uZivanim a je tak zlatym standardem NRPC technik. Naméfené hodnoty
kvantifikovanych receptorti manualni metodou a technikou KEX vykazaly shodu, pouze
KEX technika v n€kterych ptipadech vykazovala mirné nadhodnoceni poctu receptort oproti
klasické metodé. KEX technika se i pfesto da zafadit mezi metody umoznujici kvantifikaci
cilenych bunéénych receptort s vyuzitim v biologickych védach a s naslednym uplatnénim
v nukledrni medicin€. Rychlé ovéfeni mnoZzstvi receptortl a schopnosti radioligandu se vazat
na zamyslenou strukturu na povrchu nadorové buinky zefektivni vyzkum novych
terapeutickych nebo diagnostickych molekul pro onkologickou lé€bu. Mozny vyznam
plynouci z KEX techniky byl opakované ovéfen i v dal§i experimentalni studii uvedené
v kapitole V. Zde se porovnavaly hodnoty poctu receptort na testovanych bunéénych liniich
métenych technikou KEX, klasickou manudlni technikou a metodou western blottingu.
Vysledek studie opétovné potvrdil uvedeni KEX techniky mezi spolehlivé metody stanoveni
NRPC.

Moznost ovlivnéni afinity receptoru epidermalniho rastového faktoru (EGFR) pro ligand
'®I_EGF prostiednictvim tyrozin kindzového (TK) inhibitoru gefitinibu byla prozkoumana
a popsana v odborné publikaci v kapitole III. Vysledkem prace je zjiSténi indukujiciho vlivu
gefitinibu na tvorbu EGFR dimerd. Tvorba receptorového dimeru ovliviiuje charakteristiku
interakce EGFR s jeho pfirozenym ligandem epiderméalnim rastovym faktorem (EGF).
Prevalence receptorovych monomerti, homodimerii a heterodimerd je odlisSnd mezi
bunéénymi liniemi a zavisi pfedev§im na mire exprese EGFR a HER2 receptoru na povrchu
bun¢k. EGF se vdZe na monomerni a dimerni formy EGFR srozdilnymi vazebnymi
vlastnostmi. Vysledek studie poukazuje na kladny vliv gefitinibu na tvorbu EGFR dimert,
které pak maji vy$§i afinitu k '*’I-EGF.

Publikovana studie uvedend v kapitole IV se zaméfila na prokdzani hypotézy, Ze afinita
receptoru a kinetika reakce mezi ligandem a jeho receptorem se liSi napfic bunéénymi
liniemi. Napfiklad pfirozeny ligand EGF se tak vaze s rozdilnou vazebnou silou na ten samy
receptor (EGFR) exprimovany na rozdilnych bunéénych liniich. Tato zjisténi byla ovéfena
pro protilatku *'I-cetuximab, ktera se vazala na EGFR s rozdilnou afinitou pro t¥i bunééné
linie. Faktor rozdilu v afinité protilatky k ligandu mél napti¢ bunéénymi liniemi hodnotu az
10. Moznou pficinou rozdilu v afinité receptoru k ligandu je jeho rizny stupenn glykosylace,
nebo tvorba homodimerd ¢i heterodimerti a v neposledni fadé mozna mutace receptoru.
Uvedené moznosti ovlivnéni afinity receptoru pak vedou k pfipadim, kdy velmi dobry

vazebny partner receptoru testovany in vitro vykazuje velmi nizkou afinitu vazby na cilovy
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receptor v biologickém testovani. Podobného zjisténi se dosahuje 1 v aplikaci terapeutickych
a diagnostickych cinidel v populaci pacienti, kdy ¢ast pacientli neodpovidd na lécbu.
Vysledky praci charakterizujici GspéSnost in vitro aplikaci zkoumaného receptorového
ligandu by nemély byt generalizovany pro vSechny buiiky nesouci zkoumany receptor, ale
mél by byt bran zfetel na moZzné diference mezi bunéénymi liniemi. Podobné by méla byt
vedena i 1é€ba pacientt, ktera by méla mit individudlni pfistup.

Posledni publikovand studie zatazend do kapitoly VI si kladla za cil ovéfit, jaky je vliv
zvoleného radioizotopu a zpiisobu radioaktivniho znaceni na chovani radioligandu v in vivo

a iv vitro podminkach. Vysledek prace uvadi, ze zvolené izotopy *'T a '’

Lu a stejné tak
metody jejich vazby na transportni protilditku nimotuzumab cilenou proti EGFR nevedly
k ovlivnéni internalizacni charakteristiky radioligandu u bunécnych kultur. Opak prokézaly
vysledky experimentli provedenych in vivo, které poukdzaly na nékteré odliSnosti
v distribu¢nich profilech v zavislosti na pouzZitych metodach radioaktivniho znaceni.
Bl-nimotuzumab vykazoval nejniz§i miru vychytavani v jatrech a nejdeldi ¢as krevni
eliminace ze viech zkoumanych radioligandii. Protilatka nimotuzumab s izotopem '''Lu
navdzanym prostfednictvim chelata¢nich ¢inidel (DOTA, DTPA) byla charakterizovana
poklesem elimina¢niho ¢asu a mnohonasobné zvySenou retenci v jatrech. Uvedené in vivo
vysledky potvrdily vliv typu pouzitého izotopu a zplisobu jeho vazby na biologické vlastnosti
znaené protilatky nimotuzumab v ptipad¢ testovych faktorti, jako byla krevni clearance,

vychytavani jatry a nasledna kumulace v jatrech.
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8. Abstract
Charles University in Prague, Faculty of Pharmacy in Hradec Kralove

Department of Pharmacology and Toxicology

Candidate: Mgr. Pavel Barta
Supervisor: Prof. PharmDr. Ing Milan Laznicek, CSc.
Title of Doctoral Thesis: The study of receptor-specific radiopharmaceuticals interactions

with biological systems at the cellular level

The targeting of receptor specific peptides or antibodies is one important diagnostic and
therapeutic tool in the fight against cancer diseases.

Receptor specific peptides often have their origin from the human natural peptide
hormones; hence they are commonly marked as peptide analogues. The peptide analogues
contain in their amino acids sequence the binding site identical with the site of natural
peptides, which they are originated from. This binding site is responsible for the interaction
with the targeted receptor. The peptide analogues are employed instead of the natural
peptides because their biological properties can be improved, for example facilitating
distribution in the organism to their place of action, or protection from biological
degradation. The peptide ligand binding itself on targeted receptors and its internalization
into cells typically does not trigger a therapeutic effect. From this reason, peptide analogues
carry active substances like cytotoxine or radioisotope; this has the therapeutic or diagnostic
effect. The therapeutic effect of radioisotope includes cancer cell DNA damage that leads to
the loss of ability to proliferate, which in turn causes cell death. The diagnostic purpose of
radioisotopes is more common. The gamma radiation is used in imaging techniques to
localize tumours.

Therapeutic monoclonal antibodies are able to prevent receptor specific signal transmission
coming from the interaction of natural ligand with the targeted receptor. The mechanism of
this protection typically comes from the blocking of the receptor binding sites. Commonly,
the monoclonal antibody effect lies in the blockage of signal transmission from a receptor to
effectors proteins situated inside a cell. In fact, monoclonal antibodies themselves often have
a low therapeutic effect; hence it is beneficial to use them as transport ligands for cytotoxic
substances and radionuclide, which are responsible for the cell death. The radiolabelling of
monoclonal antibodies has the diagnostic effect too. The disadvantage of antibody is the size
of its molecule. Whereas peptides of short peptide chain are easily distributed to the place of

action, antibodies are distributed slowly and undergo faster biodegradation in the liver. The
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solution of this problem has its origin in the development of antibody fragments in the last
years. The antibody fragments are gradually assembled on the targeted receptor protein
structure. This method is termed the pre-targeting. The pre-targeting allows easy distribution
in the body and decrease the risk of cytotoxic or radiological burden for patients.

The aim of the publication in chapter I was to study the potential influence of radiolabelling
on the biological properties of minigastrinl1 (MG11). This was performed with testing of its

ability to interact with cholecystokinin receptor type 2 (CCK2r) and to internalize into

177 111
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pancreatic cancer cells AR42J. Minigastrin analogue was labelled with either *"'Lu or " 'In.

The first mentioned isotope is used in therapeutic oncology and the second one for diagnostic

purposes. The complex '

In-DOTA-MGI1 binding on the receptor was slow and did not
reach ligand — receptor association and dissociation equilibrium even after three hours of
incubation. However, the complex '""Lu-DOTA-MG11 interaction on CCK2r reached the
equilibrium after one hour incubation and the higher proportion of complex from the whole
quantity added to cells was internalized than in the case of '''In-DOTA-MGI11. The
radiolabelled ligand '""Lu-DOTA-MG11 is able to effectively bind to the targeted CCK2r and
has strong assumption to assert itself in Peptide receptor radionuclide therapy (PRRT). The
radioligands '"’Lu-DOTA-MG11 and '''In-DOTA-MG11 were investigated for their possible
radionefrotoxicity, which often accompanies PRRT. The complication of damaged kidneys
by radiolabelled peptides is caused with the rear tubular reabsorption, which cumulates
radioactive isotopes in the proximal tubular cells. The cell line isolated from opossum kidney

111
In-

proximal tubular cells (OK cells) was employed to test the possible accumulation of
and '""Lu- labelled ligands. The results of the testing were satisfying, because they
demonstrated no important accumulation of radioligands into kidney cells. The
internalization of radiolabelled peptides reached the maximal values about 0.1 % of the total
added amount.

Improving the method for the number of receptor per cell (NRPC) quantification was the
target in the publication given in chapter II. The study compared the possibilities of NRPC
calculation offered by the classical manual method with the possibility of NRPC
quantification based on the employment of the automatic instrument LigandTracer”. This
instrument allows real-time measurement of the interaction of radiolabelled ligand with
targeted receptor on cell surface. The new kind of NRPC quantification was denoted as KEX
method. The name comes from the basic principle of the method, which lies in kinetic

extrapolation of the ligand — receptor interaction, which means the calculation of the

theoretical value Bnax. The theoretical Bnax corresponds to the signal of completely saturated
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receptors on cell surface. The manual method belongs to the techniques of receptor
quantification verified with many years of use and thus it is the golden standard of NRPC
techniques. The measured values with the classical manual method and KEX technique
demonstrated the compliance. The KEX technique sometimes showed slight overestimation
of the calculated receptor number against the classical method. However, the KEX technique
can be included among methods allowing cell receptor quantification and can be used in
biological sciences or in nuclear medicine in the future. The rapid quantification of receptors
and the ability binding of radiolabelled ligand to targeted cell surface protein structures can
make the progress in the research of new potential therapeutic or diagnostic molecules for
cancer treatment. The importance and validity of the KEX technique was repeatedly verified
in another experimental study, which is summarized in the chapter V. The values of
quantified number of receptors measured by the assays like the KEX technique, the classical
manual method and western blotting on employed cell lines were compared in this study. The
obtained results confirmed the accuracy of the KEX technique, so it can be counted in
methods for NRPC quantification.

The scientific publication introduced in the chapter III was focused on the study of
epidermal growth factor receptor (EGFR) affinity, which can be influenced in the present of
gefitinib, the tyrosine kinase (TH) inhibitor. The finding of this study was that gefitinib could
influence the formation of EGFR dimers. The formation of EGFR dimers can alter the
interaction between EGFRr and its natural ligand epidermal growth factor (EGF). The
prevalence of receptor monomers, homodimers and heterodimers differs among cell lines and
depends on EGFR and HER2 receptor expression rate on a cell surface. EGF binds with
different binding properties on monomer or dimer forms of EGFR. The conclusion of the
study refers to the positive influence of gefitinib on EGFR dimers formation, which increases
the receptor affinity to '*’I-EGF.

The publication in the chapter IV attempted to prove the hypothesis that the receptor
affinity and the kinetic reaction between ligand and its receptor differed across the cell lines.
For example, the natural ligand EGF binds with different binding strength on the same
receptor (EGFR) expressed in various cell lines. This finding was proved with the
employment of the monoclonal antibody '*'I-cetuximab attached to EGFR with different
binding affinity on three used cell lines. The affinity difference factor among cell lines was
about 10. The reason of the different receptor affinity to the ligand may lie in the various
level of the receptor glycosylation, formation of homodimers or heterodimers and possible

receptor mutation. The above mentioned options influencing the receptor affinity lead to the
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cases, when very good receptor binding ligand tested in vitro have very low affinity in vivo.
The same findings can be in the use of therapeutic or diagnostic substances in a patient
population. Some patients do not respond to a treatment. The results of successfully in vitro
tested receptor ligands should not be generalized for every cell line carrying the same
receptor. It should be taken into account the differentiation among cell lines. The same should
be reconsidered for patient treatment, which ought to have an individual approach.

The last publication included in this thesis is in the chapter VI. It was aimed at the
characterisation of radioligand properties in in vitro and in vivo conditions after its
radiolabelling. The two factors influencing the radioligand character were studied like the
choice of isotope and the manner of radiolabelling. The findings made for in vitro studies
concluded that the chosen isotopes "*'T and '""Lu and the methods of their labelling on the
transportation monoclonal antibody nimotuzumab did not alter antibody internalization
characteristics into employed cell lines. However, the opposite was found for in vivo
experiments which demonstrated the differences in distribution profiles depending on the

B _nimotuzumab showed the lowest rate of accumulation in the

methods for radiolabelling.
liver and the longest time of blood elimination of all examined radiolabelled ligands. The
antibody labelled with '"'Lu via chelating compounds (DOTA, DTPA) was characterized
with decreased elimination time and much more increased retention in the liver. The
introduced in vivo results confirmed the influence of employed isotope and manner of its

labelling on the radiolabelled antibody biological properties in the case of tested factors like

blood clearance, the liver biodegradation and accumulation.
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