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1. Wprowadzenie

Rak piersi to nowotwor, ktory obok raka jajnika oraz macicy jest jednym z najczesciej
wystepujacych nowotworow ztosliwych u kobiet. U prawie 30% pacjentek z rakiem piersi,
potwierdzono roéwniez nadekspresje receptora ludzkiego naskérkowego czynnika wzrostu
typu 2 (HER2, Human Epidermal Growth Factor Receptor 2) na powierzchni komorek
nowotworowychl. Gen ERBB2 kodujacy biatko HER2 jest protoonkogenem, ktérego
zwielokrotnienie (amplifikacja) lezy u podstaw nadmiernej ekspresji biatka HER2
w komoérkach nowotworowych. Liczne badania wskazujg, iz ponad 30% przypadkoéw raka
piersi ma zbyt wiele kopii genu ERBB2, czego rezultatem jest nadekspresja receptora
HER223. Anomalia ta prowadzi do intensywniejszego wzrostu nowotworu i agresywniejszego
przebiegu choroby. Niestety nowotwory z nadekspresja receptora HER2 charakteryzuja si¢
rowniez wicksza lekoopornoscia”. Liczba kopii genu ERBB2 pozwala ocenié szanse pacjentki
na wyleczenie. Nastepstwem zwickszenia liczby receptorow HER2 na powierzchni komorki
jest ekspresja biatek majacych swdj udziat w procesie proliferacji i migracji komorek oraz
zapoczatkowaniu procesu angiogenezy, prowadzacego do powstania przerzutow’. Rysunek 1

przedstawia mechanizm dziatania i nadekspresji receptora HER2 w komorce.
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Rysunek 1. Mechanizm dziatania i nadekspresji receptora HER2 w komoree®.
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Trastuzumab jest rekombinowanym, humanizowanym przeciwciatem mononoklonalnym
(mAb, Monoclonal Antibody) klasy IgG1 selektywnie taczacym sie z receptorem EGFR2. Po
zwigzaniu si¢ z [V domeng zewnatrzkomorkowej czgséci biatka HER2, trastuzumab blokuje
receptor powodujac zahamowanie nadmiernej proliferacji komérek nowotworowych. Uwaza
sie, iz zahamowanie proliferacji jest efektem zatrzymania cyklu komérkowego w fazie G1"2,

Liczne doniesienia literaturowe oraz kilka badan klinicznych m.in.: NOAH, German
Breast Group i MD. Anderson Cancer Center potwierdzaja wysoka skuteczno$¢ chemioterapii
prowadzonej przez 6 miesiecy z zastosowaniem trastuzumabu®. Uzyskano od 37% do 65%
remisji catkowitych, oznaczajgcych catkowita patologiczng remisj¢. Niektore opracowania
pokazuja, iz wlgczenie do terapii trastuzumabu moze nawet podwoi¢ odsetek catkowitych
remisji, w porownaniu do leczenia wylgcznie chemioterapeutykami. Zastosowanie
przeciwciala monoklonalnego trastuzumab w terapii HER2(+) raka piersi przyniosto zatem
duzy przetom. Dlatego American Cancer Society zaleca leczenie neoadiuwantowe
paklitakselem w potaczeniu =z trastuzumabem oraz leczenie cyklofosfamidem
z trastuzumabem poprzedzone przez podanie 5-fluorouracylu z epirubicyna.

Niestety wystepujaca opornos¢ na trastuzumab, o dotychczas niewyjasnionej etiologii, jest
czesta przyczyng przerwania leczenia. Stabym punktem terapii anty-HER2 z uzyciem
trastuzumabu sa jego dziatania niepozadane. Uszkodzenie serca wystepujace wskutek
leczenia trastuzumabem stanowi niejednokrotnie przeciwwskazanie do kontynuacji

leczenia®!

. Kardiotoksyczno$¢ trastuzumabu sktania do modyfikowania terapii opartych na
nim. Ponadto, wczesniejsze badania majgce na celu oceng synergistycznego dziatania
przeciwciala podawanego z paklitakselem lub docetakselem potwierdzily zaledwie
addytywny wplyw stosowania lekow i przeciwciata na badane linie komorkowe MCF-7,
MDA-MB453 i SK-BR3".

Opracowanie skutecznego, selektywnie toksycznego dla komodrek nowotworowych
i taniego leku przeciwnowotworowego okresla nowe kierunki badan w onkologii. Dobrze
udokumentowane  wyniki  zastosowania  dendrymeréw  jako  nosnikow  lekdéw
przeciwnowotworowych13 stanowig podstawg do uzycia ich jako elementu laczacego

przeciwcialo monoklonalne trastuzumab 1 leki przeciwnowotworowe. Utworzenie koniugatow

trastuzumab-dendrymer-lek ma kilka podstawowych i istotnych zalet tj. stopniowe uwalnianie
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leku i ochrone przed zbyt szybkg transformacjg w watrobie, co pozwala na redukcje dawki
przy zachowaniu efektu terapeutycznego®* oraz bezposrednie uwalnianie leku w srodowisku
guza, co pozwala unikna¢ toksycznego dziatania wobec komorek prawidtowych (szczegolnie
kardiotoksycznosci  wystepujacej u  pacjentek  przyjmujacych  antracykliny czy
nefrotoksyczno$ci wywotywanej taksanami). Zastosowanie koniugatu umozliwia takze
zaprzestanie uzywania toksycznych rozpuszczalnikow oraz lekéw antyhistaminowych
stosowanych podczas leczenia taksanami*>*®. Ponadto dotaczony do powierzchni dendrymeru
zwigzanego z lekiem trastuzumab powinien zapewni¢ wydajny transport leku do wnetrza
komorek z nadekspresja HER2.

Inspiracja dla niniejszej pracy byla potrzeba zwigkszenia efektywnosci 1 selektywnosci
dzialania wobec komorek nowotworowych powszechnie stosowanych chemioterapeutykow
w terapii raka piersi szczegdlnie z nadekspresja HER2. W oparciu o obiecujace, wstepne
wyniki przebadano w tym celu szerokg grupe dendrymeréw poliamidoaminowych
(PAMAM), posiadajacych zdolno$¢ transportu lekow do komoérek nowotworowych
i wyloniono dendrymery PAMAM generacji 4 zawierajace 64 terminalne grupy aminowe jako
najskuteczniejsze systemy transportujgce antracykliny i taksany. Zsyntezowano koniugaty
dendrymerow PAMAM =z lekami przeciwnowotworowymi: doksorubicyng (dox),
paklitakselem (ptx) oraz docetakselem (doc). Koniugaty te wykazaly wicksza

cytotoksycznos¢ wobec komorek nowotworowych w pordwnaniu z wolnymi lekami.

1 Barratt G.M. Pharm. Sci. Technolo. Today, 2000; 3: 163-171
15 Byrne J.D. et al. Adv. Drug Deliv. Rev., 2008; 60: 1615-1626
16 Talekar M. et al. Anticancer Drugs, 2011; 22: 949-962



2. Cel pracy

Celem pracy bylo przebadanie szerokiej grupy koniugatow dendrymerdéw
poliamidoaminowych (PAMAM) z lekami z grupy antracyklin (doksorubicyna) i taksanow
(docetaksel i1 paklitaksel) w poszukiwaniu najefektywniej dziatajacego systemu
przeciwnowotworowego, ktory dzigki przylaczonemu przeciwciatu monoklonalnemu
(trastuzumab) posiadalby zdolno$¢ selektywnego dziatania w terapii raka piersi

z nadekspresja HER2.

Hipoteza badawcza zaktada, iz koniugaty dendrymeréw PAMAM z lekami
przeciwnowotworowymi okaza si¢ skuteczniejsze niz wolne leki. Ponadto dokoniugowanie
przeciwciala monoklonalnego zapewni selektywno$¢ koniugatéow wzgledem komorek

nowotworowych z nadekspresja HER2.



3. Materialy i metody

W pracy wyrdzni¢ mozna czes$¢ chemiczng oraz badania in vitro. Praca obejmowata cztery
zadania badawcze: (1) synteze i charakterystyke koniugatow dendrymeru PAMAM, generacji
4 z lekami przeciwnowotworowymi i przeciwciatem monoklonalnym — trastuzumabem; (2)
ocene cytotoksycznosci 1 selektywnosci koniugatow wobec komorek nowotworowych raka
piersi HER-2 negatywnych i pozytywnych; (3) ocene szybkosci wnikania koniugatow i ich
lokalizacji wewnatrzkomorkowej; (4) zbadanic mechanizméw dzialania wybranych
koniugatow.

Do osiggnigcia zalozonych celow uzyto: niemodyfikowanego dendrymeru PAMAM
generacji czwartej, chlorku doksorubicyny, paklitakselu i docetakselu oraz rozpuszczalnikow
niezbednych do przeprowadzenia syntezy pochodzacych z firmy Sigma-Aldrich (Polska).
Herceptin (trastuzumab) zostal podarowany przez firme¢ Roche (Polska) na podstawie
porozumienia podpisanego z dr n. med. Maciejem Stanczykiem. Do badan wybrano dwie linie
komorkowe raka piersi: HER-2 negatywna (MCF-7 ATCC no. HTB-22) and HER-2
pozytywng (SKBR-3 ATCC no. HTB-30) zakupione w firmie ATCC (LGC Standards Sp. z o.
0., Polska). Pozostate gtowne odczynniki zakupiono w Sigma-Aldrich ( MTT (bromek 3-[4,5-
dimetylotiazolo-2-yl]-2,5-difenylotetrazolu), Pl (jodek propidyny), rybonukleaza A -),
w Molecular Probes (USA) (sonda JC-1) oraz w BD Biosciences (USA) — (H.DCF-DA
(2’,7’-dichlorodihydrofluoresceina), AnnexinV (ankeksyna V)), za$ Kity (Caspase-Glo® 3/7
Assay, Caspase-Glo® 8 Assay i Caspase-Glo® 9 Assay) w Promega Corporation (Poland).

3.1. Synteza i charakterystyka koniugatow

Zsyntezowano koniugaty dendrymeru PAMAM generacji 4 z (1) docetakselem; (2)
paklitakselem; (3) doksorubicyna; (4) trastuzumabem oraz koniugaty tego dendrymeru
i lekow =z przeciwciatem monoklonalnym (5) PAMAM-docetaksel-trastuzumab; (6)
PAMAM-paklitaksel-trastuzumab; (7) PAMAM-doksorubicyna-trastuzumab. Zastosowanie
technik *H NMR, *C NMR, FTIR oraz RP-HPLC potwierdzito czysto$¢ otrzymanych
koniugatow a takze umozliwito dokonanie ich charakterystyki.

Aby otrzyma¢ koniugat dendrymer-doksorubicyna  (antracyklina),  zastosowano
wieloetapowa reakcje wg schematu przedstawionego na rysunku 2AY . W pierwszej kolejnosci
dokonano modyfikacji pier§cienia aminocukrowego doksorubicyny czasteczkami bezwodnika

cis-akonitowego. Nastepnym krokiem byto potaczenie (za pomoca wigzania amidowego) leku

¥ Marcinkowska, M. et al. Polymers. 2018, 10 (2), 187



z powierzchnig dendrymeru. Dalsze etapy reakcji miaty na celu kowalencyjne zwigzanie
przeciwciala monoklonalnego z powierzchnig dendrymeru. Aby sprzegnaé trastuzumab
z dendrymerem PAMAM wykorzystano specjalnie wyselekcjonowang czasteczke taczaca
(linker) posiadajaca na swoich koncach grupy funkcyjne wchodzace w reakcje zaréwno
z grupami tiolowymi na powierzchni trastuzumabu jak i z grupami aminowymi dendrymeru.
W tym celu wprowadzono grup¢ —SH na powierzchni¢ dendrymeru, przy zastosowaniu
odczynnika Trauta, aby docelowo dotaczy¢ przeciwcialo monoklonalne, uprzednio
sprzegnigte z czasteczka tacznika. Analogicznie, aby otrzymaé¢ koniugat dendrymer-taksan
(paklitaksel, docetaksel), zastosowano wieloetapows reakcje wg schematu przedstawionego

na rysunku 2B*.
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Rysunek 2. Schemat syntezy koniugatu (A) PAMAM-dox-trastuzumab®’ i (B) PAMAM-
taksan-trastuzumab'®.

Po modyfikacji czasteczkami kwasu bursztynowego grupy hydroksylowej nalezacej do
taksanu za pomoca wigzania amidowego, lek byl dotaczany do powierzchni dendrymeru.
Kolejne etapy reakcji mialy na celu kowalencyjne zwigzanie przeciwciata monoklonalnego

z powierzchnig dendrymeru.

18 Marcinkowska, M. et al. Pharm. Res. 2019, 36: 154
10
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3.2. Ocena cytotoksycznosci i selektywnosci koniugatow

Kolejnym etapem pracy byta ocena cytotoksycznosci koniugatow oraz sprawdzenie Czy
koniugaty dendrymeréw PAMAM z lekami przeciwnowotworowymi dzialaja efektywniej niz
wolne leki oraz czy dokoniugowanie przeciwciala monoklonalnego zapewnia selektywno$¢
koniugatéw wzgledem komorek nowotworowych z nadekspresja receptora HER2 na
powierzchni btony komoérkowej. Do badan uzyto dwie linie komorkowe raka piersi: HER-2
negatywna (MCF-7) and HER-2 pozytywna (SKBR-3).

Wartosci parametru ICso Wyznaczone dla linii raka piersi HER2 — negatywnej (MCF-7)
i HER2 - pozytywnej (SKBR-3) wykazaly zgodny z danymi literaturowymi wzrost
cytotoksycznosci koniugatow PAMAM-lek oraz, co istotne, koniugatow PAMAM-lek-
trastuzumab, w poréwnaniu z wolnym lekiem. Jednak najwazniejszym rezultatem byla
roznica w toksycznos$ci koniugatow PAMAM-lek-trastuzumab obserwowana migdzy liniami
komoérkowymi. Zwlaszcza koniugat z docetakselem wykazywal wyjatkowo wysoka
toksycznos¢ wobec komorek SKBR-3 i niska toksycznos¢ wobec komorek MCF-7. W Tabeli
1 poréwnano wartosci ICsg dla koniugatow PAMAM-lek-trastuzumab i wolnych lekow, po 24

i 48 godzinach inkubacji'"*.

Tabela 1. Zestawienie warto$ci ICsp dla koniugatow PAMAM-lek-trastuzumab i wolnych

lekow.
MCF-7 MCF-7 SKBR-3 SKBR-3
24h 48h 24h 48h
Dox 9,20+ 1,23 1,10+ 1,23 0,77+ 0,16 0,34+ 0,13
PAMAM-dox-
astuzUmaD 38,40 + 5,73 14,86 + 5,37 2,81+ 0,74 0,003 + 0,002
Ptx 7,82+0,18 2,24 40,33 731+ 1,54 0,49+ 0,13
PAMAM-ptx- 0,585+ 0,18 0,09 0,01 0,72 £ 0,21 0,002 = 0,001
trastuzumab
Doc 23,76 + 4,81 9,19 + 3,36 10,75 + 1,50 2,00 + 0,44
PAMAM-doc-
stz ah >100 48,85 + 4,82 2,03 0,07 0,004 % 0,002

3.3. Ocena szybkosci wnikania koniugatow i ich lokalizacji wewngtrzkomorkowej

W Kkolejnym etapie pracy przeprowadzono ocen¢ szybkosci wnikania wolnych lekow
i koniugatow do komorek stosujac cytometrie przeptywowsa. Stwierdzono, iz wyniki

cytotoksycznosci uzyskane testem MTT sa rezultatem szybszego wnikania lekow zwigzanych
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z nos$nikiem — dendrymerem PAMAM. Zastosowanie mikroskopii konfokalnej umozliwito
potwierdzenie wewnatrzkomorkowej lokalizacji badanych zwigzkow. Przedstawione zdjgcia
konfokalne ilustruja akumulacj¢ koniugatow paklitakselu i docetakselu z dendrymerem
PAMAM oraz trastuzumabem w komorkach HER2 — pozytywnych (SKBR-3) (Rysunek 3)
i sa dowodem na wyjatkowo selektywne dziatania tych koniugatow'® w poréwnaniu do

koniugatu z doksorubicyna(”.

pix PAMAM-pix-trastuzumab ptx PAMAM-ptx-trastuzumab

—=— SR pre
==& — SEER-3 PAMAM-p-trastiaumab

J0000g.| = MCFT pix )
= = NACF.7 PAMAM prx-irastunssab -

doc PAMAM-doc-trastuzumab doc PAMAM-doc-trastuzumab 250000 p—
——x ac

=== — SEER-3 PAMAM-doC-Draiuzumaby
e WU T B0
= WACF.T PAMAM.dOC-RTaSIILMSY
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Flesreicence intensity [au,]

Rysunek 3. Lewy panel: zdj¢cia konfokalne wewnatrzkomorkowej lokalizacji paklitakselu
(ptx), docetakselu (doc) oraz ich koniugatow PAMAM-ptx-trastuzumab
i PAMAM-doc-trastuzumab dla linii raka piersi SKBR-3 HER2 — pozytywnej
i MCF-7 HER2 — negatywnej (A — kanal zielony, B — widok w $wietle

przechodzacym). Prawy panel: wykresy ilustrujace szybkos$¢ transportu wolnych

lekéw 1 ich koniugatéw do komorek obu linii 18,

3.4. Porownanie mechanizmow dziatania wybranych koniugatow

Aby wytoni¢ uktad majacy najwigkszy potencjat terapeutyczny w leczeniu raka piersi
z nadekspresja receptora HER2 dokonano poréwnania mechanizméw dziatania najbardziej
selektywnych koniugatow dendrymeru PAMAM z taksanami i trastuzumabem. W tym celu
oznaczono poziom reaktywnych form tlenu, zmiany potencjatu mitochondrialnego, aktywacje
kaspaz, indukcje apoptozy i rozktad faz cyklu komorkowego.

Zarébwno wolne leki, jak i ich koniugaty, zwigkszaty poziom reaktywnych form tlenu
w komorkach obu linii. Koniugaty z przeciwciatem monoklonalnym dziataty wolniej, a efekty
ich dziatania byly obserwowane dopiero po 24 godzinach a nie po 3 godzinach, jak

12



w przypadku wolnych lekow™. Jest to pierwsza zaobserwowana roéznica w dziataniu wolnych
lekéw 1 ich koniugatdéw z trastuzumabem.

Uwaza si¢, iz zmiany potencjatu mitochondrialnego zwigzane sg bezposrednio ze wzrostem
poziomu wolnych rodnikéw w komorce. Uzyskane wyniki zmiany potencjatu
mitochondrialnego dla wolnych lekow i ich koniugatow byly potwierdzeniem i uzupetnieniem
wczesniejszych obserwacji zmian poziomu wolnych rodnikow™. Na tym etapie badan
pojawila si¢ hipoteza robocza, ze o ile koniugaty dendrymeru PAMAM i lekéw maja podobny
mechanizm dzialania jak wolne leki, o tyle dokoniugowanie przeciwciata monoklonalnego
zmienia mechanizm dziatania koniugatu, szczegdlnie w przypadku efektywniejszych
i bardziej selektywnych koniugatow z taksanami. Koniugat PAMAM-ptx-trastuzumab dziatat
podobnie do wolnych lekéw, poczatkowo wywotujac wzrost, a nastgpnie spadek potencjatu
btony mitochondrialnej, w przeciwienstwie do koniugatu PAMAM-doc-trastuzumab, ktory
wywolal natychmiastowa depolaryzacje mitochondriow. Co cieckawe, w przypadku linii
komorkowej SKBR-3 oba koniugaty powodowaty bardzo duza depolaryzacje mitochondriow,
szczegolnie po 24-godzinnej inkubaciji.

Poniewaz taksany aktywuja szlaki przekaznictwa sygnalow prowadzacych do apoptozy,
przeprowadzono réwnolegle cytometryczne chemiluminescencyjne oznaczenia aktywnosci
kaspaz 3/7, 8 i 9 oraz oznaczenia indukcji apoptozy z zastosowaniem aneksyny V i jodku
propidyny. Oznaczenia aktywnosci kaspaz 3/7, 8 i 9 potwierdzity, iz oba koniugaty PAMAM-
lek-trastuzumab w linii komérkowej MCF-7 powoduja spadek aktywnosci wszystkich kaspaz
po osiggnigciu poczatkowego maksimum, natomiast w linii komorkowej SKBR-3 koniugaty
powoduja wzrost aktywnosci wszystkich kaspaz'®. Co ciekawe, przypadku linii SKBR-3 oba
koniugaty PAMAM -lek-trastuzumab dziaty podobnie do wolnych lekéw aktywujac kaspazy
inicjujace -8 i -9, ktdre uczestniczac w aktywacji kaskady kaspaz — prowadzity do aktywacji
kaspazy -3, niezbednej do cigcia wigkszosci substratow w komorce, a takze fragmentacji
DNA i rozpadu jadra, powodujacych $§mier¢ komoérki na drodze apoptozy.

Poniewaz uzyskane wyniki moga wskazywaé, iz apoptoza indukowana przez koniugaty
PAMAM-lek-trastuzumab w linii komérkowej SKBR-3 HER2 — pozytywnej jest zwigzana ze
szlakiem zaleznym od kaspaz, kolejnym etapem badan byla analiza frakcji komorek
apoptotycznych i nekrotycznych. Przeprowadzona analiza potwierdzita przypuszczenia, iz
koniugaty z trastuzumabem znacznie w wigkszym stopniu i szybciej indukuja apoptoze
w komérkach HER2 — pozytywnych (Rysunek 4) niz w HER2 — negatywnych®®. Uzyskane
wyniki pokazaly rowniez, iz koniugat PAMAM-ptx-trastuzumab powoduje nekroze

9 Marcinkowska, M. et al. Polymers. 2019, 11(9), 1422
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w wigkszym stopniu niz koniugat PAMAM-doc-trastuzumab, co potwierdza odmienny

mechanizm dziatania obu koniugatow.
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Rysunek 4. Wptyw paklitakselu (ptx), docetakselu (doc) oraz ich koniugatéw PAMAM-
ptx-trastuzumab i PAMAM-doc-trastuzumab na frakcje komorek zywych,
apoptotycznych i nekrotycznych w linii raka piersi SKBR-3 HER2 — pozytywnej
i MCF-7 HER2 — negatywnej po 3 i 24 godzinach inkubacji*®.

Zaobserwowane zjawisko potwierdzono stosujagc mikroskopie konfokalng. Wykonane
zdjecia pokazaty, iz po 24-godzinnym okresie inkubacji oba koniugaty PAMAM-lek-
trastuzumab powoduja liczne zmiany typowe dla apoptozy, chociaz koniugaty PAMAM-ptx-
trastuzumab powoduje rowniez charakterystyczne zmiany dla nekrozy tj.: zmiane struktury,
wielkosci 1 ksztaltu jadra komorkowego, kondensacje chromatyny, obkurczenie komorek
i fragmentacije jader, tworzenie ciatek apoptotycznych oraz rozpad komorek™®.

Oprécz generowania stresu oksydacyjnego i1 indukcji apoptozy, innym aspektem dziatania
lekow przeciwnowotworowych jest wptyw na cykl komorkowy. Dlatego ostatnim etapem
badan byta analiza faz cyklu komorkowego. W przypadku linii komoérkowej SKBR-3 po
3-godzinnym okresie inkubacji, tylko koniugat PAMAM-doc-trastuzumab powodowat istotng
akumulacje komorek w fazie Gl. Po 24-godzinnej inkubacji paklitaksel i docetaksel
zwigkszaty akumulacje¢ komorek w fazie S (nieznacznie) 1 w fazie G2 / M (istotnie), podczas

gdy koniugat PAMAM-ptx-trastuzumab powodowal zatrzymanie cyklu komodrkowego
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w fazach G1 i S (odpowiednio57,6 % i 42,3%), a koniugat PAMAM-doc-trastuzumab
powodowat jedynie zatrzymanie cyklu komorkowego w fazie G1 (72,5%). Przeprowadzona
analiza faz cyklu komorkowego pokazata, iz koniugaty nie hamujg skutecznego dziatania
trastuzumabu, a potaczenie z taksanami wzmacnia ich dzialanie.

Przeprowadzone badania pokazuja ztozono$¢ mechanizmu cytotoksycznego dziatania
koniugatow PAMAM-lek-trastuzumab. Wyr6zni¢ mozna trzy gtdéwne sposoby ich dziatania
(Rysunek 5). Pierwszy mechanizm to stres oksydacyjny, ktory prowadzi do powstawania
wolnych rodnikow, drugi - to mitochondrialna aktywacja kaskady kaspaz i trzeci mechanizm

jest zwigzany z blokowaniem receptora HER2.

HER 2
receptor = HER 2
= ’ receptor

) oxidative ' o,
damage T :
cell growt
1Ay \.

proliferation
caspase 8 angiogenesis

o
CytC “caspase 9
P > caspase 3

™ DNA

degradation

via apoptosis
Rysunek 5. Schemat dziatania koniugatow PAMAM-ptx-trastuzumab i PAMAM-doc-

trastuzumab®®.

Na podstawie przeprowadzonych badan wyloniono réwniez uktad majacy najwigkszy
potencjat terapeutyczny w leczeniu raka piersi z nadekspresjg receptora HER2. Jest nim
koniugat PAMAM-doc-trastuzumab.

Sposob otrzymywania koniugatu docetakselu, trastuzumabu i dendrymeru PAMAM
generacji 4 oraz ich zastosowanie do wytwarzania leku przeznaczonego do leczenia raka

piersi zostaty zgloszone do ochrony patentowej (P.420273, P.420274)
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4. Podsumowanie

e Potwierdzono hipotez¢ badawczg, iz koniugaty dendrymerow PAMAM z lekami
przeciwnowotworowymi dziatajg skuteczniej niz wolne leki, a dokoniugowanie
przeciwciala monoklonalnego zapewnia selektywnos$¢ koniugatéw wzgledem komorek
nowotworowych z nadekspresja receptora HER2 na powierzchni btony komorkowe;.

e Pomyslnie przeprowadzono synteze koniugatéw dendrymeru PAMAM G4 z lekami
przeciwnowotworowymi: (1) PAMAM-doksorubicyna, (2) PAMAM-paklitaksel, (3)
PAMAM-docetaksel, oraz koniugatow z przylaczonym kowalencyjnie przeciwciatem
monoklonalnym: (4) PAMAM-doksorubicyna-trastuzumab, (5) PAMAM-paklitaksel-
trastuzumab, (6) PAMAM-docetaksel-trastuzumab, (7) PAMAM-trastuzumab. Koniugaty
scharakteryzowano za pomocg technik H NMR, B¢ NMR, FTIR oraz RP-HPLC.

Dokonano oceny cytotoksycznosci koniugatow (testem MTT) i wyznaczono parametr 1Csg
dla dwoch linii komorek raka piersi SKBR-3 HER2-pozytywnej i MCF-7 HER2-
negatywnej. Uzyskane wyniki potwierdzily selektywno$¢ koniugatow dendrymeru
PAMAM z lekami i trastuzumabem wzgledem komorek z nadekspresja receptora HER2.

Okreslono szybkos$¢ wnikania koniugatow do komorek nowotworowych oraz, przy
zastosowaniu  techniki  mikroskopii  konfokalnej, potwierdzono ich lokalizacje
w komorkach.

e Porownano mechanizm dziatania najbardziej selektywnych koniugatow dendrymeru
PAMAM z taksanami i trastuzumabem. Zbadano ich wptyw na powstawanie reaktywnych
form tlenu, zmiany potencjalu mitochondrialnego, aktywacje kaspaz, indukcj¢ apoptozy

oraz rozkltad faz cyklu komorkowego.

Na podstawie badan wyloniono uktad majacy najwiekszy potencjat terapeutyczny
w leczeniu raka piersi z nadekspresja receptora HER2 — koniugat PAMAM-docetaksel-

trastuzumab.

Wyniki badan opublikowano w trzech pracach doswiadczalnych z listy JCR, prezentowano
na licznych konferencjach naukowych zaréwno krajowych, jak i zagranicznych. Ponadto
w oparciu o uzyskane wyniki powstaty dwa zgloszenia patentowe (P.420273, P.420274).
Opublikowano tez jedng prace przegladowa z tematyki rozprawy doktorskiej. Temat pracy
doktorskiej byt przedmiotem zakonczonego grantu NCN PRELUDIUM.
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5. Dorobek naukowy

Publikacje wchodzace w sklad rozprawy doktorskiej

1. Marcinkowska, M., Stanczyk, M., Janaszewska, A., Gajek, A., Ksiezak, M., Dzialak,
P., Klajnert-Maculewicz, B. Molecular mechanisms of antitumor activity of PAMAM
dendrimer conjugates with anticancer drugs and a monoclonal antibody. Polymers.
2019, 11(9), 1422. IF 3,681; 100 pkt. MNiSW (opublikowany po 31 lipca 2019 r.)

2. Marcinkowska, M., Stanczyk, M., Janaszewska, A., Sobierajska, E., Chworos, A.,
Klajnert-Maculewicz, B, Multicomponent conjugates of anticancer drugs and
monoclonal antibody with PAMAM dendrimers to increase efficacy of HER-2
positive breast cancer therapy. Pharmaceutical Research. 2019, 36: 154. IF 3,896; 40
pkt. MNiSW

3. Marcinkowska, M., Sobierajska, E., Stanczyk, M., Janaszewska, A., Chworos, A.,
Klajnert-Maculewicz, B. Conjugate of PAMAM dendrimer, doxorubicin and
monoclonal antibody — trastuzumab: The new approach of a well-known strategy.
Polymers. 2018, 10 (2), 187. IF 3,681; 40 pkt. MNiSW

4. Marcinkowska, M., Stanczyk, M., Klajnert-Maculewicz, B. Przeciwciato
monoklonalnetrastuzumab i dendrymery w terapii celowanej raka piersi. Postepy
Higieny i Medycyny Doswiadczalnej. 2015, 69, 1313-1324. IF 0,633; 15 pkt. MNiSW

Dla rozprawy doktorskiej: IF =11,891; 95 pkt. MNiSW dla artykutow opublikowanych
przed 31.07.2019; 100 pkt. MNiSW dla artykutu opublikowanego po 31.07.2019.

Catkowity dorobek: IF = 48,614; 355 pkt. MNiSW dla artykutow opublikowanych przed
31.07.2019; 200 pkt. MNiSW dla artykutow opublikowanych po 31.07.2019.

Pozostale publikacje

5. Janaszewska, A., Lazniewska, J., Trzepinski, P., Marcinkowska, M., Klajnert-
Maculewicz B. Cytotoxicity of Dendrimers. Biomolecules. 2019, 1:9(8). E330. IF
4,694; 100 pkt. MNiSW (opublikowany po 31 lipca 2019 r.)

6. Sztandera, K., Dziatak, P., Marcinkowska, M., Stanczyk, M., Gorzkiewicz, M.,
Janaszewska A., Klajnert-Maculewicz, B. Sugar Modification Enhances Cytotoxic
Activity of PAMAM-Doxorubicin Conjugate in Glucose-Deprived MCF-7 Cells -
Possible Role of GLUT1 Transporter. Pharmaceutical Research 2019, 31:36(10), 140.
IF 3,896; 40 pkt. MNiSW

7. Janaszewska, A., Klajnert-Maculewicz, B., Marcinkowska, M., Duchnowicz, P.,

Appelhans, D., Grasso, G., Deriu, M.A, Danani, A., Cangiotti, M. and Ottaviani, MF.
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8. Shcharbin, D., Pedziwiatr-Werbicka, E., Vcherashniaya, A., Janaszewska, A.,
Marcinkowska, M., Goska, P., Klajnert-Maculewicz, B., lonov, M., Abashkin, V.,
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Bryszewska, M. Binding of poly(amidoamine), carbosilane, phosphorus and hybrid
dendrimers to thrombin — Constants and mechanisms. Colloids and Surfaces B
Biointerfaces. 2017, 155:11-16. IF 3,997; 35 pkt. MNiSW

9. Wrobel, D., Marcinkowska, M., Janaszewska, A., Appelhans, D., Voit, B., Klajnert-
Maculewicz, B., Bryszewska, M., Stofik, M., Herma, R., Duchnowicz, P., Maly, J.
Influence of core and maltose surface modification of PEIs on their interaction with
plasma proteins-Human serum albumin and lysozyme. Colloids and Surfaces B
Biointerfaces. 2017, 152:18-28. IF 3,997; 35 pkt. MNiSW

10. Pedziwiatr-Werbicka, E, Mitowska, K., Podlas, M., Marcinkowska, M., Brahmi, Y.,
Katir, N., Majoral, JP., Felczak, A., Lisowska, K., Bryszewska, M., El Kadib, A.
Oleochemical-tethered-SBA-15-type mesoporous silicates with tunable nanoscopic
order, carboxylic reactive-surface and hydrophobic framework: Impact on cellular
toxicity, hemolysis and antibacterial activity. Chemistry - A Europen Journal. 2013;1-
9. IF 5,696; 40 pkt. MNiSW

11. Wasiak, T., Marcinkowska, M., Pieszynski, I., Zablocka, M., Caminade, AM.,
Majoral, JP., Klajnert- Maculewicz, B. Cationic phosphorus dendrimers and therapy
for Alzheimer's disease. New Journal of Chemistry. 2015, 39, 4852-4859. IF 3,277; 30
pkt. MNiSW

12. Janaszewska, A., Gradzinska, K., Marcinkowska, M., Klajnert-Maculewicz, B.,
Stanczyk, WA. In vitro studies of polyhedral oligo silsesquioxanes: Evidence for their
low cytotoxicity. Materials. 2015, 8, 6062-6070. IF 2,651; 35 pkt. MNiSW

Zgloszenia patentowe

1. Sposéb otrzymywania koniugatu docetakselu 1 dendrymeru PAMAM generacji 4
posiadajagcego na powierzchni 64 grupy aminowe oraz zastosowanie docetakselu
i dendrymeru PAMAM generacji 4 posiadajgcego na powierzchni 64 grupy aminowe
do wytwarzania leku przeznaczonego do leczenia raka piersi. (Klajnert-Maculewicz
B., Janaszewska A., Marcinkowska M., Sobierajska E., Stanczyk, M. Stanczyk, W.,
data zgloszenia 25.01.2017) P.420273

2. Sposob otrzymywania koniugatu docetakselu, trastuzumabu i dendrymeru PAMAM
generacji 4 posiadajacego na powierzchni 64 grupy aminowe Oraz zastosowanie
docetakselu, trastuzumabu i dendrymeru PAMAM generacji 4 posiadajacego na
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powierzchni 64 grupy aminowe do wytwarzania leku przeznaczonego do leczenia raka
piersi. (Klajnert-Maculewicz B., Janaszewska A., Marcinkowska M., Sobierajska E.,
Stanczyk, M. Stanczyk, W., data zgtoszenia 24.01.2017) P.420274

Kierowanie projektem badawczym

2016-2019

projekt NCN PRELUDIUM ,Koniugaty nanoczgstek z przeciwcialem
monoklonalnym - nowe otwarcie w celowanej terapii
przeciwnowotworowej”, 2015/19/N/NZ3/02942 — kierownik mgr Monika
Marcinkowska

Udzial w projektach badawczych jako wykonawca:

2018-2021

2019-2021

2013-2016

projekt NCN OPUS ,.Dendrymery fosforowe jako no$niki fotouczulaczy -
badania in vivo“, 2017/25/B/NZ7/01304 — kierownik prof. dr hab. Barbara

Klajnert-Maculewicz

projekt NCN PRELUDIUM ,,Dendrymer PAMAM jako no$nik mesalazyny dla
zwigkszenia efektywnosci terapii nieswoistych zapalen jelit - badania in vitro”,

2018/31/N/NZ7/00374 — kierownik mgr Michat Gorzkiewicz

Projekt NCN OPUS ,Oligosilseskwioksanowe nano-nosniki  lekow*,
2012/07/B/ST5/02603 — kierownik prof. dr hab. Wiodzimierz Stanczyk

Staze naukowe

3.04.2018 - 2.05.2018 program
POLONIUM — LCC CNRS, Tuluza

Laboratoire de (Francja).
Chimie de Coordination

3.05.2018 - 3.07.2018 program
Erasmus+ — LCC CNRS, Tuluza
(Francja).

21.02.2019 - 17.03.2019 program
COST Action CA17140
,,Nano2Clinic. Cancer Nanomedicine
— from the bench to the bedside”,
STSM - LCC CNRS, Tuluza
(Francja).
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Wykaz komunikatéw zjazdowych o zasiegu miedzynarodowym

8-11.04.2019 M. Marcinkowska, A. Janaszewska, B. Klajnert-Maculewicz, COST
Action CA17140 Nano2Clinic (Triest, Wilochy). “Dendrimer conjugates with a
monoclonal antibody in targeted tumor therapy” Cytotoxicity of PAMAM-
PYRROLIDONE dendrimers” — plakat

8-10.02.2017 M. Marcinkowska, E. Sobierajska ,B. Klajnert-Maculewicz. 24th Young
Research Fellows’ Meeting Of the French Medicinal Chemistry Society (Chatenay—
Malabry, Francja). “Nanoparticle conjugates with the monoclonal antibody — a new way
in targeted tumor therapy” — plakat

26-29.06.2016 E. Sobierajska, M. Marcinkowska, A. Janaszewska, M. Stanczyk, B.
Klajnert-Maculewicz. CLINAM European Foundation for Clinical Nanomedicine
(Bazylea, Szwajcaria). “Conjugates of PAMAM dendrimer, taxanes and monoclonal
antibody - a way to increase effectiveness in breast cancer therapy” — plakat

24-25.03.2014 M. Marcinkowaka, P. Pigtek, A. Janaszewska, JF. Petersen, M.
Ficker, JB. Christiansen, M. Bryszewska, B. Klajnert-Maculewicz, XXIst Young
Research Fellow Meeting (Montpellier, Francja). “Cytotoxicity of PAMAM-
PYRROLIDONE dendrimers” — prezentacja ustna

20-22.03.2014 P. Pigtek, M. Marcinkowaka, A. Janaszewska, B. Voit, D. Appelhans,
M. Bryszewska, B. Klajnert-Maculewicz, 111 XXIst Young Research Fellow Meeting
(Montpellier, Francja). “Application of sugar modified dendrimers in neurodegenerative
disorders” — plakat

Wykaz komunikatow zjazdowych o zasi¢gu ogélnopolskim

1.

7-9.05.2016 M. Marcinkowska, E. Sobierajska. V Konferencja Biologii Molekularnej
(LodzZ). ,,Dendrymery w chemioterapii” — plakat

12-14.05.2016 M. Marcinkowska, E. Sobierajska. Ogodlnopolska Konferencja
Doktorantéw Nauk o Zyciu — BioOpen (L6d%). ,,Dendrymery PAMAM jako no$niki
taksanow” — plakat

30.06-2.07.2016 M. Marcinkowska. Polish Scientific Networks (Wroctaw). ,,Koniugaty
dendrymerow PAMAM =z trastuzumabem — zwigckszenie skutecznosci terapii
przeciwnowotworowej” — plakat

20-21.05.2016 E. Sobierajska, M. Marcinkowska. Il Studencka Konferencja
Genetyczna Genomica (Krakéw). ,,Innowacyjne podejscie do walki z nowotworem czyli
terapia ,,podwdjnie” celowana z wykorzystaniem dendrymerow jako nos$nikéw
kompleksu trastuzumabu z doksorubicyng” — plakat
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10.

11.

12.

13.

14.

15.

16.

22-24.04.2016 E. Sobierajska, M. Marcinkowska. V Miedzyuczelniane Sympozjum
Biotechnologiczne ,,Symbioza” (Warszawa). ,,PAMAM dendrimers as carriers of a
double weapon — the complex of paclitaxel and trastuzumab” — plakat

20-22.05.2016 M. Marcinkowska, E. Sobierajska, B. Klajnert- Maculewicz. V
International Conference of Biophysics Students (Krakéw). ,Influence of PAMAM-
taxanes conjugates on the breast cancer cells” — plakat

29-31.05.2016 E. Sobierajska, M. Marcinkowska. V International Conference of
Biophysics Students (Krakow). “Nanoparticles for drug delivery in cancer treatmen” —
prezentacja ustna

26-28.03.2015 E. Sobierajska, M. Marcinkowska. IV Konferencja Biologii
Molekularnej (L6dz). ,,Dendrymery PAMAM jako no$niki Docetakselu” — plakat

26-28.03.2015 M. Marcinkowska, E. Sobierajska. IV Konferencja Biologii
Molekularnej (L6dz). ,,Dendrymery PAMAM w terapii raka piersi” — plakat

18-19.04.2015 E. Sobierajska, M. Marcinkowska. IV Wroctawska Konferencja
Studentéw Nauk Technicznych i Scistych Puzzel (Wroctaw). ,,Dendrymery PAMAM
jako nosniki Paklitakselu” — plakat

20-22.04.2015 E. Sobierajska, M. Marcinkowska. I Ogodlnopolska Konferencja
Doktorantow ~ Nauk o Zyciu — BioOpen (L6dZ). ,Koniugacja leku
przeciwnowotworowego z dendrymerem PAMAM — sposob na zwiekszenie skuteczno$ci
chemioterapii” — plakat

22-24.05.2015 E. Sobierajska, M. Marcinkowska. 11l Studenckiej Konferencji Biologii
Medycznej ,,Biofuzje” (Warszawa). ,,Dendrymery PAMAM w terapii nowotworowe]
z zastosowaniem podwojnie uzbrojonej sity - kompleksu przeciwciata z lekami
przeciwnowotworowymi” — plakat

29-31.05.2015 E. Sobierajska, M. Marcinkowska. IV Miedzyuczelniane Sympozjum
Biotechnologiczne ,,Symbioza” (Warszawa). ,,Dendrymery PAMAM w chemioterapii
z zastosowaniem doksorubicyny (DOX) — plakat

22-24.05.2015 M. Marcinkowska, E. Sobierajska, B. Klajnert-Maculewicz. Il
International Conference of Biophysics Students (Krakow). ,,Influence of PAMAM
dendrimers and anticancer drugs conjugates on the breast cancer cells — plakat

20-22.03.2014 M. Marcinkowaka, P. Pigtek, A. Janaszewska, JF. Petersen, M. Ficker,
JB. Christiansen, M. Bryszewska, B. Klajnert-Maculewicz, 11l Studencka Konferencja
Biologii Molekularnej (L6dZ). ,,Biomedyczne zastosowania dendrymeréw PAMAM
modyfikowanych pyrolidonem” — plakat

16-18.05.2014 M. Marcinkowska, A. Janaszewska, B. Klajnert-Maculewicz, Il
Migdzyuczelniane =~ Sympozjum  Biotechnologiczne  “Symbioza”  (Warszawa).
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“Dendrymer-lek jako nowoczesny sposob na zwigkszanie skuteczno$ci terapii raka
piersi” — plakat

17. 20-22.03.2014 P. Pigtek, M. Marcinkowaka, A. Janaszewska, B. Voit, D. Appelhans,
M. Bryszewska, B. Klajnert-Maculewicz, Ill Studencka Konferencja Biologii
Molekularnej (L6dz). ,,Zastosowanie modyfikowanych dendrymeréw PPI w chorobach
neurodegeneracyjnych” — prezentacja ustna
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6. Streszczenie w jezyku polskim

Rak piersi to nowotwor, ktoéry obok raka jajnika oraz macicy jest jednym z najczesciej
wystepujacych nowotworéw ztosliwych u kobiet. Jedna trzecia z rozpoznanych przypadkow
raka piersi ma zbyt wiele kopii genu ERBB2 kodujacego biatko HER2, czego rezultatem jest
nadekspresja receptora HER2. Anomalia ta prowadzi do szybszego wzrostu raka
I agresywniejszego przebiegu choroby, a nowotwory obarczone nig wykazuja wicksza
lekooporno$¢. Trastuzumab jest rekombinowanym humanizowanym przeciwciatem
mononoklonalnym, ktoére selektywnie taczac sie¢ z IV domeng zewnatrzkomorkowej czesci
biatka HER2, hamuje nadmierng proliferacje komorek guza. Wedtlug licznych opracowan
1 badan klinicznych skuteczno$¢ chemioterapii prowadzonej z trastuzumabem jest wigcksza
w porownaniu do terapii prowadzonej wylacznie z zastosowaniem lekow z rodziny
antracyklin czy taksanow. Niestety wystepujaca oporno$¢ na trastuzumab 0raz jego dzialanie
uboczne (tj. kardiotoksyczno$¢) sg czgsto przyczyng przerwania leczenia.

Dobrze udokumentowane wyniki zastosowania dendrymerow jako nos$nikow lekow
przeciwnowotworowych stanowig podstawe do uzycia ich jako elementu taczacego
przeciwcialo monoklonalne trastuzumab 1 leki przeciwnowotworowe. Dendrymery
poprawiaja rozpuszczalno$¢ lekéw, a takze zapewnig stopniowe ich uwalnianie oraz
zapewniajg ukierunkowany transport. Ponadto obecnos$¢ dokoniugowanego trastuzumabu
zapewnia skuteczny transport leku do komorek z nadekspresja HER2. W pracy zsyntezowano
szeroka grupe koniugatow dendrymerdéw poliamidoaminowych (PAMAM) z lekami z grupy
antracyklin (doksorubicyna) i taksanow (docetaksel 1 paklitaksel) w poszukiwaniu
najefektywniej dziatajacego systemu przeciwnowotworowego, ktéry dzieki przylaczonemu
przeciwcialu monoklonalnemu (trastuzumab) posiadatby zdolno$¢ selektywnego dziatania
w terapii raka piersi z nadekspresjag HER2.

Aby potwierdzi¢ skuteczno$¢ i selektywne dzialanie koniugatow dokonano oceny
cytotoksycznosci koniugatéw (testem MTT) 1 wyznaczono parametr ICso dla dwoéch linii
komorek raka piersi SKBR-3 HER2-pozytywnej i MCF-7 HER2-negatywnej. Uzyskane
wyniki potwierdzilty selektywnos$¢ koniugatéw dendrymeru PAMAM z lekami
1 trastuzumabem wzgledem komoérek z nadekspresja receptora HER2. Zwlaszcza koniugat
z docetakselem wykazywat wyjatkowo wysoka toksycznos¢ wobec komérek SKBR-3 1 niskg
toksyczno$¢ wobec komorek MCF-7. Stwierdzono, iz wyniki cytotoksycznosci uzyskane
testem MTT sa rezultatem szybszego wnikania lekow zwigzanych z no$nikiem. Zastosowanie
mikroskopii konfokalnej umozliwilo potwierdzenie wewnatrzkomorkowej lokalizacji
badanych zwiazkéw. Aby wyloni¢ uklad majacy najwigkszy potencjal terapeutyczny
w leczeniu raka piersi z nadekspresja receptora HER2 dokonano poréwnania mechanizméw
dziatania najbardziej selektywnych koniugatow dendrymeru PAMAM z taksanami
I trastuzumabem. W tym celu oznaczono poziom reaktywnych form tlenu, zmiany potencjatu
mitochondrialnego, aktywacje kaspaz, indukcje apoptozy i rozktad faz cyklu komoérkowego.
Przeprowadzone badania pokazaly ztozono$¢ mechanizmu cytotoksycznego dziatania
koniugatow PAMAM-lek-trastuzumab. Wyr6zni¢ mozna trzy gtdéwne sposoby ich dziatania:
pierwszy mechanizm to stres oksydacyjny, ktory prowadzi do powstawania wolnych
rodnikéw, drugi to mitochondrialna aktywacja kaskady kaspaz 1 trzeci zwigzany
z blokowaniem receptora HER2.

23



Uzyskane wyniki potwierdzity hipoteze badawcza, iz koniugaty dendrymeréw PAMAM
z lekami przeciwnowotworowymi dziatajg skuteczniej niz wolne leki, a dokoniugowanie
przeciwciala monoklonalnego zapewnia selektywno$¢ koniugatéw wzgledem komorek
nowotworowych z nadekspresjg receptora HER2.

Na podstawie badan wyloniono uktad majacy najwickszy potencjal terapeutyczny
w leczeniu raka piersi z nadekspresja receptora HER2 — koniugat PAMAM-docetaksel-
trastuzumab.
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7. Streszczenie w jezyku angielskim

Breast cancer, next to ovarian and uterine cancer, is one of the most common malignancies
in women. One-third of diagnosed breast cancer cases have too many copies of the ERBB2
gene encoding the HER2 protein that results in overexpression of a HER2 receptor. Such
anomaly leads to faster cancer growth with higher drug resistance and more aggressive
disease progress. Trastuzumab is a recombinant, humanized mononoclonal antibody that
selectively binds to the IV domain of the HER2 protein and inhibits excessive proliferation of
tumor cells. Numerous research and clinical studies show that the effectiveness of
chemotherapy with trastuzumab is greater compared to the therapy with anthracyclines or
taxanes. Unfortunately, emerging resistance to trastuzumab and side-effects such
cardiotoxicity are often the reason for discontinuation of the treatment.

The well-documented results of the dendrimers application as anti-cancer drugs carriers
enable their use as a linking element between monoclonal antibody (trastuzumab) and anti-
cancer drugs. Dendrimers improve the drugs solubility and also ensure their gradual release in
the tumor environment. In addition, the presence of conjugated trastuzumab ensures effective
drug transport to HER2-overexpressed cells. Therefore, PAMAM dendrimer conjugates with
anthracyclines (doxorubicin) and taxanes (docetaxel and paclitaxel) were synthesized to select
the most effective anti-cancer system that, thanks to the attached monoclonal antibody, would
have the ability to act selectively in the treatment of the HER2 overexpressing breast cancer.

To confirm the effectiveness and selective cytotoxicity of the conjugates, their cytotoxicity
was assessed (MTT test) and the ICsp parameter was determined for two breast cancer cell
lines (SKBR-3 HER2-positive and MCF-7 HER2-negative). The obtained results confirmed
the selectivity of PAMAM dendrimer conjugates with drugs and trastuzumab towards cells
overexpressing the HER2 receptor. In particular, the docetaxel conjugate showed extremely
high toxicity to SKBR-3 cells and low toxicity to MCF-7 cells. It was found that the observed
cytotoxicity was the result of faster penetration of PAMAM-drug-trastuzumab conjugates to
cells. The confocal microscopy confirmed the intracellular location of the analyzed
compounds. In order to identify the system with the greatest therapeutic potential in the
treatment of the HER2-overexpressing breast cancer, the mechanisms of action of the most
selective PAMAM dendrimer conjugates with taxanes and trastuzumab were compared. For
this purpose, the level of reactive oxygen species, changes in mitochondrial potential,
activation of caspases, induction of apoptosis and cell cycle phase distribution were
determined. Obtained results have shown the complexity of the cytotoxic mechanism of
PAMAM-drug-trastuzumab conjugate activity. There are three main modes of action: the first
mechanism is oxidative stress, which leads to the formation of free radicals, the second one is
the mitochondrial activation of the caspase cascade and the third one is associated with
blocking the HER2 receptor.

The obtained results confirmed the research hypothesis that PAMAM dendrimer conjugates
with anticancer drugs are more effective than free drugs, and the conjugation with
a monoclonal antibody ensures selectivity of conjugates towards tumor cells overexpressing
the HER2 receptor.

Finally, PAMAM-doc-trastuzumab conjugate was identified as the system with the greatest
therapeutic potential in the treatment of the breast cancer with HER2 overexpression.
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Abstract: Taxanes are considered fundamental drugs in the treatment of breast cancer, but despite
the similarities, docetaxel (doc) and paclitaxel (ptx) work differently. For this reason, it is
interesting to identify mechanisms of antitumor activity of PAMAM dendrimer conjugates that
carry docetaxel or paclitaxel and monoclonal antibody trastuzumab, specifically targeted to cells
which overexpressed HER-2. For this purpose, the impact on the level of reactive oxygen species, the
mitochondrial membrane potential, cell cycle distribution and the activity of caspases-3/7, -8 and -9 of
PAMAM-doc-trastuzumab and PAMAM-ptx-trastuzumab conjugates was determined and compared
with free docetaxel and paclitaxel toward HER-2-positive (SKBR-3) and negative (MCF-7) human
breast cancer cell lines. Moreover, apoptosis and necrosis were studied using flow cytometry and
confocal microscopy, respectively. Our studies show the complexity of the potential mechanism of
cytotoxic action of PAMAM-drug-trastuzumab conjugates that should be sought as a resultant of
oxidative stress, mitochondrial activation of the caspase cascade and the HER-2 receptor blockade.

Keywords: trastuzumab; taxanes; tumour targeting; mitochondrial membrane potential; reactive
oxygen species (ROS) formation

1. Introduction

The history of taxanes begin in the early 1960s with the discovery of the antitumor activity of
Taxus brevifolia tree bark extract, named paclitaxel (Taxol, ptx) in 1971 [1]. Docetaxel—a semi-synthetic
analogue of paclitaxel, which in some cases exhibits better efficacy than paclitaxel—was approved
by the FDA for breast cancer treatment in 1996 [2]. In the nineties, paclitaxel and docetaxel were
approved for the treatment of other solid tumours, and they are still fundamental in the treatment of
advanced and early-stage breast cancer. Discovered in the eighties, the mechanism of action of taxanes
demonstrated tubulin stabilisation causing mitotic arrest [3,4]. Taxanes bind to the 3-microtubule chain
and enhance tubulin polymerisation. Docetaxel and paclitaxel can inhibit mitosis and intracellular
transport within cells, leading to apoptotic cell death. Taxanes can also block the BCL-2 gene family
and induce p53 gene activation, the consequence of which is mitotic arrest and cell death [5].

As the data from the literature demonstrates, the mechanism of action of taxanes is not limited to
microtubule stabilisation, mitotic arrest and apoptotic cell death, and new aspects of these drugs are
constantly discovered. Recently, it was shown that taxanes can also affect the androgen receptor (AR)
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and a significant correlation was found between clinical response to taxane chemotherapy and AR
cytoplasmic sequestration in hormone-refractory prostate cancer (HRPC) patients [6].

Taxanes, as well as other chemotherapy drugs, have their limitations, including multidrug
resistance (MDR). Since paclitaxel and docetaxel have a high affinity for the ATP-dependent drug efflux
pump P-glycoprotein (Pgp) [7], it is considered that Pgp expression by cancer cells can be responsible
for resistance to taxanes. Another limitation may be overexpression of class III 3-tubulin [8].

These are not the only limitations of taxanes. Despite the clinical progress in the treatment
of cancer with taxanes, paclitaxel and docetaxel, their effectiveness is limited by hydrophobicity.
Solvent-based delivery vehicles for chemotherapy agents allowing hydrophobic drugs to be
administered intravenously are associated with serious toxic side effects [9]. Moreover, both taxanes
suffer from the lack of tumour specificity. That is why new solutions are being sought, such as
cabazitaxel, which exhibits improved potency against MDR-expressing tumours, but its clinical
application is intended for prostate cancer only [10], or abraxane—the albumin-bound paclitaxel
nano-droplet formulation—which expanded the clinical application of paclitaxel but is highly, not
selectively, cytotoxic [11].

Therefore, drug combination appears to be the most attractive area of pre-clinical research, e.g.,
abraxane was successfully used with trastuzumab and carboplatin in first-line therapy for advanced
HER-2 positive breast cancer [12] and docetaxel with pertuzumab and trastuzumab in first-line
treatment for HER2-positive metastatic breast cancer [13]. The question arises what advantages can be
achieved using a monoclonal antibody with taxanes? Our previous studies demonstrated the utility
of trastuzumab as a targeting agent. Moreover, PAMAM dendrimer conjugates, with trastuzumab
and docetaxel or paclitaxel, improved the efficacy of targeted delivery of these anticancer drugs [14].
Therefore, what is so unique in trastuzumab that it has such an impact on increasing the efficiency and
selectivity of PAMAM-drug-trastuzumab conjugates?

Trastuzumab is a recombinant humanised monoclonal antibody targeted against the extracellular
domain of the HER-2 protein [15]. The HER-2 gene is overexpressed in more than 20% of all
primary invasive breast cancers (HER-2-positive breast cancer) [16]. Because HER-2 overexpression
is associated with poor disease-free survival, HER-2 gene amplifications are considered to be an
independent adverse prognostic factor [17]. Some studies have shown that trastuzumab may increase
the efficacy of commonly used chemotherapy as a factor supporting the induction of apoptosis [18].
Furthermore, several possible modes of action of trastuzumab have been proposed in the literature,
such as cytotoxicity, inhibition of DNA repair, cell-cycle arrest, suppression of angiogenesis and
inhibition of HER-2 extracellular proteolysis [19,20], but the exact mechanism of anticancer activity
of trastuzumab alone or in combined therapy with anticancer drugs has not been fully elucidated.
Therefore, studies that enable understanding the mechanism of anticancer activity of taxanes and
trastuzumab are so important.

Our previous studies showed that application of PAMAM dendrimer conjugation significantly
increased cellular uptake of taxanes, enabling passive delivery of paclitaxel or docetaxel, which
consequently increased their cytotoxicity [14]. They also showed that trastuzumab can be used in a
PAMAM-drug-trastuzumab conjugate carrying paclitaxel (ptx) or docetaxel (doc) to specifically target
SKBR-3 HER-2 positive cells. Moreover, PAMAM-drug-trastuzumab conjugates proved increased
toxicity toward HER-2-positive human breast cancer cells compared with the free drug or the
PAMAM-trastuzumab conjugate.

Since the cytotoxic activity of PAMAM-drug-trastuzumab conjugates and free drugs was previously
tested on HER-2-positive (SKBR-3) and negative (MCF-7) human breast cancer cell lines, the same
cell lines were used in the present study to investigate the influence of the conjugates and drugs on
mitochondrial membrane potential, the intracellular reactive oxygen species generation, caspases
activity, cell cycle and ability to induce apoptosis or necrosis.

The results presented in this article are the next step to a better understanding of the mechanism
responsible for the enhanced therapeutic effect of taxanes and selectivity of their conjugates with
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trastuzumab in comparison with the free drugs. The analysed drugs and their conjugates showed
a different mechanism of action. The PAMAM-doc-trastuzumab conjugate generated more reactive
oxygen species than the free docetaxel, while conversely, the PAMAM-ptx-trastuzumab conjugate
had a lesser influence on the intracellular ROS level than free paclitaxel. In the case of mitochondrial
membrane potential, the PAMAM-ptx-trastuzumab conjugate acted similar to free taxanes, triggering
at first an increased, and then a decreased, mitochondrial membrane potential, in contrast to
the PAMAM-doc-trastuzumab conjugate, which evoked immediate mitochondrial depolarisation.
Interestingly, only in the case of SKBR-3 cells, both PAMAM-drug-trastuzumab conjugates maintained
the mechanism of action of free drugs and activated the caspase cascade, which was reflected in higher
apoptosis induction. The most important finding was that all components of the conjugates, only when
acting together, can achieve a higher efficacy and selective toxicity.

2. Materials and Methods

2.1. Materials

Solvents for the synthesis and purification were purchased from Sigma-Aldrich (Poznan, Poland).
All cell culture reagents were purchased from Gibco® (Life Technologies Polska Sp. z o. 0., Warsaw,
Poland). Flasks and multiwell transparent and black plates for in vitro studies were obtained from
Nunc (Life Technologies Polska Sp. z o. 0., Warsaw, Poland). PAMAM G4-NH, dendrimer, docetaxel,
paclitaxel, phosphate buffered saline (PBS), fetal bovine serum (FBS), propidium iodide (PI) and
ribonuclease A deoxyribonuclease-free were purchased from Sigma-Aldrich (Poznan, Poland). Trypan
blue was purchased from Molecular Probes ((Thermo Scientific™, Warsaw, Poland). Annexin V and
2’,7'-dichlorodihydrofluorescein (H2DCF-DA) were purchased from BD Biosciences (Warsaw, Poland).
Caspase-Glo® 3/7 Assay, Caspase-Glo® 8 Assay and Caspase-Glo® 9 Assay systems were purchased
from Promega Corporation (Mannheim, Germany). Trastuzumab (Herceptin) was obtained from
Roche Poland (Poznan, Poland). Human breast adenocarcinoma’s cell lines, including HER-2 positive
(SKBR-3 ATCC no. HTB-30) and HER-2 negative (MCF-7 ATCC no. HTB-22) were purchased from
ATCC (LGC Standards Sp. z o. 0., Lomianki, Poland).

2.2. Synthesis of Conjugates

The linking of the taxanes to the PAMAM dendrimer was done using a two steps
covalent method (patent pending P.420273) while the synthesis of PAMAM-doc-trastuzumab and
PAMAM-ptx-trastuzumab conjugates was performed according to the methods (patent pending
P.420274) described earlier [14]. The stoichiometric ratio of PAMAM-drug conjugate was 1:1 and
PAMAM-drug-trastuzumab conjugate was 1:1:1, respectively.

2.3. Cell Culture

MCE-7 (HER-2 negative human breast adenocarcinoma cell line) was cultured in DMEM medium
enriched with 10% (v/v) foetal bovine serum (FBS) and GlutaMAX. SKBR-3 (HER-2 positive human
breast adenocarcinoma cell line) was cultured in McCoy’s 5A medium also supplemented with
GlutaMAX and 10% (v/v) FBS. Cells were cultured in T-75 culture flasks in the atmosphere containing
5.0% CO; at 37 °C and subcultured every 2-3 days. Cells were used in experiments after obtaining
80-90% confluence. The number of viable cells was determined by the trypan blue exclusion assay
using a Invitrogen Countess Automated Cell Counter (Life Technologies Polska Sp. z o. 0., Warsaw,
Poland). Cells were seeded in flat bottom 96-well transparent plates at a density of 2.0 x 10 cells/well
in 100 uL of an appropriate medium or in flat bottom 12-well transparent plates at a density of 2.0 X
10° cells/well in 1 mL of an appropriate medium. After seeding, plates were incubated for 24 h in a
humidified atmosphere containing 5.0% CO, at 37 °C.
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2.4. Measurement of Reactive Oxygen Species (ROS)

Changes in the level of reactive oxygen species were checked using a fluorescent probe
2',7’-dichlorodihydrofluorescein. The biological mechanism of the probe activity is the elimination of
acetate groups by intracellular esterases, followed by oxidation of the compound to dichlorofluorescein
(DCF) [21]. Cells were seeded on 96-well black plates at a density of 2.0 X 10* cells/well in 100 pL of an
appropriate medium. After treatment, cells were stained with 2 uM H, DCFDA for 15 min in growing
conditions. Subsequently the dye solution was removed and cells were washed with PBS. Fluorescence
(Aex = 485 nm, Aem = 530 nm) was measured using the Synergy™ HTX Multi-Mode Microplate Reader
(BioTek, Winooski, VT, USA).

2.5. Assessment of Mitochondrial Membrane Potential (A'Ym)

Mitochondrial membrane potential was measured using a JC-1 fluorescent lipophilic cationic dye,
which at higher concentrations forms J-aggregates accumulating in mitochondria and exhibits red
fluorescence (Aex = 530 nm, Aey = 590 nm). When the mitochondrial membrane is depolarized, the dye
does not aggregate but exists in the form of monomers, which emit green fluorescence (Aex = 485 nm,
Aem = 540). The loss of AY, can be indicated by a decrease in the red to green fluorescence intensity
ratio [22]. Cells were seeded on 96-well black plates at a density of 2.0 X 10# cells/well in 100 uL of an
appropriate medium. After treatment, 50 uL of 5 uM JC-1 was added to each well and incubated for
30 min in growing conditions. The dye was removed, cells were washed with PBS and then 50 uL of
PBS was added to each well. Measurements were performed using the Synergy™ HTX Multi-Mode
Microplate Reader.

2.6. Measurement of Caspases Activity

Estimates of the activity of caspases-3/7, -8 and -9 were performed using assay kits (Caspase-Glo®
3/7 Assay, Caspase-Glo® 8 Assay and Caspase-Glo® 9 Assay systems Promega Corporation) according
to the producer recommendations.

Cells were seeded on 96-well black plates at a density of 2.0 x 10* cells/well in 100 uL of an
appropriate medium. After treatment cells were centrifuged and 50 pL of supernatant was transferred
to new 96-well black plate. Then 50 pL of the reaction mixture was added to each well and incubated
for 20/40/60 min in growing conditions. The chemiluminescence was read using the Synergy = HTX
Multi-Mode Microplate Reader.

2.7. Detection of Apoptotic and Necrotic Cells

Annexin V and propidium iodide (PI) staining was performed to detect apoptotic and necrotic
cells. Annexin V is a protein that specifically binds to phosphatidylserine, which is translocated
from the inner layer of the plasma membrane to the outer layer during early apoptotic cells. The
cell membrane of apoptotic cells stained with Annexin V conjugated with fluorescein isothiocyanate
(FITC) is not permeable to the red fluorescent dye propidium iodide, which is able to penetrate the
interior of necrotic cells. For this reason, the method is suitable to distinguishing between intact,
apoptotic and necrotic cell populations. A low level of green fluorescence is characteristic for viable
cells. Apoptotic cells show an increased level of green fluorescence, while necrotic cells exhibit both
red and green fluorescence [23]. Cells were seeded in 24-well transparent plates. After treatment, cells
were trypsinised, and then washed with PBS and suspended in 500 uL of binding buffer (delivered
from the producer). The mixture consisting of 5 uL. of Annexin V conjugated with FITC and 5 uL of
propidium iodide was added to cell suspension. Samples were incubated at room temperature for 20
min in the dark. Measurement of fluorescence intensity was performed by a Becton Dickinson LSR II
flow cytometer. The control apoptosis was induced by camptothecin (80 uM) and necrosis was induced
by pentachlorophenol (0.6 uM) (data not shown). The data were recorded for a total of 10,000 events
per sample.
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2.8. Confocal Microscopy

Confocal microscopy images were obtained using confocal inverted microscope SP-8, Leica
equipped with 405 nm laser (Labsoft Sp. z 0.0., Warsaw, Poland). Cells at the density of 1 x 10*
cells/well (SKBR-3) and 0.75 x 10* cells/well (MCF-7) were seeded on 96-well glass-bottom plates and
incubated with 1 uM docetaxel or paclitaxel or PAMAM-doc-trastuzumab or PAMAM-ptx-trastuzumab
conjugate for 24 h in 37 °C humidified atmosphere containing 5.0% CO,. After treatment, cells were
washed with PBS, and then suspended in 100 uL of binding buffer (delivered from the producer). The
mixture consisting of 1 uL of Annexin V fluorescein isothiocyanate and 1 uL of propidium iodide
was added to cell suspension. Samples were incubated at room temperature for 20 min in the dark.
Thereafter, cells were cooled on ice and washed once with cold phosphate buffered saline. Cells were
imaged to visualize fluorescence of FITC labelled Annexin V in the green channel (excitation 488 nm,
emission 520 nm) and propidium iodide in the red channel (excitation 535 nm, emission 617 nm).

2.9. Cell Cycle Studies

Cell cycle distribution was analysed by flow cytometry (LSRII; Becton Dickinson Biosciences, San
Jose, CA, USA) after propidium iodide staining according to Chang et al. [24]. Cells were seeded in
24-well plates. After treatment cells were trypsinised, collected and fixed in ice-cold 96% ethanol for 24
h. Then, cells were washed with PBS and incubated for 30 min at 4 °C in 500 pL of staining solution
containing 10 mM Tris-HCl (pH = 7.5), 5 mM magnesium chloride, 10 pg/mL propidium iodide and
10 ug/mL ribonuclease A. After this time samples were analysed by a Becton Dickinson LSRII flow
cytometer. The data were recorded for a total of 10,000 events per sample.

2.10. Statistical Analysis

Data was expressed as mean + SD. Analysis of variance (ANOVA) with the Tukey post hoc test
was used for results comparison. All statistics were calculated using the Statistica software (StatSoft,
Tulsa, OK, USA), and p < 0.05 was considered significant.

3. Results and Discussion

Our previous studies showed that PAMAM-drug-trastuzumab conjugates possess increased
toxicity toward HER-2-positive human breast cancer cells compared with the free drug or the
PAMAM-trastuzumab conjugate. The ICsg values in SKBR-3 cells were equal to 0.004 uM for the
PAMAM-doc-trastuzumab conjugate and 0.002 pM for the PAMAM-ptx-trastuzumab conjugate after
a 48 h incubation compared with the 2 uM concentration of free docetaxel and 0.49 pM of free
paclitaxel, respectively. However, the most remarkable observation was the selectivity between cell
lines, especially for the PAMAM-doc-trastuzumab conjugate (48.85 uM for MCF-7 HER-2-negative
and 0.004 pM for SKBR-3 HER-2-positive cell lines) [14]. The ICs, value for SKBR-3 cells confirmed
also the increase in selectivity and therapeutic effect compared not only to free drugs but also to the
PAMAM-trastuzumab conjugate (0.41 + 0.06 umol/L) [25]. It is important to mention that toxicity
of the cationic amino-terminated PAMAM dendrimer generation 4 had no impact on the overall
PAMAM-drug-trastuzumab conjugates cytotoxicity in the 0.002-0.004 uM concentration range, since
our previous studies proved that for this dendrimer the ICs, values obtained for sensitive Chinese
hamster ovary (CHO) and resistant human ovarian carcinoma (SKOV3) cell lines were 5.56 and 46.49
uM, respectively [26]. High toxicity is usually correlated with a higher production of ROS, and finally,
induction of cell death. The interaction of most anticancer drugs with the mitochondria led to ROS
production. Moreover, the intracellular ROS play an important role in apoptosis through affecting
several signalling pathways [27,28]. Since oxidative stress has an influence on mitochondria, the
cellular redox homeostasis is a crucial factor in the modulation of apoptosis [26]. For this reason, it
is very important to check whether the PAMAM-drug-trastuzumab conjugates can initiate oxidative
resulting from cell overproduction of ROS.
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To fully understand the mechanisms of HER-2-negative and HER-2-positive cell death, ROS
production was estimated by the formation of a highly fluorescent dichlorofluorescein (DCF), the
compound formed after the oxidation of non-fluorescent H2ZDCF-DA by cytosolic esterases [21]. As
shown in Figure 1, after a 3 h incubation, only free drugs enhanced the production of ROS, especially
the highest 20 uM paclitaxel concentration in the SKBR-3 cell line. After a 24 h incubation, some of the
cells treated with free drugs were already dead, while PAMAM-drug-trastuzumab conjugates were
just starting to act. Our measurements of ROS formation brought interesting findings. Considering the
SKBR-3 cell line (Figure 1, right panel), paclitaxel induced a higher level of ROS than the more toxic
PAMAM-ptx-trastuzumab conjugate. Some reports have indicated that taxanes only provoke a low
level of oxidative stress and they generate some ROS, but the apoptosis they trigger in cancer cells is
mainly by the release of cytochrome ¢ from mitochondria [29]. However, one must bear in mind that
paclitaxel is not soluble in water, but in DMSO, and therefore, the observed effect might be enhanced
by the solvent. In the case of the conjugates, PAMAM dendrimers may affect the ROS production
because, on the one hand, they are the substitute for the solvent, but on the other hand, they have an
impact on mitochondria. Mukherjee et al. showed that the interaction of amino-terminated PAMAM
dendrimers with the mitochondria led to ROS production [30]. Mohan et al. demonstrated that
trastuzumab significantly enhanced the generation of intracellular ROS, peroxides and free radicals in
cardiomyocytes [31]. Thus, one would expect that the observed effect of the conjugate should be the
resultant of the action of these three components: The anticancer drug, the PAMAM dendrimer carrier
and the monoclonal antibody trastuzumab. However, the PAMAM-ptx-trastuzumab conjugate induced
only a low level of ROS in comparison to free paclitaxel. Interestingly, the PAMAM-doc-trastuzumab
conjugate generated more ROS than the PAMAM-ptx-trastuzumab conjugate, but after a 24 h incubation.
This may be the first step in indicating a difference in the mechanism of action of these conjugates.
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Figure 1. Influence of the PAMAM-ptx-trastuzumab conjugate, PAMAM-doc-trastuzumab conjugate,
paclitaxel (ptx) and docetaxel (doc) at a concentration range of 5-20 uM on the ROS generation in
MCE-7 cells (left panel) and SKBR-3 cells (right panel) after 3 and 24 h incubation periods. The results
are presented as the mean + standard deviation of three experiments.
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Mitochondria activation most often leads to changes in the mitochondrial membrane potential,
permeability transition, increased production of intracellular ROS and the generation of apoptotic
proteins in the cell. The change of mitochondrial membrane potential can cause cell death. Zorov
et al. described mechanisms assuming that an increase in ROS generation reaching a threshold
level which caused the opening of the channels in mitochondrial membrane, resulted in the collapse
of its potential and increased ROS production [32]. Mitochondrial depolarisation—a decrease in
the mitochondrial membrane potential—occurs in the early stages of apoptosis and is preceded by
mitochondrial hyperpolarisation, relying on the locking of the voltage dependent anion channel
(VDAC) with the Bax peptide [33] or by generating a proton gradient across the inner membrane [34].

According to current knowledge on the action of taxanes, after a 3 h incubation, both docetaxel and
paclitaxel increased the mitochondrial membrane potential only to decrease it after a 24 h incubation
(Figure 2). Many in vitro studies have showed that paclitaxel and docetaxel are able to alter the
mitochondrial structure, and their function can evoke mitochondrial depolarisation due to the opening
of the mitochondrial permeability transition pore (mPTP) and release of Ca?* from mitochondria [35-37].
An amino-terminated PAMAM G4 dendrimer can also decrease the mitochondrial membrane potential
in a concentration-dependent manner, where the higher the toxicity of the dendrimer the higher the
depolarisation of the mitochondrial membrane [38]. Since trastuzumab can trigger cellular oxidative
stress and induce apoptosis through the depolarisation of mitochondria, the action of all mentioned
compounds together should also lead to mitochondrial defects, causing the opening of the mPTP and
the activation of cell death pathways. Figure 2 summarises the results of the experiment devoted to the
analysis of the ability of free paclitaxel and docetaxel, as well as PAMAM-drug-trastuzumab conjugates,
to induce changes in mitochondrial membrane potential. As it can be observed in the case of the MCF-7
HER-2-negative cell line, there were significant differences between the PAMAM-drug-trastuzumab
conjugates. The PAMAM-ptx-trastuzumab conjugate acted similar to free drugs, initially triggering
an increase, followed by a decrease of the mitochondrial membrane potential, in contrast to the
PAMAM-doc-trastuzumab conjugate, which evoked an immediate mitochondrial depolarisation.
Interestingly, in the case of the SKBR-3 HER-2-positive cell line, both conjugates evoked very high
mitochondrial depolarisation, especially after a 24 h incubation.

Analysing changes in mitochondrial potential, we noticed differences in the effects of free drugs
and conjugates depending on the time of drug-treatment and the cell line. However, very large
changes caused by conjugates compared to free drugs in the SKBR-3 HER-2-positive cell line confirmed
our previous results of selective cytotoxicity and may suggest an even greater effect of the tested
compounds on the activation of caspases and apoptosis.

One of the factors released from the mitochondria during depolarisation was cytochrome c (Apaf-2).
In the cytoplasm, Apaf-2 combines with the protein factor Apaf-1 and procaspase-9 to form a structure
called apoptosome. The main task of the apoptosome is to activate executive caspases [39]. Activation
of procaspase-9 on the apoptosome is a crucial step in the intrinsic cell death pathway. Executive
caspases are also essential for apoptosis-associated chromatin condensation, DNA fragmentation and
nuclear collapse [40]. Second, a major cellular pathway of drug-induced apoptosis is the CD95 death
receptor pathway, initiated by ligation of the death receptor by its ligand CD95L [41].

The release of cytochrome c and ligation of proapoptotic signals of CD95 activate initiator caspases,
caspases-8 and -9, respectively. Then the initiator caspases activate the effector caspases, caspases-3, -6
and -7, which lead to the induction of apoptosis.

Since caspase activation occurs almost immediately after ROS generation (oxidative damage —
caspases-8) or changes in mitochondrial membrane potential (mitochondria damage — caspases-9),
the activity of caspase-8, -9 and -3/7 was studied at the same time points (3 and 24 h) fora 1 uM
dose of free paclitaxel and docetaxel, as well as the PAMAM-drug-trastuzumab conjugates. For all
analysed compounds, a biphasic caspase activity was observed (Figure 3), similar to that caused by
polyamidoamine dendrimer nanoparticles [38]. For free paclitaxel and docetaxel, an initial increase
of caspases levels was observed after a 3 h incubation, while a decrease was observed after a 24 h
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incubation, except for caspase-3/7, which reached a maximum level in the SKBR-3 line after a 24 h
incubation period with the drugs. A similar behaviour was observed for the PAMAM-drug-trastuzumab
conjugates. In the MCF-7 cell line, both conjugates resulted in a decrease in the activity of all caspases,
after reaching the initial maximum. In contrast, in the SKBR-3 cell line, the activity of all caspases
increased to reach a maximum after a 24 h incubation period, especially caspase-3/7.
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Figure 2. Influence of the PAMAM-ptx-trastuzumab conjugate, PAMAM-doc-trastuzumab conjugate,
paclitaxel (ptx) and docetaxel (doc) on the mitochondrial membrane potential in MCF-7 cells (left
panel) and SKBR-3 cells (right panel) after 3 and 24 h incubation. The results are presented as the
mean + standard deviation of three experiments.

This is a very important result, because it was shown in the case of SKBR-3 cells that both
PAMAM-drug-conjugates maintain the mechanism of action of free drugs and activate initiator
caspases-8 and -9, which participate in the activation of the caspase cascade—and of particular
importance, caspase-3—which is necessary for cleavage of the majority of substrates examined, as well
as DNA fragmentation and nuclear collapse resulting in apoptotic cell death [42]. Our results are in
line with other studies showing the involvement of caspase activation in taxane-induced apoptosis of
cancer cells derived from the breast cancer paclitaxel-sensitive MDA-MB-435 and paclitaxel-resistant
NCI/ADR-RES cell lines [43]; the human pulmonary adenocarcinoma A549 cell line [44]; the ovarian
cancer paclitaxel-resistant HER-2/neu-overexpressing SKOV3.ipl cell line [45]; and the prostate cancer
DU145 cell line [46]. However, here arises the question: Why do the free drugs and conjugates,
which in the MCF-7 cell line caused high mitochondrial membrane hyperpolarisation, not activate
the caspase cascade in this cell line as strongly as they did in the SKBR-3 cell line? The precise reason
for this inconsistency is not known, but we presume that the inconsistency might be due to cellular
differences in tissue origin, status of differentiation or cell cycle checkpoint/regulatory proteins such as
P53 [47]. Our hypothesis can be confirmed by other studies showing that, especially paclitaxel-induced
apoptosis, is not always related to caspase activity, just like in the case of the lung cancer cell line
NCI-H460, ovarian cancer cell line SKOV3 or the previously mentioned breast cancer MCF-7 cell
line [48,49].
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Figure 3. Influence of the PAMAM-ptx-trastuzumab conjugate, PAMAM-doc-trastuzumab conjugate,
paclitaxel (ptx) and docetaxel (doc) on the caspases 3/7, 8 and 9 activation in MCF-7 and SKBR-3 cells
after a 3 and 24 h incubation period. The results are presented as the mean + standard deviation of
three experiments.

Since the results from this study indicate that PAMAM-drug-trastuzumab-induced apoptosis
in SKBR-3 HER-2-positive cell line is associated with the caspase-dependent pathway, we decided
to check fractions of apoptotic and necrotic cells after 3 and 24 h incubation periods with the
PAMAM-ptx-trastuzumab conjugate and the PAMAM-doc-trastuzumab conjugate, as well as paclitaxel
and docetaxel in both cell lines (Figure 4). Apoptosis is a form of programmed cell death that is
characterised by condensation of the nuclear chromatin, cell shrinkage, DNA fragmentation, exposure
of apoptotic bodies and changes in the symmetry of phosphatidylserine (PS). In contrast to apoptosis,
necrosis is demonstrated by a loss of membrane integrity, shut down of metabolism and the release of
cytoplasmic components [26]. The cell membrane of apoptotic cells stained with Annexin V conjugated
with fluorescein isothiocyanate (FITC) is impermeable compared to the red fluorescent dye propidium
iodide (PI), which can penetrate the interior of necrotic cells. As it can be observed in Figure 4, in the
case of MCF-7 HER-2-negative cell line and the SKBR-3 HER-2-positive cell line, after 3 h, the conjugates
were more effective than free drugs, resulting in a higher percent of early and late apoptotic cells (12.1%
of cells for PAMAM-ptx-trastuzumab and 7.3% of cells for PAMAM-doc-trastuzumab in the MCF-7
cell line; 12.3% of cells for PAMAM-ptx-trastuzumab and 35.9% of cells for PAMAM-doc-trastuzumab
in SKBR cell line, respectively), as compared to free drugs (10.9% of cells for paclitaxel and 12.0% of
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cells for docetaxel in MCEF-7 cell line; 5.5% cells for paclitaxel and 3.7% cells for docetaxel in SKBR cell
line, respectively).
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Figure 4. Fractions of apoptotic and necrotic cells after 3 and 24 h incubation periods with the
PAMAM-ptx-trastuzumab conjugate, PAMAM-doc-trastuzumab conjugate, paclitaxel (ptx) and
docetaxel (doc) at a 1 uM concentration in MCF-7 cells (left panel) and SKBR-3 cells (right panel). The
results are presented as the mean + standard deviation of three experiments.

Analysing the results after 24 h of incubation, it should be considered that some of the dead
cells were too distorted to be measured by the flow cytometry. Therefore, the only information
that is important is the fact that the fraction of early and late apoptotic cells after 24 h increased
for both conjugates, especially for the PAMAM-ptx-trastuzumab conjugate in the SKBR cell line
(15.3% of cells for the PAMAM-ptx-trastuzumab and 15.8% of cells for the PAMAM-doc-trastuzumab
in the MCE-7 cell line; 28.5% of cells for the PAMAM-ptx-trastuzumab and 36.4% of cells for the
PAMAM-doc-trastuzumab in the SKBR cell line, respectively). The results indicate that in the
case of the PAMAM-doc-trastuzumab conjugate, the major mechanism of cell death is apoptosis.
Kulhari et al.’s research also confirms that dendrimer conjugated with trastuzumab and docetaxel
(TZ-Dend-DTX) is able to induce higher level of apoptosis than free docetaxel (DTX) [50]. In the
case of the PAMAM-ptx-trastuzumab conjugate, the leading mechanism is initially necrosis, and
after prolonged incubation, apoptosis. This is in line with our previous observations that in the
case of a paclitaxel conjugate, other mechanisms may also be involved in the cell death process.
Annexin V studies confirm that trastuzumab targeting is crucial for the enhanced cytotoxic activity of
PAMAM-drug-trastuzumab conjugates [14].

The results obtained from the analysis of fractions of apoptotic and necrotic cells were confirmed
with confocal images (Figure 5). Applying confocal microscopy, it was shown that after a 24 h
incubation period, both PAMAM-drug-trastuzumab conjugates caused numerous changes typical
for apoptosis, but also for necrosis: Alteration in the structure, size and shape of the cell’s nucleus,
profound chromatin condensation, cell shrinkage and nuclear fragmentation, formation of apoptotic
bodies, impairment of the plasma membrane and cell disintegration.
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PAMAM-doc- PAMAM-ptx-
doc trastuzumab trastuzumab

MCEF-7

SKBR-3

Figure 5. Representative confocal images of MCF-7 and SKBR-3 cells after a 24 h incubation period
with the analysed compounds. The cells were stained with Annexin V and propidium iodide (PI).
After drug treatment, a strong green fluorescence (derived from Annexin-V FITC) in the cells with
phosphatidylserine translocated from the inner layer of the plasma membrane to the outer layer
was noticed, which is characteristic for symptoms of programmed cell death. Cancer cells treated
with investigated drugs present abnormal morphology: Chromatin condensation and fragmentation
(marked by the blue arrows ™#), giant cells and elongated cells with protrusions from the plasma
membrane and cytoplasmic bridges between cells (marked by the yellow arrows " ). For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.

In addition to the generation of oxidative stress and the induction of apoptosis, another aspect
of the action of anticancer drugs is the impact on the cell cycle. The cell cycle consists of several
phases: Gl-preparation for DNA synthesis; S-phase of DNA synthesis; G2—preparation for mitosis;
and M-mitosis during which the cell divides into two similar cells. In these phases, there are also the
checkpoints that ensure the integrity of the genome. The G1 and G2 checkpoints arrest the cell cycle
when DNA damage is detected; in the S phase checkpoint, the cycle arrest is the result of a problem
with DNA replication; and the M phase checkpoint is responsible for cell arrest if a problem with the
mitotic spindle assembly occurs [51]. Taxanes interfere with the mitotic process and therefore they act
mostly during the M phase, while trastuzumab influence the cell cycle causing cell arrest in the G1/S
checkpoint [51,52]. Figure 6 summarises the results of the cell cycle analysis for control (untreated)
cells and cells treated with free paclitaxel and docetaxel, as well as PAMAM-drug-trastuzumab
conjugates at a 1 uM concentration after a 3 and 24 h incubation period. In the case of the MCF-7
HER-2-negative cell line, after a 3 h incubation period, docetaxel only caused a slight cycle arrest
in the G2/M phase, while the PAMAM-doc-trastuzumab conjugate blocked as much as 56.6% of
cells in the S phase. Interestingly, paclitaxel and its conjugate had no influence on the cell cycle.
However, after a 24 h incubation, docetaxel and paclitaxel caused cell cycle arrest in the G2/M
phase (87.4% and 86.7%, respectively), and both conjugates increased cell accumulation in the S
phase (PAMAM-doc-trastuzumab to 86.8% and PAMAM-ptx-trastuzumab to 33.5%). In the case
of the SKBR-3 HER-2-positive cell line after a 3 h incubation period, both free taxanes and the
PAMAM-ptx-trastuzumab conjugate did not affect the cell cycle, only the PAMAM-doc-trastuzumab
conjugate induced significant cell accumulation in the G1 phase. After a 24 h incubation, paclitaxel and
docetaxel increased cell accumulation in the S phase (slight) and in G2/M phase (significant), while the
PAMAM-ptx-trastuzumab conjugate caused cell cycle arrest in the G1 and S phases (57.6% and 42.3%,
respectively) and the PAMAMS-doc-trastuzumab conjugate only caused cell cycle arrest in the G1 phase
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(72.5%). The results obtained for PAMAM-drug-trastuzumab conjugates are in good agreement with
other data where trastuzumab has been found to interfere with HER-2 receptor signalling resulting in
cell arrest at the G1/S checkpoint [53,54]. What is important in our study is that we showed that despite
the reduction in the HER-2 receptors postulated in SKBR-3 cells, to the level that requires further
trastuzumab efficacy [55], our conjugates enabled the trastuzumab to remain effective, and thanks to
the combined action with taxanes, our PAMAM-drug-trastuzumab conjugates showed dose-dependent
cytotoxicity and differences in molecular mechanisms of their antitumor activity.
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Figure 6. Cell cycle analysis for control (untreated cells) and cells treated with 1 uM of the
PAMAM-ptx-trastuzumab conjugate, PAMAM-doc-trastuzumab conjugate, paclitaxel (ptx) and
docetaxel (doc) in MCE-7 cells (left panel) and SKBR-3 cells (right panel) after 3 and 24 h incubation
periods. The results are presented as the mean of three experiments.

The result, which was surprising to us was the accumulation of MCF-7 cells in the S phase
caused by the PAMAM-doc-trastuzumab conjugate and in the G1 and S phases caused by the
PAMAM-ptx-trastuzumab conjugate, particularly after a 24 h incubation period. Even if docetaxel
can also affect centrosome organisation in the S phase, resulting in incomplete mitosis, then paclitaxel
should directly affect the mitotic spindle causing cell arrest in the G2/M phase [56]. A different
pharmacological mechanism of taxanes regulation also does not explain the stronger activity of the
conjugates compared to free drugs. Therefore, in our opinion, the explanation of this mechanism should
be sought in the combined action of taxanes with other components of the conjugates. According
to Collins et al.’s research, trastuzumab can induce a significant antibody-dependent cell-mediated
cytotoxicity response not only in the HER-2-positive HCC1954 and SKBR-3 cell lines, but also in
five different HER-2-negative CAL-51, CAMA-1, MCEF-7, T47D and EFM19 cell lines, all with the
non-amplified HER-2 receptor, detectable only by western blot. Their results showed that despite the
low level of HER-2 receptors in normal breast tissue, trastuzumab can bind to HER-2 non-amplified cells
and induce a tumour-specific trastuzumab cytotoxicity response [57]. Moreover, some in vitro studies
and even clinical trials reported that trastuzumab achieved synergistic interactions with paclitaxel
or docetaxel in the MCF-7 HER-2-negative cell line, while only additive interactions in the SKBR-3
HER-2-positive cell line [58,59].

Our studies show the complexity of the potential mechanism of cytotoxic action of
PAMAM-drug-trastuzumab conjugates. Therefore, we propose three main modes of action for
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them (Scheme 1). The first mechanism is oxidative stress that can lead to the generation of free radicals,
the second is the mitochondrial activation of the caspases cascade and the third mechanism is associated
with the blocking of the HER-2 receptor. The combination of these three modes of action may explain
the complex mechanism of the selective action of PAMAM-drug-trastuzumab conjugates.

HER 2
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\ cell growth
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caspase 8 angiogenesis

»
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DNA
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Scheme 1. Three main modes of action of the PAMAM-ptx-trastuzumab and

PAMAM-doc-trastuzumab conjugate.

4. Conclusions

Taxanes are considered fundamental drugs for breast cancer treatment, but despite their similarities,
docetaxel and paclitaxel work differently. Both drugs bind to tubulin, but docetaxel binds stronger
than paclitaxel; both drugs promote stabilisation of microtubules but in a different pattern; and both
cause G2/M cell cycle arrest leading to cell death, but docetaxel has a more potent antitumor activity.
The analysed PAMAM-drug-trastuzumab conjugates showed a different mechanism of action, but the
most important finding is that all components of the conjugates, only when acting together, were able
to achieve a higher efficacy and selective toxicity. However, bearing in mind that a different response
to the drug may occur in cancer patients treated in the same way, and that pharmacodynamics of drugs
depend on the complex interactions between genetic and epigenetic factors, our research should be
continued in vivo.
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ABSTRACT

Purpose Conjugation of nanocarriers with antibodies that
bind to specific membrane receptors that are overexpressed
in cancer cells enables targeted delivery. In the present study,
we developed and synthesised two PAMAM dendrimer-
trastuzumab conjugates that carried docetaxel or paclitaxel,
spectfically targeted to cells which overexpressed HER-2.
Methods The '"H NMR, '*C NMR, FTIR and RP-HPLC
were used to analyse the characteristics of the products and
assess their purity. The toxicity of PAMAM-trastuzumab,
PAMAM-doc-trastuzumab and PAMAM-ptx-trastuzumab
conjugates was determined using MTT assay and com-
pared with free trastuzumab, docetaxel and paclitaxel to-
ward HER-2-positive (SKBR-3) and negative (MCF-7) hu-
man breast cancer cell lines. The cellular uptake and inter-
nal localisation were studied using flow cytometry and con-
focal microscopy, respectively.

Results The PAMAM-drug-trastuzumab conjugates in
particular showed extremely high toxicity toward the
HER-2-positive SKBR-3 cells and very low toxicity towards
to HER-2-negative MCF-7 cells. As expected, the HER-2-
positive SKBR-3 cell line accumulated trastuzumab from

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11095-019-2683-7) contains supplementary
material, which is available to authorized users.

P4 Barbara Klajnert-Maculewicz
barbara.klajnert@biol.uni.lodz.pl

Department of General Biophysics, Faculty of Biology and Environmental
Protection, University of Lodz, Pomorska 141/143, 90-236 Lodz, Poland

Department of Surgical Oncology, Cancer Center, Copernicus Memorial
Hospital, Lodz, Poland

Centre of Molecular and Macromolecular Studies, Polish Academy
of Sciences, Sienkiewicza |12, 90-236 Lodz, Poland

Leibniz-Institut fir Polymerforschung Dresden
e.V, Hohe Strasse 6, 01069 Dresden, Germany

Published online: 03 September 2019

both conjugates rapidly; but surprisingly, although a large
amount of PAMAM-ptx-trastuzumab conjugate was ob-
served in the HER-2-negative MCF-7 cells. Confocal mi-
croscopy confirmed the intracellular localisation of
analysed compounds. The key result of fluorescent imaging
was the identification of strong selective binding of the
PAMAM-doc-trastuzumab conjugate with HER-2-
positive SKBR-3 cells only.

Conclusions Our results confirm the high selectivity of
PAMAM-doc-trastuzumab and PAMAM-ptx-trastuzumab
conjugates for HER-2-positive cells, and demonstrate the util-
ity of trastuzumab as a targeting agent. Therefore, the
analysed conjugates present an promising approach for the
improvement of efficacy of targeted delivery of anticancer
drugs such as docetaxel or paclitaxel.

KEYWORDS docetaxel, HER-2 - paclitaxel - PAMAM
dendrimer - trastuzumab - tumour targeting

INTRODUCTION

Since their development, researchers have recognised the po-
tential of nanocarriers as drug delivery systems. There are two
strategies by which drug delivery can be achieved with nano-
systems: passive delivery, which exploits the enhanced perme-
ability and retention effect (EPR effect) to increase the pene-
tration of nanocarriers into solid tumours; and active delivery,
which is achieved by covalent conjugation of the nanocarrier
to a ligand or antibody which can bind to a specific receptor
that is overexpressed in cancer cells. Previous work dedicated
to anticancer drug development has focused on achieving
targeted delivery to the tumour, reducing adverse effects and
increasing antitumour efficacy (1).

Trastuzumab is as a recombinant, humanised IG1 mono-
clonal antibody that selectively binds to human epidermal
growth factor receptor 2 (EGFR2). Through binding to
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subdomain IV of the extracellular domain of overexpressed
human epidermal growth factor receptor-2 (HER-2) recep-
tors, trastuzumab blocks the receptor and inhibits excessive
proliferation of HER-2-positive cancer cells. Previous re-
search has indicated that inhibition of proliferation is a result
of cell cycle arrest in the G1 phase (2). Therefore, the combi-
nation of trastuzumab and a taxane is a first-line therapy for
the treatment of various cancers including lung, ovarian and
metastatic breast cancer (MBC). In HER-2-positive MBC pa-
tients, three doses peer week of docetaxel (100 mg/m?) given
in combination with trastuzumab (at a 4 mg/kg loading dose
followed by 2 mg/kg once weekly) resulted in a high overall
response rate (ORR), overall survival (OS), response duration,
time to progression and time to treatment failure (T'TF), and
the toxicity of the drug combination was only slightly in-
creased compared with docetaxel alone (3). Similarly; pacli-
taxel, which is the preferred single chemotherapeutic agent for
recurrent or metastatic breast cancer according to National
Comprehensive Cancer Network (NCCN) guidelines (4), re-
sulted in improved progression-free survival (PFS) of HER-2-
positive patients when administrated at a dosage of 80 mg/m?
weekly in combination with a trastuzumab monoclonal anti-
body at 4 mg/kg (loading dose, followed by weekly adminis-
tration of 2 mg/kg), compared with paclitaxel alone (5).

The use of dendrimers as carriers of anticancer drugs
or monoclonal antibodies is well known (6). Teow et al.
demonstrated the use of a third generation (G3)
polyamidoamine (PAMAM) dendrimer as a drug carrier
which increased the permeability of the poorly soluble
drug, paclitaxel. Cytotoxicity studies have shown that
the conjugation of lauryl chains and paclitaxel to G3
dendrimers significantly (p < 0.05) increased the cytotoxic-
ity of the drug toward the human Caco-2 cell line as well
as primary cultures of porcine brain endothelial cells
(PBECs). The conjugate showed an approximate 12-fold
increase in permeability across both the apical and
basolateral cell monolayers compared with paclitaxel
alone (7). Paclitaxel has also been conjugated to
hydroxyl-terminated PAMAM G4 dendrimers and bis-
polyethylene glycol (bisPEG) polymer to achieve enhance-
ment of drug solubility and anticancer activity. The cyto-
toxicity of the PAMAM dendrimer-succinic acid-paclitax-
el conjugate towards A2780 human ovarian carcinoma
cells was increased 10-fold compared with the free, non-
conjugated drug (8). The wm vitro studies of Miyano et al.
have confirmed the efficacy of the monoclonal antibody
conjugated to the dendrimer. The G6 PAMAM dendri-
mer was modified with two amino acids — lysine and
glutamic acid (KG6E) — then trastuzumab and the fluo-
rescent dye AlexaFlour 488 were attached. The results
confirmed that the KG6E-trastuzumab conjugate specifi-
cally bound to SKBR-3 (HER-2-positive) cells in a dose-
dependent manner, with low binding affinity for MCF-7
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(HER-2-negative) cells. In addition, the conjugate was
significantly internalised by SKBR-3 cells and subsequent-
ly trafficked to the lysosomes (9).

We believe that we have developed an innovative de-
livery system which combines both strategies. In the pres-
ent study, trastuzumab was used in a PAMAM-drug-
trastuzumab conjugate carrying paclitaxel (ptx) or doce-
taxel (doc) in order to specifically target SKBR-3 HER-2
positive cells. Over 20% of breast cancers exhibit over-
expression of HER-2 human epidermal growth factor
receptor-2 (HER-2) (10); therefore, targeting this recep-
tor may represent an attractive target for nanoparticles
loaded with anticancer drugs. Moreover, dendrimer con-
jugation significantly changes the biodistribution of low
molecular weight drugs, affording the opportunity to
achieve disease-specific targeting while reducing delivery
to sites of toxicity (11). Our aim was to create a conju-
gate which will release the drugs when it is exposed to
low pH, such as at the site of solid tumour, by breaking
the pH-sensitive linker between the monoclonal antibody
and PAMAM-drug conjugate. This will then enable pas-
sive delivery of paclitaxel or docetaxel.

For this purpose, we analysed the cytotoxicity of PAMAM-
drug-trastuzumab conjugates in HER-2-positive (SKBR-3)
and -negative (MCF-7) human breast cancer cells. The
internalisation efficiencies and cellular trafficking were deter-
mined in order to evaluate the potential application of
PAMAM dendrimers as HER-2-targeted fluorescently-
labelled drug carriers. Our results indicate that PAMAM-
drug-trastuzumab conjugates have increased toxicity toward
HER-2-positive human breast cancer cells compared with the
free drug or the PAMAM-trastuzumab conjugate. Therefore,
our new conjugates could represent potential candidates for
HER-2-expressing tumour targeting, and may pave the way
for improvements in the effectiveness of therapy for this con-
dition, which is the most common cancer in women.

MATERIALS AND METHODS
Materials

Solvents for the synthesis and purification were purchased
from Sigma-Aldrich. All cell culture reagents were purchased
from Gibco® (Germany). Flasks and multiwell plates for i vitro
studies were obtained from Nunc (Germany). Amine termi-
nated PAMAM G4 dendrimer, docetaxel/paclitaxel, PBS
(phosphate buffered saline), FBS (fetal bovine serum) and
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) were purchased from Sigma-Aldrich. Trypan blue
was purchased from Molecular Probes (USA). Herceptin
(trastuzumab) was obtained from Roche Poland. Human
breast adenocarcinoma’s cell lines: HER-2 negative (MCF-7
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ATCC no. HTB-22) and HER-2 positive (SKBR-3 ATCC
no. HTB-30) were purchased from ATCC (USA).

Synthesis of PAMAM Docetaxel/Paclitaxel Conjugate

The linking of the drug to the dendrimer was done using a two
steps covalent method (patent pending P.420273).

Shortly, 12.5 pmol of drug (docetaxel or paclitaxel) was
dissolved in 3 ml of anhydrous DMSO at 25°C and 3-fold
molar excess of N-(3-Dimethylaminopropyl)-N'--
ethylcarbodiimide hydrochloride (EDC) was added. The mix-
ture was stirred 0.5 h. Then 25 pmol of succinic acid was
slowly added to the solution while maintaining the reaction
mixing. The reaction was then stirred for 24 h. Khandare ez al.
showed that the use of EDC and other carbodiimides could be
also appropriate for the synthesis of biomolecules and their
functionalization with other molecules, therefore we chose
the EDC/carbodiimides system instead of succinic anhydride
(12). The choice of anhydrous DMSO as a synthesis solvent
was determined by the high solubility of paclitaxel and doce-
taxel in it, as well as other reagents. Using the anhydrous
DMSO, we performed the reactions in an inert gas atmo-
sphere, as previously published (13,14).

Resulting drug-SA was stirred for 3 h at room temperature
in the presence of 20 pmol of EDC. Then 1 mL of PAMAM
G4 solution in methanol was evaporated in order to remove
methanol and then was added to the reaction mixture and
stirred at room temperature for 2 days.

The PAMAM G4-drug was purified by ultrafiltration on
an Amicon Ultra-3 K (molecular weight cut-off, MWCO =
3 kDa). "H NMR, ""C NMR and FTIR was used to analyze
the purity of products and to ascertain the level of PAMAM
and docetaxel/paclitaxel conjugation. '"H NMR and "*C
NMR spectra were recorded on Bruker Avance III DRX-
600 and 500 MHz spectrometers, using deuterated DMSO-
dob as solvents. The FTIR spectra were collected with a FTIR
ATI Mattson Spectrometer Spectrum and samples were mea-
sured as thin film in KBr crystals. The analytical data can be
found in the supplementary material.

Synthesis of PAMAM-Doc-Trastuzumab
and PAMAM-ptx-Trastuzumab Conjugate

The synthesis of PAMAM-doc-trastuzumab and PAMAM-
ptx-trastuzumab conjugate was performed according to the
patented method (patent pending P.421440 P.420274).

Activation of Trastuzumab. SMCC was dissolved in a small
volume of DMF, and diluted by adding 0.1 M PBS (phos-
phate buffered saline) pH 7.6, which contains 5 mM
EDTA to obtain 1 mg/ml. The solution was added to
trastuzumab. The mixture was incubated for 1 h at room
temperature (RT). In the next step product was purified

and buffer-exchanged into PBS pH 7.0, with Amicon
Ultra-30 K column (MWCO = 30 kDa).

Introduction of Thiol Groups for the PAMAM G4 Dendrimer
Surface. Traut’s reagent converts primary amine into thiol in
the range of pH 7-10, however its half-life in solution de-
creases as the pH increases. Modification with Traut’s reagent
(2-iminothiolane) is very efficient and occurs rapidly at slightly
basic pH. To introduce thiol groups into G4 dendrimer sur-
face, the primary amine groups were reacted with a 10:1 mol
excess of Traut’s reagent in 0.1 M PBS buffer, at room tem-
perature under N, for 1 h pH 8.0. Thiolated PAMAM G4
was purified and buffer exchanged into PBS, pH 7.0 by ultra-
filtration on an Amicon Ultra-3 K column.

The Reaction of the Modified PAMAM G4 Dendrimer with the
Activated Trastuzumab. Derivatized trastuzumab was reacted
with thiolated PAMAM G4 dendrimer at a 1:12 M ratio. The
reaction was conducted in PBS, pH 7.0 at 25°C for 24 h.
Finally, the PAMAM-trastuzumab conjugate was purified
from the excess of thiolated PAMAM G4 by Amicon Ultra-
30 K (MWCO 30 kDa). The final stoichiometric ratio for
PAMAM-drug-trastuzumab conjugate was 1:1:1.

Reverse phase high performance liquid chromatogra-
phy (RP-HPLC) was used to analyze the purity of prod-
ucts and to ascertain the level of PAMAM and
trastuzumab conjugation. Solvents used for HPLC analy-
sis were at the HPLC grade; 'PrOH, MeOH, MeCN was
from Sigma-Aldrich, trifluoroacetic acid from J.T.Baker
(9470) and Milli-Q) water. All experiments were per-
formed on two FPLC/HPLC systems: (1) AKTA Purifier
two pumps system equipped with UV-900 monitoring,
pH and conductivity probe and fraction collector Frac-
920. Analysis using AKTA was performed at room tem-
perature 25°C, (2) Shimadzu Prominence UFLC system
equipped with LC-20 AD isocratic pumps with RF-20A
fluorescence detector, SPD-M20A diode array detector
for UV-Vis monitoring and CTO-20ASvp column oven
that was setup at 75°C. Initially SOURCE uRPC C2/
C18 ST 4.6/100 column was used, but it appeared to
be too hydrophobic for dendrimer and antibody analysis,
therefore for all presented results Jupiter 4u Proteo 90A
2.07100 column was used.

Synthesis of FITC Labeled Docetaxel/Paclitaxel
and PAMAM-ptx/PAMAM-Doc Conjugate

The linking of FITC to the dendrimer was done using a two
steps covalent method. Shortly, 6 pmol of drug (docetaxel or
paclitaxel) was dissolved in 2 ml of anhydrous DMSO at 25°C
and 3-fold molar excess of EDC was added. The mixture was
stirred 3 h. Then 7 pumol of FITC was slowly added to the
drug solution while maintaining the reaction mixing. The

@ Springer



154 Page 4 of 17

Pharm Res (2019) 36:154

reaction mixture was stirred for 24 h. To obtain PAMAM-
drug-trastuzumab conjugate 5,6 pmol of PAMAM G4 was
added to resulting products: FITC labeled docetaxel and
FITC labeled paclitaxel and stirred at room temperature for
2 days. Then the trastuzumab was reacted and the product
was purified as described earlier. The final stoichiometric ratio
for drug:FITC conjugate was 1:1 and for PAMAM-drug-
trastuzumab-FITC conjugate 1:1:1:1.

The conjugates contained FITC were purified by ultrafil-
tration on an Amicon Ultra-3 K (molecular weight cut-off,
MWCO =3 kDa). '"H NMR and "*C NMR were used to
analyze the purity of products and to ascertain the level of
FITC conjugation. '"H NMR and "*C NMR spectra were
recorded on Bruker Avance III DRX-600 and 500 MHz spec-
trometers, using deuterated DMSO-d6 as solvents.

Cell Culture

HER-2 negative human breast adenocarcinoma (MCF-7)
cell line was grown in DMEM medium supplemented
with GlutaMAX and 10% (v/v) fetal bovine serum
(FBS). HER-2 positive human breast adenocarcinoma
(SKBR-3) cell line was grown in McCoy’sd medium sup-
plemented GlutaMAX and 10% (v/v) fetal bovine serum
(FBS). Cells were cultured in T-75 culture flasks in a
humidified atmosphere containing 5.0% CO, at 37°C
and subcultured every 2 or 3 days. Cells were harvested
and used in experiments after obtaining 80-90% conflu-
ence. The number of viable cells was determined by the
trypan blue exclusion assay with the use of Countess
Automated Cell Counter (Invitrogen). Cells were seeded
in flat bottom 96-well plates at a density of 2.0 % 10*
cells/well in 100 pL of an appropriate medium. After
seeding, plates were incubated for 24 h in a humidified
atmosphere containing 5.0% COy at 37°C in order to
allow cells attaching to the plates.

Determination of Cytotoxicity

The influence of the PAMAM dendrimer conjugates and free
docetaxel or paclitaxel on the cell viability was determined
with the use of the MTT-assay. Briefly, to the 96-well plates
containing MCF-7 and SKBR-3 cells at the density of 2.0 X
10" cells/well in appropriate medium different concentrations
of all compounds were added. Cells were incubated with the
dendrimer for 24 h in a 37°C humidified atmosphere contain-
ing 5.0% COs. After the incubation cells were washed with
phosphate buffered saline (PBS). Next, 50 pL of a 0.5 mg/mL
solution of MT'T in PBS was added to each well and cells were
further incubated under normal culture conditions for 4 h.
After incubation the residue MTT solution was removed
and the obtained formazan precipitate was dissolved in
DMSO (100 pL/well). The conversion of the tetrazolium salt
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(MTT) to a colored formazan by mitochondrial and cytosolic
dehydrogenases is a marker of cell viability. Before the absor-
bance measurement plates were shaken for 1 min and the
absorbance at 570 nm was measured using the PowerWave
HT Microplate Spectrophotometer (BioTek,USA).

Determination of Hemolysis

The influence of the PAMAM dendrimer conjugates on the
hemolysis was determined with the spectrophotometric meth-
od used previously (15). Briefly, human blood from healthy
adult donors was obtained from a local blood bank. Blood was
centrifuged for 10 min at 400 g to remove serum and bufly
coat. Next, erythrocytes were washed four times with ten vol-
umes of PBS buffer (pH = 7.4), followed by centrifugation for
10 min at 400 g. Erythrocytes were suspended in PBS buffer,
the hematocrit was measured and erythrocytes suspension was
diluted to the hematocrit of 2%. Erythrocyte suspension was
mixed with analyzed compounds solutions in the same buffer
to obtain final 1 pM concentration. Samples were incubated
for 24 h and 48 h in 37°C. Next, samples were centrifuged at
400 g for 10 min. Supernatant was removed and the absor-
bance of supernatant at 540 nm was measured. For positive
and negative control erythrocytes suspensions in distilled wa-
ter and in PBS were used, respectively. The hemolysis amount
was calculated from the equation:

HemOIYSiS% = (ODsample - ODnegative control)/
(ODpositivt: control _ODuegative cnntrol) x 100%

For comparison, the same experiment was performed for
free docetaxel and paclitaxel.

Cellular Uptake Detection

In vitro uptake studies were carried out using FITC labeled
docetaxel or paclitaxel and PAMAM-doc-trastuzumab or
PAMAM-ptx-trastuzumab conjugate. Compounds were
added at a final concentration of 0.1 pM to the 12-well plates
containing MCF-7 and SKBR-3 cells at the density of 1.5 X
10" cells/well. In this study cells were incubated with the com-
pounds for a specific time in a range from 1 h to 48 h in
humidified atmosphere containing 5.0% CO4 at 37°C. After
the appropriate incubation cells were washed with PBS,
suspended in 500 pL of medium and immediately analyzed
with a Becton Dickinson LSR II flow cytometer (BD
Biosciences, USA) using a blue laser - 488 nm and PE
bandpass filter — 575/26 nm.

Confocal Microscopy

Confocal microscopy images were obtained with confocal
inverted microscope SP-8, Leica equipped with 405 nm laser
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(Leica, DE). Cells at the density of 1 x 10* cells/well (SKBR-
3)and 0.75 x 10* cells/well (MCF-7) were seeded on 96-well
glass-bottom plates and incubated with 0.1 pM FITC labeled
docetaxel or paclitaxel or PAMAM-doc-trastuzumab or
PAMAM-ptx-trastuzumab conjugate for 24 h in 37°C humid-
ified atmosphere containing 5.0% CO,. After the incubation,
cells were cooled on ice and washed once with cold phosphate
buffered saline (PBS) to inhibit endocytosis. Cells were imaged
to visualize fluorescence of FITC labeled docetaxel or pacli-
taxel in green channel (excitation 488 nm, emission 520 nm)
and in transmitted light.

Statistical Analysis

Data was expressed as mean = SD. Analysis of variance
(ANOVA) with the Tukey post hoc test was used for results
comparison. All statistics were calculated using the Statistica
software (StatSoft, Tulsa, USA), and p values <0.05 were con-
sidered significant.

RESULTS AND DISCUSSION
Synthesis and Characterisation of the Conjugates

We have developed an innovative delivery system
consisting of three components, each of which plays a
different role. Trastuzumab provides specificity against
human epidermal growth factor receptor 2 (HER-2),
which is overexpressesed in various cancers including
breast cancer; taxanes (docetaxel and paclitaxel) provide
cytotoxic effects and the PAMAM dendrimer protects the
whole conjugate in the circulatory system and provides
specific drug release in the tumour environment when
linked with an anticancer drug via a pH-sensitive linker.
Yabbarov ¢t al. has confirmed the dependence drug re-
lease on decreasing pH (16). He observed that pH-
dependent linkages are hydrolysed in the environment of
the tumour to release the drug, which enables controlled
administration of the active substance at the chosen site
by exploiting the natural properties of tumour cells: high
metabolism and acidic pH. We decided to link docetaxel
or paclitaxel to the PAMAM dendrimer using succinic
acid (SA) (17). Figure 1 illustrates the steps of synthesis
of the PAMAM-drug-trastuzumab conjugate.

The chemical structures of PAMAM-doc and PAMAM-
ptx were characterised by "H NMR, '*C NMR analysis and
FTIR spectroscopy (analytical data can be found in the sup-
plementary material).

For clarity of "H-NMR and "*C-NMR spectra, Fig. 2 pre-
sents the structures of drugs (a. paclitaxel, b. docetaxel) with
the marked number of carbon atoms.

The structure of paclitaxel-FITC, PAMAM-ptx-FITC,
docetaxel-FTTC and PAMAM-doc-FITC was confirmed by
their "H-NMR spectra using 500 MHz Bruker AVANCE
instrument in 310 K. Chemical shifts are reported in ppm
downfield from TMS using DMSO-d6 as a solvent.

Figure 3 (upper panel) presents the "H-NMR spectrum for
paclitaxel-FITC. Proton signals occurring for drug appear for
H,; at 0.99 ppm, H,¢ at 1.09 ppm, H,g at 1.48 ppm, H,g at
1.77 ppm, Hy4 at 1.89 ppm, H;( at 2.09 ppm, Hy at
2.21 ppm, Hjs at 3.58 ppm, Hyo at 4.01 ppm, H; at
4.09 ppm, OH; at 4.69 ppm, H;5 at 4.90 ppm, Hj: at
5.37 ppm, Hy at 5.40 ppm, Hy- at 4.55 ppm, H;3 at
5.88 ppm, Hjj at 6.27 ppm, m-Bz, at 7.61 ppm, p-Bz, at
7.71 ppm, 0-Bzy at 7.96 ppm, o-NHBz at 7.48 ppm, o-
NHBz at 7.55 ppm, o-NHBz at 7.83 ppm, p-Phs. at
7.23 ppm, o-Phs’ at 7.37 ppm, m-Phg- at 7.37 ppm, NH at
8.93 ppm. Aromatic signals for FITC (associated with aromat-
ic protons atom adjacent to phenol group) appear at 6.52—
6.62 ppm. Signals from -NHCS- appear at 10.65 ppm.
Moreover, Hy: proton peak on the "H NMR spectra was
shifted to 5.87 ppm. In the "*CNMR spectrum (Fig. 3 lower
panel) we observed chemical shift of C2’ to 80.91 ppm.

Figure 4 (upper panel) presents the 'H-NMR spectrum for
docetaxel-FITC. Proton signals occurring for drug appear for
H,; at 0.99 ppm, Hjs at 1.01 ppm, OC-CH3 at 1.36 ppm,
Hjgat 1.52 ppm, Hyg and Hy4 at 1.74 ppm, Hg at 1.92 ppm, -
O-CO-CH; at 2.28 ppm, Hj at 3.66 ppm, Hy at 4.03 ppm,
H; at 4.33 ppm, H; at 4.90 ppm, H; at 4.98 ppm, Hs> at
5.04 ppm, NH at 5.09 ppm, H, at 5.42 ppm, C;3 at 5.90 ppm,
o-, m-, p- Phs at 7.37 ppm, m-Bz, at 7.62 ppm, p-Bz, at
7.71 ppm, 0-Bzy at 7.97 ppm. Aromatic signals for FITC
(associated with aromatic protons atom adjacent to phenol
group) appear at 6.55—6.70 ppm and 7.81-790 ppm. Signals
from -NHCS- appear at 10.68 ppm. Moreover, Hy: proton
peak on the "H NMR spectra was shifted to 5.86 ppm. In the
CNMR spectrum (Fig. 4 lower panel) we observed chemical
shift of C2’ to 80.89 ppm.

Figure 5 (upper panel) presents the "H-NMR spectrum for
PAMAM-ptx-FITC (DMSO-d6, 300 MHz, ppm). Proton sig-
nals for PAMAM dendrimer appear at 2.17 ppm for -CH—
C(O)-NH, 2.38 ppm for -CH;—N—, 2.55-2-60 ppm for -N—
CHy—, 3.04-3.13 ppm for -CH,~NH, and —C(O)NH-CH,,
7.92 ppm for —-CONH. Aromatic signals for paclitaxel and
FITC appear at (d (ppm) = 7.14-7.65). Moreover, Hy- proton
peak for paclitaxel was shifted to 5.81 ppm, and signal for NH
group at 8.48 ppm. The number of paclitaxel molecules con-
jugated with PAMAM dendrimer was calculated using the
proton integration method. Unfortunately, it is very difficult
to confirm the results of conjugation by "*C NMR spectrum
(Fig. 5 lower panel) due the small concentration of the sample
and too big molar mass difference between the drug and the
PAMAM dendrimer. We can only presume that signal at 84.30
comes from the bond between the drug and the dendrimer.
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Fig. 2 The structures of drugs: (a)
padclitaxel, (b) docetaxel

Figure 6 (upper panel) presents the 'H-NMR spectrum for
PAMAM-doc-FITC (DMSO-d6, 300 MHz, ppm). Proton
signals for PAMAM dendrimer appear at 2.16 ppm for —
CH2-C(O)-NH, 2.38 ppm for -CH2-N—, 2.55-2-60 ppm
for -N-CH2-, 3.04-3.13 ppm for -CH2-NH2 and —
C(O)NH-CHZ2, 7.92 ppm for -CONH. Aromatic signals for
docetaxel and FITC appear at (§ (ppm)=7.17-7.69).
Moreover, H2” proton peak of docetaxel was shifted to
5.84 ppm, and signal for NH group at 8.46 ppm. The number
of docetaxel molecules that conjugated with PAMAM dendri-
mer was calculated using the proton integration method. Also
in this case '>C NMR spectrum (Fig. 6 lower panel), due the
small concentration of sample and too big molar mass differ-
ence between the drug and the PAMAM dendrimer, allows
only to presume that the signal at 84.68 comes from the bond
between docetaxel and the PAMAM dendrimer.

In the next step, PAMAM-doc and PAMAM-ptx conju-
gates were conjugated to the monoclonal antibody
(trastuzumab). To accomplish this, we used a succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC)
linker, which provides a convenient crosslinking agent for ami-
no and thiol groups. The NHS esters react with primary
amines to form stable amide bonds and the maleimide part
reacts with sulfhydryl groups to form stable thioethers. To
carry out the crosslinking reaction, we modified the amine
groups of the PAMAM dendrimer into thiols using 2--
iminothiolane (Traut’s reagent). Modification with Traut’s re-
agent is very efficient and rapid at a slightly basic pH (18).

The conjugates were characterised using FPLC/HPLC
analysis. Reverse-phase high performance liquid chromatog-
raphy (RP-HPLC) was used to analyse the purity of products
and to ascertain the degree of PAMAM and trastuzumab

conjugation. Initially, a water/acetonitrile elution system was
used, but improved performance was achieved with the mod-
ified buffer: A: 0.1% TFA in water, B: 70% PrOH, 20%
MeCN, 0.1% TFA in water. Elution was typically performed
using a gradient of 0-80% B over 30 min, followed by 80—
100% B in 5 min, then 100% B for 10 min and finally 100-
0% B in 5 min (Fig. 7a). Samples were typically injected as 20—
100 pg of material suspended in 100 puL of buffer A. The
PAMAM dendrimer has been reported to absorb at
214 nm, and so absorbance at this wavelength along with
280 nm (to detect protein) were recorded. We also monitored
absorbance at 254 nm to measure any potential contamina-
tion. Additionally, a Shimadzu diode array system provided
UV profiles (recorded at 200-600 nm). This allowed the pu-
rity of PAMAM dendrimer to be ascertained, by its absor-
bance at 220 nm has also been reported previously. The an-
alytical data can be found in the supplementary material.

In the second step, analysis of trastuzumab was carried out.
Analysis was performed on a UFLC system (composed of two
LC-20ADXP isocratic pumps, a CTO-20AS column oven
with diode array UV-Vis monitoring) operated at 75°C.
The elution system was as before (A: 0.1% TFA in water, B:
70% ‘PrOH, 20% MeCN, 0.1% TFA in water). The system
was run at a gradient of 0-80% B over 30 min to elute the
main product (monitored at 280 nm), which appeared at
18.3 min. The UV profile of the main signal showed absor-
bance at 277 nm, as 1s expected for proteins (Fig. 7b).

Finally, the PAMAM-doc-trastuzumab and PAMAM-ptx-
trastuzumab conjugates were analysed. Analysis of the chro-
matography profiles showed absorption at 280 nm. Analysis
was carried out as before at 75°C, using buffers A: 0.1% TFA
in water, B: 70% "PrOH, 20% MeCN, 0.1% TFA in water;
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Fig. 3 The 'H-NMR spectrum of
padlitaxel-FITC (upper panel) and
the '3C-NMR spectrum of
paclitaxel-FITC (lower panel)
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and a gradient of 0-80% B over 30 min, following injection of
100 pg of sample. The UV profile of the signal at 21 min
shows three peaks (Fig. 8). As expected, absorbance signals
were observed at 276, 504 and 540 nm, which are character-
1stic of proteins, docetaxel or paclitaxel, respectively.

In Vitro Studies

There are examples of PAMAM dendrimer conjugated with
various anticancer drugs reported (16,17), but few involve the

@ Springer

use of a monoclonal antibody as a disease-specific targeting
agent (18-20). In this study, the PAMAM dendrimer was con-
jugated to trastuzumab using a pH-dependent linker which
can be applied for drug conjugation because the linker-
bonded conjugates are stable in the extracellular media.
This ensures low drug release, but lability when the conjugates
enter the lysosomes which allows release of the drug to elicit its
antitumour activity (11,21). In the present study, the number
of drug molecules per PAMAM dendrimer molecule was cal-
culated to be 1.0. The biocompatibility of the PAMAM-doc-
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Fig. 4 The 'H NMR spectrum of
docetaxel-FITC (upper panel) and
the '3C-NMR spectrum of
docetaxel-FITC (lower panel)
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trastuzumab and PAMAM-ptx-trastuzumab conjugates was
evaluated using the MTT assay to measure the cytotoxicity
in two different breast cancer cell lines: HER-2-negative hu-
man breast adenocarcinoma (MCF-7) and HER-2-positive
human breast adenocarcinoma (SKBR-3). Measurements
were made after 24 and 48 h of incubation and after a 24-h
incubation with the drug, removal of drug, and another 24-h
incubation without drug (24-24 h). The addition of this incu-
bation variant allows to assess cell damage and mortality after

100 80 60 20 0
f1 (ppm)

120 40

the drug removing from the system. Figure 9 shows the cell
viability profiles that were obtained for each conjugate com-
pared with the free drug for both cell lines. The cytotoxicity of
docetaxel and paclitaxel was dose-dependent, with ICs5q
values of around 23.7 and 7.8 pM (respectively) after a 24-h
incubation in the MCF-7 cell line, and 10.7 and 7.3 uM
(respectively) after a 24-h incubation in the SKBR-3 cell line.
In contrast, trastuzumab itself exhibited very low toxicity even
toward SKBR-3 cells, with cell viability observed to be over

@ Springer
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Fig. 5 The 'H NMR spectrum of
PAMAM-ptx-FITC (upper panel)
and the '*C-NMR spectrum of
PAMAM-ptx-FITC (lower panel)
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85% following exposure to 20 uM concentration of the drug.
However, conjugation of antibody with PAMAM dendrimer
improved that cytotoxic effect (results published earlier (14)).
The observed effect was more evident for SKBR-3 cells than
MCF-7 cells, due to selective binding of the conjugate to cells
that overexpress HER-2. These results are in good agreement
with previous studies (Miyano e al.), that showed that when
the glutamate-modified sixth generation lysine dendrimer
(KG6E) was conjugated with trastuzumab, binding with the

@ Springer
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HER-2 receptor was more specific and exhibited a higher
cellular internalisation rate compared with the free monoclo-
nal antibody (9). Other studies have confirmed the lack of
antiproliferative activity of free trastuzumab toward different
HER-2-positive cell lines (22).

Importantly, the addition of taxanes to the PAMAM-
trastuzumab conjugate enhanced the therapeutic effect and
selectivity of the conjugates in comparison with the free drugs.
This was particularly obvious after 48 h of incubation and
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Fig. 6 The 'H NMR spectrum of
PAMAM-doc-FITC (upper panel)
and the '*C-NMR spectrum of
PAMAM-doc-FITC (lower panel)
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after 24-24 h. The IC5q values (Table I) in SKBR-3 cells
indicate that both PAMAM-drug-trastuzumab conjugates
showed increased selectivity and therapeutic effects compared
with the free drugs, but the most remarkable result of the
present study 1s the selectivity that was observed between cell
lines. The PAMAM-doc-trastuzumab conjugate in particular
showed extremely high toxicity toward the HER-2-positive
SKBR-3 cells and very low toxicity towards to HER-2-
negative MCF-7 cells.

130 110 90 80 70 60 50 40 30 20 1C

f1 (ppm)

Our results confirm the uniqueness of the PAMAM-
drug-trastuzumab conjugates, and reveal a synergistic ef-
fect: an increase in the toxic efficiency towards to HER-2-
positive cells (SKBR-3) and a decrease in the toxic effi-
ciency towards to HER-2-negative cells (MCF-7). These
results present the possibility of significant dose reduction
while maintaining the therapeutic effect and selectivity,
which can protect from the adverse effects caused by ad-
ministration of docetaxel or paclitaxel.
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Fig. 7 (a) Reverse-phase high performance liquid chromatography profile of trastuzumab. (b) Ultraviolet profile of the main signal at 18 min

This finding is in agreement with a previous study by
Rodallec et al., which reported the association between cytotox-
icity and cellular uptake and the level of HER-2 expression.
Immunoliposomes containing docetaxel encapsulated in a
stealth liposome and engrafted with trastuzumab showed
higher antiproliferative efficacies and efficient drug delivery
compared with the standard combination of docetaxel and
trastuzumab (22). Furthermore, Kulhari e al. confirmed the
effectiveness of dendrimer-conjugated monoclonal antibodies
and anticancer drugs. Even at very low concentrations
(7.8 ng/mlL), the trastuzumab-dendrimer-docetaxel conjugate
showed significantly higher cytotoxicity against HER-2-positive
MDA-MB-453 cells than the dendrimer-docetaxel conjugate,
with no significant difference in cytotoxicity observed toward
HER-2-negative MDA-MB-231 cells (19). These results dem-
onstrate that trastuzumab can specifically target and successful-
ly deliver docetaxel to HER-2-positive cells.

— UV280nm

Many clinical trials have shown that intravenous injection
is probably the most convenient way to deliver drugs conju-
gated with dendrimers (23). Unfortunately, very often lysis of
red blood cells excludes intravenous delivery of the dendrimer
conjugates. PAMAM dendrimers with exposed terminal cat-
1onic surface groups possess hemotoxic properties because
they are able to disrupt cell membrane of erythrocytes after
adhesion to the cell surface by electrostatic attraction and
formation of holes in the membrane (24). Modification of
dendrimer surface groups is one of the methods used to reduce
dendrimer toxicity (15). Therefore, to assess the biocompati-
bility of the all analysed compounds we have evaluated their
hemotoxicityThe ability of the PAMAM-drug-trastuzumab
conjugates to cause hemolysis was compared with the hemo-
lytic activity of free drugs (Fig. 10). The paclitaxel and doce-
taxel are known to possess minor hemolytic properties con-
trary to amino-terminated PAMAM dendrimer generation 4.

— UV2%0nm

0.0 50 200

0.0 50 30.0min

Fig. 8 Reverse-phase high performance liquid chromatography profiles of (A) PAMAM-doc-trastuzumab conjugate (@) and PAMAM-pix-trastuzumab conjugate (b)
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Fig. 9 Influence of paclitaxel (green rhombus), docetaxel (red triangles), PAMAM-ptx-trastuzumab (green squares) and PAMAM-doc-trastuzumab (red spheres)

conjugates on the viability of MCF-7 and SKBR-3 cells as assessed by MTT assay

Under the applied experimental conditions free drugs caused
1-2% hemolysis after 24 h-incubation. PAMAM-doc-
trastuzumab and PAMAM-ptx-trastuzumab conjugates were
able to evoke 2.4 and 2.5% hemolysis, respectively. After 48 h
of incubation with the above-mentioned conjugates, less than
10% and 12% of hemolysis was observed, respectively. In
conclusion, the PAMAM-drug-trastuzumab conjugates pos-
sesses higher hemotoxicity than free drugs but it is very likely
that this level will be lower in the presence of plasma proteins.
Klajnert ez al. showed that presence of HSA in the same con-
centration as under physiological conditions significantly re-
duced the amount of hemolysis caused by PAMAM

dendrimers (25). Moreover, the conjugates are not expected
to circulate in blood as long as 48 h.

In this study, FITC was used to label free drugs and the
dendrimer conjugated to anticancer drugs via a pH-
dependent linker. The molar ratio of FITC molecules to
PAMAM in the conjugate was 1:1. This method of conjuga-
tion ensured stability of the conjugates in the extracellular
media and high intercellular drug release catalysed by lyso-
somal enzymes, what resulted in increased antitumour activi-
ty. In order to analyse the cellular uptake of free docetaxel,
paclitaxel and the PAMAM-drug-trastuzumab conjugates by
flow cytometry, cells were incubated with the compounds at

Tablel Comparison of ICsq values for paclitaxel, docetaxel, PAMAM-ptx-trastuzumab and PAMAM-doc-trastuzumab conjugates in two breast cancer cell lines
MCF-7 24 h MCF-724 h-24h  MCF-748h SKBR-3 24 h SKBR-324 h-24h  SKBR-348h

Ptx 7.82=0.18 3.88+£0.74 224 +033 731 =154 0.30 £ 0.03t 049 =0.13t

PAMAM-ptx-trastuzumab 0.585+0.18%  0.05+0.01* 0.09=0.01* 072 £021* 0.005 = 0.004*t 0.002 £ 0.001*+

Doc 23.76 = 4.81 21.47 = 1442 9.19+336 10.75 = 1.50t 2.85+0.04 2.00 = 0.44

PAMAM-doc-trastuzumab > 100* >100* 48.85 + 4.82*  2.03 = 0.07*t  0.012 = 0.005*+ 0.004 + 0.002*+

The ICsq values are presented as the mean = standard deviation of three experiments. *: statistically significant difference towards free drug at (p < 0.05); 1:

statistically significant difference between cell lines (p < 0.05)

Bold font - remarkable selectivity of PAMAM-doc-trastuzumab conjugate for both breast cancer cell lines
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Fig. 10 Hemotoxicity of paclitaxel, docetaxel, PAMAM-ptx-trastuzumab and
PAMAM-doc-trastuzumab conjugates. The results are presented as the mean
+ standard deviation of three experiments

concentrations of 0.1 uM for up to 48 h. As expected, the
HER-2-positive SKBR-3 cell line accumulated trastuzumab
from both conjugates rapidly; but surprisingly, although a
large amount of PAMAM-ptx-trastuzumab conjugate was ob-
served in the HER-2-negative MCF-7 cells (Fig. 11). It is likely
that the linker-bonded conjugate was less stable in the more
acidic environment of the cancer cells, which resulted in

carlier paclitaxel release. Importantly, the cellular uptakes of
free paclitaxel and docetaxel, even after 48 h of incubation,
were significantly lower than the PAMAM-drug-trastuzumab
conjugates. This is in good agreement with our results obtain-
ed by MTT assay, as well as those of previous studies; for
example, Miyano ¢ al. suggested that trastuzumab conjugated
to the KG6E dendrimer shows HER-2-specific binding, and a
consequent high rate of cellular internalisation (9). Other re-
ports have demonstrated the rapid internalisation of
trastuzumab-PAMAM (26) and trastuzumab-PLGA (27)
nanoparticle conjugates into HER-2-positive breast cancer
cells in comparison with free trastuzumab.

Confocal microscopy was used to confirm the intracellular
localisation of free paclitaxel, docetaxel and the PAMAM-ptx-
trastuzumab and PAMAM-doc-trastuzumab conjugates.
Incubation of HER-2 positive SKBR-3 and HER-2 negative
MCF-7 cells with 0.1 uM of the FITC modified compounds
was carried out for 24 h (Fig. 12). Both free drugs were inter-
nally localised in both cell lines to some extent; however, pac-
litaxel was found to be accumulated in the nucleus region in
contrast to docetaxel, which was located in the cytosol.
Although both conjugates were more concentrated in the nu-
cleus of HER-2-positive compared with negative cells,

Fig. 11 Cellular uptake of free 2500007 _g  SkgR-3 ptx
paclitaxel and PAMAM—th— — 4 — SKBR-3 PAMAM-ptx-trastuzumab
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Fig. 12 Confocal images of MCF-
7 and SKBR-3 cells treated with
0.1 M free paclitaxel and PAMAM- P
ptx-trastuzumab conjugate (upper
panel) and 0.1 uM free docetaxel
and PAMAM-doc-trastuzumab
conjugate (lower panel) for 24 h.

Padlitaxel, docetaxel and conjugates 4
accumulation imaged using (a) the
green channel, and (b) merged with
transmitted light
b
doc
a
b

accumulation of the PAMAM-ptx-trastuzumab conjugate was
observed in HER-2-negative cells (mainly in the lysosomes).
The key result of fluorescent imaging was the identification of
strong selective binding of the PAMAM-doc-trastuzumab
conjugate with HER-2-positive SKBR-3 cells only. To the
best of our knowledge, this is the first reported example of
the visualisation of PAMAM-ptx-trastuzumab and
PAMAM-doc-trastuzumab conjugate localisation within
HER-2-negative and positive cells.

Our results have a number of similarities with the findings of
Ma et al. (20). In their study, trastuzumab was covalently linked
to a PAMAM dendrimer via a bifunctional PEG linker, and
was internalised more efficiently by HER-2-positive BT474
cells than by HER-2-negative MCF-7 cells. Moreover, co-
localisation experiments indicated that the trastuzumab-
PAMAM conjugate was located in the cytoplasm (20). In other
studies, trastuzumab conjugated with the KG6E dendrimer
bound selectively to SKBR-3 cells, rather than to MCF-7 cells,
although the conjugate was internalised to the lysosomes (9).
Rodallec et al. confirmed the cellular uptake of docetaxel-
trastuzumab stealth immunoliposomes (ANC-1) in different
HER-2-positive cell lines, and found that ANC-1 was primarily

MCF-7

PAMAM-ptx-trastuzumab ptx

PAMAM-doc-trastuzumab doc

SKBR-3

PAMAM-ptx-trastuzumab

PAMAM-doc-trastuzumab

localised around the cell nuclei. However, ANC-1 showed in-

creased accumulation in SKBR-3 cells compared with the
MDA-MB-453 or MDA-MB-231 cell lines (22).

Covalent attachment of a humanised monoclonal antibody
trastuzumab to a G5 PAMAM dendrimer containing the drug
methotrexate (to form the G5-FI-HN-MTX conjugate) has been
used in the treatment of skin, lung and breast cancer (18). Co-
localisation experiments carried out in HER2-expressing
MCA207 cell line have indicated that G5-FI-HN-MTX was
localised in the late endosomes and lysosomes within 1 h of
exposure, but the most surprising result was the long residence
time (48 h) of the conjugate in the lysosomes. This may result in
the reduced cytotoxicity which is observed in the case of the G5-
FI-HN-MTX conjugate. Our conjugates are free of such a dis-
advantage, as it is demonstrated by the results of the M'TT assay.
Although the steric hindrance caused by covalent conjugation of
the antibody to the G5 PAMAM dendrimer may prevent intra-
cellular esterase enzymes from releasing the drug, the conjugate
1s unable to affect its cytotoxic activities because of the extended
retention in the lysosomes. It was for this reason that we decided
to use a pH-dependent linker that allows the conjugate to disin-
tegrate in the acidic environment of the cancer cell.
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In the literature there are many examples of improved
drug delivery as a promising strategy to optimise the effective-
ness of anticancer drugs while reducing the toxicity associated
with treatment. This study is the first step towards enhancing
our knowledge about the design of selective conjugates which
can be successfully used for targeted therapy.

CONCLUSION

Preclinical studies have demonstrated that HER-2 overex-
pression occurs in over 20% of breast carcinomas and is asso-
ciated with resistance to anticancer drugs such as paclitaxel
and docetaxel (28). Such studies have also reported the addi-
tive effects of synergistic interactions between trastuzumab
and taxanes (29). The present study presents the successful
synthesis and characterisation of the HER-2-targeted conju-
gates PAMAM-doc-trastuzumab and PAMAM-ptx-
trastuzumab. Analysis of the cytotoxicity, cellular uptake and
internalisation of the conjugates indicate that they represent
promising carriers for HER-2-expressing tumour-selective de-
livery. The observed selectivity is achieved not only through
the inclusion of trastuzumab, which binds and blocks HER-2,
but also through the selection of a pH-sensitive linker that
breaks in the tumour environment to allow PAMAM-drug
conjugate release. Both conjugates show potential as drug
delivery systems enhancing the therapeutic index and reduc-
ing the required dosage of anticancer drugs. In our opinion
these conjugates might be superior for  vivo application due
to their increased toxicity for HER-2-positive breast cancer
due to specific targeting to tumor cells.
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FTIR analysis

FTIR Spectroscopy is considered a suitable techniques for studying the interactions of drug
with polymers. In the our studies we used FTIR spectroscopy to characterize the conjugates
based on paclitaxel, docetaxel and PAMAM G4 dendrimers. FTIR spectra were collected
using the Nicolet 6700 Series FTIR apparatus equipped with Omnic Program, at resolution of

2cm-1.

The FTIR spectrum of PAMAM-ptx is shown in Figure S1. The main peaks are as follows:
N-H and OH stretching vibrations at 3424-3248 cm™, methylene asymmetric and symmetric
stretching vibrations at 2916-2869 cm™. The signal connected witch C=0 stretching vibration
from the ester groups is situated at 1737 cm™. The signal for amide bound is located at 1650
cm™, N-H bending of N-substituted amide at 1439 cm™ and C-C bending at 1355cm™. Ester
bond stretching vibrations and C-N stretching vibrations are situated at 1244 cm™ and 1295
cm™ respectively. The aromatic bonds are observed at 1019, 906 and 705 cm™. The presence
of new peaks at 951 and 705 cm™ in the FTIR spectra of conjugate show the PAMAM-drug
interactions. The peak at 951 cm™ appears at higher frequency than in paclitaxel spectrum and

this fact suggests the presence of interactions between the paclitaxel and dendrimers.
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Figure S1. The FTIR spectrum of PAMAM-ptx.

The FTIR spectrum of PAMAM-doc is shown in Figure S2. The main peaks are as follows:
N-H and OH stretching vibrations at 3422cm™, methylene asymmetric and symmetric
stretching vibrations around 2920cm™. The amide bound is located at 1647 cm™, N-H bending
of N-substituted amide at 1439 cm™ and C-C bending at 1350 cm™. Ester bond stretching
vibrations and C-N stretching vibrations are situated at 1248 cm™. A band corresponding to
C-O bond is at 1109 cm™. The aromatic bonds are observed at 1019 and 712 cm™. The
presence of new signals at 951 and 712 cm™ in the FTIR spectra of conjugate are suggested

about the PAMAM-drug interactions.
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Figure S2.

The FTIR spectrum of PAMAM-doc.




The other peaks detected in the FTIR spectra of PAMAM-ptx and PAMAM-doc conjugates
were assigned to the characteristic bonds presented in PAMAM molecules. Assignments of

these peaks are summarized in Table S1.

Table S1. FTIR analysis for PAMAM-ptx and PAMAM-doc conjugates.

Spectral assignments PAMAM-ptx (cm™) PAMAM-doc (cm™)
NH stretching vibrations 3424, 3248 3422
CH stretching vibrations 2916, 2869 2920
Amide | mode vibrations 1737 1647
Amide Il mode vibrations 1650 1650
CH scissoring vibrations 1439 1439
CH twisting vibrations 1313 1315
DLS analysis

Additionally, the hydrodynamic diameter (r,) of both conjugates was obtained by DLS experiments.
Dynamic light scattering (DLS) measurements have been obtained using the Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK) at T = 37 °C, equipped with a 600 pL quartz batch
cuvette (Hellma, Germany). The concentration of the samples was adjusted to 10 uM, to avoid the
effect of particle-particle interactions on the diffusion coefficient. Results received previously for

trastuzumab were included for comparison purposes (Table S2).

Table S2. The experimental results of PAMAM-doc-trastuzumab and PAMAM-ptx-
trastuzumab hydrodynamic diameter. The r, values are presented as the mean + standard

deviation of six experiments.

sample rn [nm]

trastuzumab [s1] 5.20+0.10
trastuzumab [s2] 5.15+0.08
trastuzumab [s3] 530+0.10
PAMAM-doc-trastuzumab 14.83 £1.60
PAMAM-ptx-trastuzumab 12.09 £0.61
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Abstract: The strategy utilizing trastuzumab, a humanized monoclonal antibody against human
epidermal growth receptor 2 (HER-2), as a therapeutic agent in HER-2 positive breast cancer
therapy seems to have advantage over traditional chemotherapy, especially when given in
combination with anticancer drugs. However, the effectiveness of single antibody or antibody
conjugated with chemotherapeutics is still far from ideal. Antibody—-dendrimer conjugates hold
the potential to improve the targeting and release of active substance at the tumor site. In the
present study, we developed and synthesized PAMAM dendrimer-trastuzumab conjugates carrying
doxorubicin (dox) specifically to cells overexpressing HER-2. 'HNMR, FTIR and RP-HPLC were
used to characterize the products and analyze their purity. Toxicity of PAMAM-trastuzumab and
PAMAM-dox-trastuzumab conjugates compared with free trastuzumab and doxorubicin towards
HER-2 positive (SKBR-3) and negative (MCF-7) human breast cancer cell lines was determined using
MTT assay. Furthermore, the cellular uptake and cellular localization were studied by flow cytometry
and confocal microscopy, respectively. A cytotoxicity profile of above mentioned compounds
indicated that conjugate PAMAM-dox-trastuzumab was more effective when compared to free drug
or the conjugate PAMAM-trastuzumab. Moreover, these results reveal that trastuzumab can be used
as a targeting agent in PAMAM-dox-trastuzumab conjugate. Therefore PAMAM-dox—trastuzumab
conjugate might be an interesting proposition which could lead to improvements in the effectiveness
of drug delivery systems for tumors that overexpress HER-2.

Keywords: PAMAM dendrimer; trastuzumab; HER-2; doxorubicin; tumor targeting

1. Introduction

According to World Health Organization (WHO) reports, breast cancer is the most common
tumor among every major ethnic group of women, with almost 1.7 million new cases diagnosed in
2012 [1]. Chemotherapy is the most frequent strategy used in the battle against malignant tumors,
however, it is not trouble-free. There are many reasons leading to failure of this treatment, although
the inability of anticancer agents to selectively target tumor cells remains the most considerable
impediment to successful chemotherapy. Thus, tumor-targeted drug delivery is one of the most
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thoroughly investigated research areas in terms of cancer and it is believed to be a solution to the
chemotherapy limitations, including low drug efficacy and high systemic side effects [2].

Monoclonal antibody-based cancer treatment has been developed as one of the successful
therapeutic and selective strategies [3]. The prime example of a monoclonal antibody used in
this approach is humanized anti-HER2 mAb trastuzumab (Herceptin) that plays a major role in
breast cancer treatment because human epidermal growth factor receptor 2 (HER-2/neu/ErbB) gene
amplification or protein overexpression occurs in 20% to 25% of breast tumors. It makes it a potential
candidate for targeted antibody therapy since trastuzumab blocks the HER-2 by binding to domain
IV of an out-of-cell part of this protein, whereby inhibiting the excessive proliferation of tumor cells.
The antibody is frequently administered together with cytotoxic agents (i.e., taxanes or anthracyclines)
to increase the therapeutic efficacy [4,5]. However, the systemic toxicity of the anticancer drugs and/or
decrease in the receptor recognition are still a serious problem [6].

New solutions are sought in terms of selective delivery of therapeutic agents. Plenty of
nanoparticles such as hyperbranched polymers, liposomes, micelles or dendrimers are believed
to be good candidates to play this role [7]. Among them, PAMAM dendrimers attract considerable
interest. Numerous attractive features of PAMAM dendrimers such as monodispersity, nano-size
and globular shape, high solubility and reactivity, biocompatibility, availability of multiple functional
groups at the periphery, easy chemical modification and cavities in the interior distinguish them as
unique carriers. Thus, they are an extensively studied group of nanoparticles [8-13]. Formation of
stable covalent links between the surface groups of the dendrimer and a drug allows to protect the
active substance in the circulatory system and transport it, through the enhanced permeability and
retention effect (EPR), to the tumor environment, where, thanks to low pH, hydrolysis of covalent
bonds occurs and the drug can be released. It gives a chance to reduce a dose while maintaining the
same therapeutic effect. However, we decided to use PAMAM dendrimer not only as a carrier of
an anticancer drug but also as a connecting link between the monoclonal antibody trastuzumab and
antitumor agents. The presence of trastuzumab on the surface of the dendrimer—drug conjugate might
enhance transport of the active substance directly to cells overexpressing HER-2 [14-16].

To verify whether the increase in conjugate selectivity for the specific type of cancer can be
achieved, we synthesized a conjugate, in which we combined a protective effect of PAMAM G4
dendrimer, cytotoxic properties of doxorubicin [17] and targeted activity of trastuzumab. Our
research model consisted of HER-2 positive (SKBR-3) and negative (MCF-7) human breast cancer cell
lines. We performed a toxicity evaluation of PAMAM-trastuzumab and PAMAM-dox-trastuzumab
conjugates compared with free trastuzumab and doxorubicin. Subsequently, we checked the rate of
uptake into the cells and cellular localization of the studied compounds. Our results obtained for
the conjugate PAMAM-dox-trastuzumab showed an increase in the toxic efficiency towards HER-2
positive human breast cancer cells compared to the free drug or the conjugate PAMAM-trastuzumab.
To our knowledge, the proposed approach is novel and we hope that it can lead to improvements in
the effectiveness of the therapy of the most common women'’s cancer.

2. Materials and Methods

2.1. Materials

All chemical reagents were purchased from commercial suppliers. Solvents for the synthesis were
purchased from Sigma-Aldrich (Poznan, Poland). All cell culture reagents were purchased from Gibco®
(Life Technologies Polska Sp. z o. 0., Warsaw, Poland). Flasks and multiwell plates for in vitro studies
were obtained from Nunc (Life Technologies Polska Sp. z o. 0., Warsaw, Poland). Amine terminated
PAMAM G4 dendrimer, doxorubicin hydrochloride, PBS (phosphate buffered saline), FBS (fetal bovine
serum) and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) were purchased from
Sigma-Aldrich. Trypan blue was purchased from Molecular Probes (Thermo Scientific™, Warsaw,
Poland). Herceptin (trastuzumab) was a gift from Roche Poland. Human breast adenocarcinoma’s cell
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lines: HER-2 negative (MCF-7 ATCC no. HTB-22) and HER-2 positive (SKBR-3 ATCC no. HTB-30)
were purchased from ATCC (LGC Standards Sp. z o. 0., Lomianki, Poland).

2.2. Synthesis of PAMAM Doxorubicin Conjugate

Shortly, dox was dissolved in 3 mL of 0.1 M PBS at 25 °C. cis-Aconitic anhydride (CAA) was
dissolved in 500 puL of p-dioxane and slowly added to the dox solution while maintaining the reaction
mixture pH at 8.5. The solution was incubated with stirring for 20 min, and then for 20 min at
25 °C, in dark. Then, the reaction mixture was cooled on ice, supplemented with 100 mM HCl
until pH reached 3.0 and extracted by ethyl acetate. To the resulting dox-CAA in PBS (pH 6) was
added 5-fold molar excess of N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC),
and the mixture was stirred at 20 °C for 0.5 h, in dark. PAMAM G4 was dissolved in 1 mL of PBS,
pH 6.0, dox-CAA was added. The mixture was incubated with intensive stirring at 25 °C, pH 7.8,
for 12 h. The PAMAM G4-dox was purified by ultrafiltration on an Amicon Ultra-3K (molecular
weight cut-off, MWCO = 3 kDa, Sigma-Aldrich, Poznan, Poland). THNMR and FTIR was used to
analyze the purity of products and to ascertain the level of PAMAM and doxorubicin conjugation.
'HNMR spectra were recorded on Bruker Avance ITI DRX-600 and 500 MHz spectrometers (Poznan,
Poland), using deuterated D,0O as solvents. The FTIR spectra were collected with a FTIR ATI Mattson
Spectrometer Spectrum (Middleton, MA, USA) and samples were measured as thin film in KBr crystals.
The analytical data can be found in the Supplementary Materials.

2.3. Synthesis of PAMAM-dox—trastuzumab Conjugate

The synthesis of PAMAM doxorubicin trastuzumab conjugate was performed using a method
invented by us (patent pending P.421439).

Activation of trastuzumab: SMCC was dissolved in a small volume of DMF, and diluted by adding
0.1 M PBS (phosphate buffered saline) pH 7.6, which contains 5 mM EDTA to obtain 1 mg/mL.
The solution was added to trastuzumab. The mixture was incubated for 1 h at room temperature (RT).
In the next steps crude mixture was purified and buffer-exchanged into PBS pH 7.0, with Amicon
Ultra-30 K column (MWCO = 30 kDa).

Introduction of thiol groups for the PAMAM G4 dendrimer surface: Traut’s reagent converts primary
amine into thiol in the range of pH 7-10, however its half-life in solution decreases as the pH increases.
Modification with Traut’s reagent (2-iminothiolane) is very efficient and occurs rapidly at slightly basic
pH. To introduce thiol groups into G4 dendrimer surface, the primary amine groups were reacted with
a 10:1 mole excess of Traut’s reagent in 0.1 M PBS buffer, at room temperature under N; for 1 h pH 8.0.
Thiolated PAMAM G4 was purified and buffer exchanged into PBS, pH 7.0 by ultrafiltration on an
Amicon Ultra-3 K column.

The reaction of the modified PAMAM G4 dendrimer with the activated trastuzumab: Derivatized
trastuzumab was reacted with thiolated PAMAM G4 dendrimer at a 1:12 molar ratio. The reaction
was conducted in PBS, pH 7.0 at 25 °C for 24 h. Finally, PAMAM-trastuzumab conjugate was purified
from excess thiolated PAMAM G4 by Amicon Ultra-30 K (MWCO 30 kDa). The final stoichiometric
ratio for PAMAM-dox—trastuzumab conjugate was 1:1:1.

Reverse phase high performance liquid chromatography (RP-HPLC) was used to analyze the
purity of products and to ascertain the level of PAMAM and trastuzumab conjugation. Solvents used
for HPLC analysis were at the HPLC grade; iPrOH, MeOH, MeCN was from Sigma-Aldrich (Poznan,
Poland), trifluoroacetic acid from J.T.Baker®(9470) and Milli-Q water. All experiments were performed
on two FPLC/HPLC systems: (1) AKTA Purifier two pumps system equipped with UV-900 monitoring
(GE Healthcare Life Sciences, Pittsburgh, PA, USA), pH and conductivity probe and fraction collector
Frac-920 (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Analysis using AKTA was performed at
room temperature 25 °C. (2) Shimadzu Prominence UFLC system equipped with LC-20AD isocratic
pumps (Shimadzu Scientific Instruments Incorporated, Columbia, MD, USA) with RF-20A fluorescence
detector (Shimadzu Scientific Instruments Incorporated, Columbia, MD, USA), SPD-M20A diode array
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detector (Shimadzu Scientific Instruments Incorporated, Columbia, MD, USA) for UV-Vis monitoring
and CTO-20ASvp column oven (Shimadzu Scientific Instruments Incorporated, Columbia, MD, USA)
that was setup at 75 °C. Initially, SOURCE uRPC C2/C18 ST 4.6/100 column (Pharmacia Biotech,
SanJose, CA, USA) was used, but it appeared to be too hydrophobic for dendrimer and antibody
analysis, therefore for all presented results Jupiter 4u Proteo 90A 2.0/100 column (Phenomenex Inc.,
Torrance, CA, USA) was used. The analytical data can be found in the Supplementary Materials.

2.4. Cell Culture

HER-2 negative human breast adenocarcinoma (MCF7) cell line was grown in DMEM medium
supplemented with GlutaMAX and 10% (v/v) fetal bovine serum (FBS). HER-2 positive human breast
adenocarcinoma (SKBR3) cell line was grown in McCoy’s 5 medium supplemented GlutaMAX and 10%
(v/v) fetal bovine serum (FBS). Cells were cultured in T-75 culture flasks in a humidified atmosphere
containing 5.0% CO, at 37 °C and subcultured every 2 or 3 days. Cells were harvested and used in
experiments after obtaining 80-90% confluence. The number of viable cells was determined by the
trypan blue exclusion assay with the use of Countess Automated Cell Counter (Invitrogen). Cells were
seeded in flat bottom 96-well plates at a density of 2.0 x 10* cells/well in 100 uL of an appropriate
medium. After seeding, plates were incubated for 24 h in a humidified atmosphere containing 5.0%
CO; at 37 °C to allow cells to attach to the plates.

2.5. Determination of Cytotoxicity

The influence of the PAMAM dendrimer conjugates and pure doxorubicin on the cell viability
was determined with the use of the MTT-assay. Briefly, to the 96-well plates containing cells at the
density of 2.0 x 10* cells/well in medium different concentrations of all compounds were added. Cells
were incubated with the dendrimer for 24 h in a 37 °C humidified atmosphere containing 5.0% COs,.
After the incubation period, cells were washed with phosphate buffered saline (PBS). Next, 50 uL
of a 0.5 mg/mL solution of MTT in PBS was added to each well and cells were further incubated
under normal culture conditions for 4 h. After incubation, the residue MTT solution was removed
and the obtained formazan precipitate was dissolved in DMSO (100 pL/well). The conversion of the
tetrazolium salt (MTT) to a colored formazan by mitochondrial and cytosolic dehydrogenases is a
marker of cell viability. Before the absorbance measurement, plates were shaken for 1 min and the
absorbance at 570 nm was measured on the PowerWave HT Microplate Spectrophotometer (BioTek,
Winooski, VT, USA).

2.6. Cellular Uptake Detection

In vitro uptake studies were carried out using fluorescent doxorubicin and PAMAM-dox—trastuzumab
conjugate. The compounds were added at a concentration of 1 M to the 12-well plates containing
cells at the density of 1.5 x 10* cells/well (SKBR-3, MCE-7). Cells were incubated with the compounds
for a specific time in a range from 1 h to 48 h in humidified atmosphere containing 5.0% CO, at 37 °C.
After the appropriate incubation period, cells were washed with PBS, suspended in 500 pL of medium
and immediately analyzed with a Becton Dickinson LSR II flow cytometer (BD Biosciences, San Jose,
CA, USA) using a blue laser (488 nm) and PE bandpass filter (575/26 nm).

2.7. Confocal Microscopy

Confocal microscopy images were obtained under 6300x magnification with Zeiss LSM 780
microscope equipped with 405 nm laser diode and InTune excitation laser system (Carl Zeiss Inc.,
Oberkochen, Germany). Cells at the density of 1 x 10% cells/well (SKBR-3) and 0.75 x 10% cells/well
(MCEF-7) were seeded on 96-well glass-bottom plates and incubated with 1 pM doxorubicin or
PAMAM-dox—trastuzumab conjugate for 24 h in 37 °C humidified atmosphere containing 5.0%
COy,. After the incubation, cells were cooled on ice and washed once with cold phosphate buffered
saline (PBS) to inhibit endocytosis. Cell nuclei were stained with DAPI in PBS for 10 min. Stained cells
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were imaged to visualize fluorescence of doxorubicin in far-red channel (excitation 595 nm, emission
600-740 nm) and nuclei in blue channel (excitation 405 nm, emission 410-470 nm).

2.8. Statistical Analysis

Data were expressed as mean £ SD. Analysis of variance (ANOVA) with the Tukey post hoc test
was used for results comparison. All statistics were calculated using the Statistica software (version12,
StatSoft, Tulsa, OK, USA, 2013), and p values < 0.05 were considered significant.

3. Results and Discussion

3.1. Synthesis and Characterization of PAMAM-trastuzumab and PAMAM-dox—trastuzumab Conjugates

The main drawback of most breast cancer treatments is high systemic toxicity, which leads to
side effects. To overcome this nonspecific cytotoxicity, we synthesized a conjugate consisting of
three components, each of them playing a different role: (1) trastuzumab provides specificity against
human epidermal growth factor receptor 2 (HER-2) that overexpresses in various cancer, including
breast cancer; (2) doxorubicin provides cytotoxic effect; and (3) PAMAM dendrimer protects the
whole conjugate in the circulatory system and, when linked with doxorubicin via pH-sensitive linker,
provides drug release in tumor environment. Yabbarov et al. confirmed the dependence of release of
doxorubicin on decreasing pH [18]. It has been observed that pH-dependent linkage is hydrolyzed and
the drug is released in the environment of the tumor, which allows for the controlled administration
of the active substance in the chosen site using the natural properties of tumor cells: fast metabolism
and the acidic pH. We decided to combine doxorubicin and PAMAM dendrimer using cis-aconitic
anhydride (CAA) [19]. Figure 1 presents the steps of PAMAM-dox-trastuzumab conjugate synthesis.
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Figure 1. Synthesis of PAMAM-dox-trastuzumab conjugate.
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The chemical structure of PAMAM-dox was characterized by 'THNMR analysis and FTIR
spectroscopy. The analytical data can be found in the Supplementary Materials.

In the next step, the PAMAM-dox conjugate was connected to the monoclonal antibody.
To accomplish this, we used a succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC)
linker. The SMCC is a convenient crosslinking agent for the amino and thiol groups. The NHS esters
react with primary amines to form stable amide bonds and maleimide part reacts with sulfhydryl
groups to form stable thioethers. Therefore, to carry out this reaction, we had to modify amine PAMAM
dendrimer groups into thiols. For this purpose, the Traut’s reagent was used. Modification with Traut’s
reagent (2-iminothiolane) is very efficient and rapidly. It occurs at slightly basic pH [20].

To characterize the conjugates, we used FPLC/HPLC analysis. Reverse phase high performance
liquid chromatography (RP-HPLC) was used to analyze the purity of products and to ascertain the
level of PAMAM and trastuzumab conjugation. The water/acetonitrile elution system was used
initially, but better performance was achieved with following: A: 0.1% TFA in water; and B: 70% iPrOH,
20% MeCN, and 0.1% TFA in water. The typical gradient contained 0-80% B for 30 min 80-100% B
in 5 min, 100% B for 10 min and 100-0% B in 5 min, as shown in Figure 2. Samples were typically
injected as 20-100 ug of material suspended in 100 uL buffer A. As reported before, main absorption
for PAMAM dendrimer is at 214 nm and this wavelength was used as well as 280 nm for the protein.
However, we also monitored at 254 nm for a potential contamination. Additionally, Shimadzu diode
array system provided us with UV profiles (200-600 nm was used). This allowed us to ascertain the
purity of PAMAM dendrimer, absorbing at 220 nm as also reported before. The analytical data can be
found in the Supplementary Materials.

In the second step, analysis of trastuzumab was carried out. Analysis was performed on UFLC
system (two LC-20ADXP isocratic pumps, a CTO-20AS column oven with DIOD array UV-Vis
monitoring) at 75 °C. The elution system was as before: A: 0.1% TFA in water; B: 70% iPrOH, 20%
MeCN, and 0.1% TFA in water. In the gradient 0-80% for 30 min, the main product (as monitored
at 280 nm) appeared at 18.3 min. The UV profile of the main signal shows absorbance at 277 nm,
as expected characteristic for proteins (Figure 2B).
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— gradient 0-80% B in 30min 120 4
- / 4
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331 377
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—T T T 1
300 320 340 360
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280 380 nm

Figure 2. (A) RP-HPLC profile of trastuzumab; and (B) UV profile of the main signal at 18 min.

Finally, PAMAM-dox-trastuzumab conjugate was analyzed. Profile analysis showed an
absorption at 280 nm. Analysis was carried out as before at 75 °C, in: A: 0.1% TFA in water; and B: 70%
iPrOH, 20% MeCN, and 0.1% TFA in water; and the gradient 0-80% for 30 min, injected 100 pug. The UV
profile of the signal at 21 min shows three signals (Figure 3B). As expected, the absorbance signals at
276, 504 and 540 nm are characteristic for protein (the first) and doxorubicin (the last two signals).
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Figure 3. (A) RP-HPLC profile of PAMAM-dox-trastuzumab conjugate analysis; and (B) UV profile of
the signal at 21 min.

3.2. In Vitro Studies

Two breast cancer cell lines (MCF-7 and SKBR-3) were used to study the anticancer activity of
PAMAM-trastuzumab and PAMAM-dox—-trastuzumab conjugates compared with free trastuzumab
and doxorubicin. The cell lines were selected for their immunological profile. SKBR-3 cells are
HER-2 positive while MCEF-7 cells are HER-2 negative. Cytotoxicity was assessed using MTT assay
to understand contribution of the above-mentioned compounds in targeting HER-2 positive breast
cancer (Figure 4). The measurements were made after 24 and 48 h of incubation and additionally after
24 h incubation with the drug and 24 h incubation after removal of the drug (24-24 h). The addition of
this incubation variant allows the assessment of cell damage and mortality after the drug is removed
from the system.

SKBR-3
Cell viability [% of control]

Cell viability [% of control]

MCF-7
Cell viability [% of control]

Cell viability [% of control]

0 S 10 15 20 0 5 10 15 20
Concentration [uM] Concentration [uM]
—+— Trastuzumab  — # —PAMAM-trastuzumab ~ —&— dox — ® — PAMAM-dox-trastuzumab

Figure 4. Influence of trastuzumab (green rhombus), doxorubicin (red triangles), PAMAM-trastuzumab
(green squares) and PAMAM-dox-trastuzumab (red spheres) conjugates on the viability of MCF-7 and
SKBR-3 cells assessed by MTT assay.
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The cytotoxicity profile clearly indicates that free trastuzumab was inefficient in the tested
concentration range but the conjugation of antibody with PAMAM dendrimer improved that
cytotoxic effect. The observed effect was more pronounced for SKBR-3 cells than MCEF-7 cells
due to selective adhesion of the conjugate to cells overexpressing the HER-2. Moreover, the
addition of doxorubicin, which is often administered in alternating cycles with trastuzumab, to
PAMAM-trastuzumab conjugate enhanced the therapeutic effect and the selectivity, which was
particularly noticed after 48 h of incubation. The ICs values (Table 1) for SKBR-3 cells demonstrated
that PAMAM-dox—trastuzumab conjugate (0.003 £ 0.002 pmol/L) showed rise in selectivity and
therapeutic effect when compared not only to PAMAM-trastuzumab conjugate (0.41 & 0.06 pmol/L)
but also to the free drug (0.342 + 0.127 umol/L). It indicates that there is a possibility of dose reduction
while maintaining a therapeutic effect and selectivity, which can protect from cardiotoxicity caused by
doxorubicin. Our results obtained for the conjugate PAMAM-dox—trastuzumab are unique because
they show a synergistic effect and an increase in the toxic efficiency towards to HER-2 positive cells
compared to the free drug or the conjugate PAMAM-trastuzumab and a decrease in the toxic efficiency
towards to HER-2 negative cells. Recently, the effectiveness of dendrimer with conjugated monoclonal
antibody and anticancer drug (docetaxel) has been also observed by Kulhari et al. [21]. These results
demonstrate that trastuzumab can specifically target and deliver anticancer to HER2-positive cells.

Table 1. Comparison of IC5p value for trastuzumab, doxorubicin, PAMAM-trastuzumab and
PAMAM-dox-trastuzumab conjugates in two breast cancer cell lines. The ICs( values are presented as
mean + S.D. of three experiments.

MCE-7 MCE-7 MCEF-7 SKBR-3 SKBR-3 SKBR-3
24h 24h-24h 48 h 24 h 24h-24h 48 h
Trastuzumab >100 >100 >100 >100 >100 >100
PAMAM-trastuzumab 32.46 £ 4.47* 1131 +4.06* 1192 +4.08* 429+006* 281+152* 0414+0.06*
Dox 920+ 1.23 137 £ 1.61 1.10 +£1.23 0.77 £0.16 0.19 £ 0.08 0.34 +0.13
PAMAM-dox- 38.40 +5.73 8.17 £ 4.85 14.86 £+ 5.37 2.81+0.74 0.14 £0.04  0.003 £ 0.002 *
trastuzumab

* Statistically significant difference towards free drug at p < 0.05.

To analyze cellular uptake of doxorubicin and PAMAM-dox-trastuzumab conjugate by flow
cytometry, cells were incubated with the compounds at concentration of 1 uM. Incubation times varied
from 1 h to 48 h. The fluorescence could be observed because doxorubicin itself has an intrinsic
fluorescence, which paradoxically makes it an imaging agent. All tested cell lines accumulated both
compounds rapidly, although the largest amount was observed in SKBR-3 cells (Figure 5). In the case
of MCF-7 cells, after 48 h incubation, the fluorescence intensity, which is directly proportional to the
doxorubicin concentration, was considerably lower after treatment with PAMAM-dox-trastuzumab
conjugate than with free doxorubicin. As expected, the effect was quite the opposite in terms of SKBR-3
cells, where uptake of PAMAM-dox-trastuzumab conjugate was higher than the free drug, which is
in great agreement with our results obtained by MTT assay. This outcome corresponds to previous
reports that PAMAM-methotrexate—trastuzumab specifically internalize in breast cancer cell line
overexpressing HER-2 (MCA207-HER-2) [20]. This finding suggests that synthesis of HER-2-targeted
dendrimer—drug conjugate can find applications in tumor-targeted drug delivery.

The increase in fluorescence intensity observed upon incubation of cells with the drug and
conjugate may occur due to two processes: an uptake of the compounds within the cells or binding
of them to the outer layer of cell membranes. To make certain that analyzed compounds actually
localized in the cells, confocal microscopy was used as a visualization technique. Again, this method
was based on the fluorescence of the doxorubicin. The concentration of the doxorubicin remained the
same and equaled 1 uM. Confocal images are presented in Figure 6.
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Figure 5. Cellular uptake of free doxorubicin and PAMAM-dox-trastuzumab conjugate at a
concentration of 1 uM by MCF-7 (blue triangles) and SKBR-3 (red rhombus/squares) cells after
incubation for 1, 2, 3, 4, 5, 24, and 48 h.

MCF-7 SKBR-3
PAMAM-dox-trastuzumab PAMAM-dox-trastuzumab

Figure 6. Confocal images of MCF-7 and SKBR-3 cells treated with 1 uM free doxorubicin and
PAMAM-dox-trastuzumab conjugate for 24 h. Following doxorubicin and conjugate accumulation
(red channel) (A), cells were rinsed once with PBS and stained with DAPI to visualize cell nucleus (blue

channel) (B). The size of the scale bar is 10 nm.

Images confirm internal localization of the compounds. As expected, free doxorubicin was
localized internally in all tested cell lines but when it comes to PAMAM-dox-trastuzumab conjugate,
some differences in localization can be observed between tested cell lines. In the case of SKBR-3
cells, conjugate was internalized to cell nucleus while in MCEF-7 cells was almost not present
there, which was in parallel with our cytotoxicity and uptake studies. Furthermore, trastuzumab
labeled by doxorubicin was visible on the surface of the cells and in the cytoplasm. Interestingly,
the interaction of the monoclonal antibody and only a small amount of doxorubicin, which binds
to nucleic acids, was needed to ensure high efficacy of the conjugate. To the best of our knowledge,
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this the first example of the study of the localization of PAMAM-dox-trastuzumab in the cells.
Others researchers were investigating the internalization of dendrimer—antibody conjugate in the cells.
Miyano et al. used PAMAM G6 dendrimers modified on the surface with lysine and glutamic acid
(KG6E) and with attached trastuzumab [22]. Studies with this conjugate were also carried out on
two human breast cancer cell lines: SKBR-3 (HER-2 positive) and MCF-7 (HER-2 negative). After 1 h
incubation at 4 °C, KG6E-trastuzumab—Alexa Fluor 488 conjugate was selectively bound to SKBR-3
cells, rather than MCF-7. Moreover, the conjugate was internalized to lysosomes. In other studies,
trastuzumab was covalently linked to a PAMAM dendrimer via bifunctional polyethylene glycol
(PEG) and tested towards to two cell lines BT474 (HER-2 positive) cells and MCE-7 (HER-2 negative)
cells [23]. These in vitro studies demonstrated that PAM AM-trastuzumab conjugate was taken up by
HER-2-overexpressing BT474 cells more efficiently than MCE-7 cells that expressed lower levels of
HER-2. Co-localization experiments indicated that trastuzumab-conjugated PAMAM was located in
the cytoplasm. These findings provide utilizable information for design conjugate for targeted therapy.

4. Conclusions

In summary, we have successfully synthesized and characterized HER-2 targeted
PAMAM-dox-trastuzumab conjugate. The in vitro cytotoxicity, cellular uptake and internalization
studies indicate that this conjugate is a promising carrier for HER-2-expressing tumor-selective delivery.
The selectivity is not only due to trastuzumab that binds to human epidermal growth factor receptor 2
but also due to pH-sensitive linker between dendrimer and doxorubicin that in the tumor environment
breaks allowing to drug release. PAMAM-dox-trastuzumab conjugate can find application in the drug
delivery system and enhance the therapeutic index of anticancer drug while reducing its dose.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/2/187/s1,
Figure S1: The IHNMR spectrum of PAMAM-dox conjugate, Figure S2: The FTIR spectrum of PAMAM-dox,
Figure S3: RP-HPLC profile of PAMAM G4, trastuzumab and PAMAM-dox-trastuzumab conjugate analysis.
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Abstract

The strategy utilizing trastuzumab, a humanized monoclonal antibody against human epidermal
growth receptor 2 (HER-2), as a therapeutic agent in HER-2 positive breast cancer therapy seems to
have advantage over traditional chemotherapy especially when given in combination with
anticancer drugs. However, the effectiveness of single antibody or antibody conjugated with
chemotherapeutics is still far from ideal. Antibody-dendrimer conjugates hold the potential to
improve the targeting and release of active substance at the tumor site. In the present study, we
developed and synthesized PAMAM dendrimer-trastuzumab conjugates carrying doxorubicin (dox)
specifically to cells overexpressing HER-2. *HNMR, FTIR and RP-HPLC was used to analyze the
charakterize the products and to analyze their purity. Toxicity of PAMAM-trastuzumab and
PAMAM-dox-trastuzumab conjugates compared with free trastuzumab and doxorubicin, towards
HER-2 positive (SKBR-3) and negative (MCF-7) human breast cancer cell lines was determined
using MTT assay. Furthermore, the cellular uptake and cellular localization were studied by flow
cytometry and confocal microscopy, respectively. A cytotoxicity profile of above mentioned
compounds indicated that conjugate PAMAM-dox-trastuzumab was more effective when compared
to free drug or the conjugate PAMAM-trastuzumab. Moreover, these results reveal that trastuzumab
can be used as a targeting agent in PAMAM-dox-trastuzumab conjugate. Therefore PAMAM-dox-
trastuzumab conjugate might be an interesting proposition which could lead to improvements in the

effectiveness of drug delivery systems for tumors that overexpress HER-2.



Synthesis of PAMAM doxorubicin conjugate

'HNMR and FTIR was used to analyze the purity of PAMAM-dox conjugate. *"HNMR spectra
were recorded on Bruker Avance Il DRX-600 and 500 MHz spectrometers, using deuterated D,O
as solvents. The FTIR spectra were collected with a FTIR ATI Mattson Spectrometer Spectrum and
samples were measured as thin film in KBr crystals.

As shown in Figure S1, the peaks at 7.7 ppm resulted from aryl groups and 5.15 ppm, 0.94 ppm for
alkyl group of the doxorubicin. The 6.5 ppm signal refers to the CAA linker. The peaks at 2.2-3.2
ppm correspond to protons of PAMAM dendrimer.

Figure S1. The *HNMR spectrum of PAMAM-dox conjugate

According to FTIR, the typical peak attributed to NH groups of the conjugate was observed at 1637
cm™. The broad band at 3416 cm™ corresponds to O-H. The N-H bond from PAMAM appears at
1550, 1465, 1364 cm™. The bands at 2849, 2837 cm™ and 1153 cm™ are attributed to C-H and C-O-
C groups of doxorubicin respectively. In the IR spectrum of PEG- dox the peak at 3416 cm™ is
attributed to OH and N-H groups. The FTIR spectrum of PAMAM-dox is shown on the Figure S2.



—

Figure S2. The FTIR spectrum of PAMAM-dox

2. Synthesis of PAMAM-dox-trastuzumab conjugate

Reverse phase high performance liquid chromatography (RP-HPLC) was used to analyze the purity
of products and to ascertain the level of PAMAM, PAMAM-dox and trastuzumab conjugation
(Figure S3). Solvents used for HPLC analysis were at the HPLC grade; 'PrOH, MeOH, MeCN was
from Sigma-Aldrich, trifluoroacetic acid from J.T.Baker (9470) and Milli-Q water. All experiments
were performed on two FPLC/HPLC systems: (1) AKTA Purifier two pumps system equipped with
UV-900 monitoring, pH and conductivity probe and fraction collector Frac-920. Analysis using
AKTA was performed at room temperature 25°C, (2) Shimadzu Prominence UFLC system
equipped with LC-20AD isocratic pumps with RF-20A fluorescence detector, SPD-M20A diode
array detector for UV-Vis monitoring and CTO-20ASvp column oven that was setup at 75°C.
Initially SOURCE uRPC C2/C18 ST 4.6/100 column was used, but it appeared to be too
hydrophobic for dendrimer and antibody analysis, therefore for all presented results Jupiter 4u
Proteo 90A 2.0/100 column was used.

Figure S3. shows RP-HPLC profile of PAMAM analysis performed on AKTA Purifier system with
constant UV monitoring at 3 wavelengths (220, 240 and 280 nm), pH and conductivity at 25°C. The
elution system was optimized and finally contained A: 0.1% TFA in water, B: 70% 'PrOH, 20%
MeCN, 0.1% TFA in water. In the gradient 0-80% for 30 min the main product (PAMAM
dendrimer) appeared at 5.8 min with the purity estimated for 96.8%.
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Figure S3. RP-HPLC profile of PAMAM G4, trastuzumab and PAMAM-dox-trastuzumab
conjugate analysis
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Stowa kluczowe:

Streszczenie

Rak piersi to najcze$ciej wystepujacy nowotwdr u kobiet. Dane literaturowe potwierdzajg, iz
u okoto 30% pacjentek wystepuje nadekspresja receptora nabtonkowego czynnika wzrostu
HER2 (Human Epidermal Growth Factor 2) na powierzchni komérek nowotworowych. Przeciw-
ko biatku HER2 skierowany jest trastuzumab - rekombinowane, humanizowane przeciwciato
monoklonalne. Wzbogacenie nim tradycyjnej chemioterapii, z zastosowaniem antracyklin czy
taksondw, zwieksza skuteczno$é leczenia. Jednak ogdlnoustrojowa toksyczno$é samych lekéw
nadal stanowi powazny problem. Z tego powodu poszukuje sie nowych rozwigzan, zwlaszcza
na poziomie selektywnego transportu leku do komérki nowotworowej.

Dendrymery, zbudowane z rdzenia oraz promienis$cie odchodzacych od niego gatezi, sg jedna
znajlepiej poznanych grup nanoczasteczek. Liczne publikacje wskazaty, iz moga by¢ wykorzy-
stane jako no$niki réznego typu czasteczek, m.in. lekéw przeciwnowotworowych. Ich rozgate-
ziona struktura zapewnia skuteczng ochrone przed przedwczesnym uwalnianiem leku w ukta-
dzie krazenia, dzieki czemu istnieje szansa na zmniejszenie dawki przy zachowaniu zblizonego
dziatania terapeutycznego i jednoczesnym obnizeniu toksycznosci leku wzgledem komérek
prawidtowych. Ponadto modyfikacja powierzchni dendrymeru przeciwcialem monoklonalnym
zapewnia skutek terapii celowanej. Dlatego tak wazna jest synteza koniugatéw trastuzumabu,
dendrymeréw oraz lekéw przeciwnowotworowych. W pracy przedstawiono przeglad publika-
cji dotyczacy zastosowania trastuzumabu in vitro, in vivo oraz wykorzystania go w badaniach
klinicznych, a takze najnowsze osiagniecia z pogranicza biologii i chemii, ktérych celem jest
stworzenie idealnego przenosnika, mogacego znalez¢ zastosowanie w terapii celowane;j.

dendrymery PAMAM - trastuzumab - rak piersi - przeciwciato

Summary

Breast cancer is the most frequently occurring cancer in women. It has been confirmed that ap-
proximately 30% of patients have overexpression of human epidermal growth factor 2 (HER2) on
the surface of tumor cells. Trastuzumab - a recombinant, humanized monoclonal antibody - is di-
rected against this receptor. Its use in traditional chemotherapy (with anthracyclines or taxanes)
causes an increase of therapy efficiency. However, the systemic toxicity of the anticancer drugs
is still a serious problem. Therefore, new solutions are sought, especially in the field of selective
drug transport to tumor cells. Dendrimers are composed of a core and branches. They are the best-
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-known group of nanoparticles. A lot of publications have shown that they can be used as carriers of
various types of molecules, including anticancer drugs. The branched structure provides effective
protection against premature release of the drug into the circulatory system. It gives a chance to
reduce the dose while maintaining a therapeutic effect, and to reduce the toxicity of the drug for
normal cells. Furthermore, the surface of dendrimers can be modified by a monoclonal antibody
to achieve a targeted therapy. For that reason synthesis of conjugates of trastuzumab, dendrimers,
and anticancer drugs is so crucial. This paper presents an overview of publications about the use
of trastuzumab in in vitro, in vivo and clinical studies, as well as the latest developments of biology
and chemistry, whose goal is to create the perfect, targeted carrier.
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Procesy, takie jak réznicowanie, proliferacja czy apopto-
za sg $cisle regulowane w kazdej zywej komérce i zaleza
w znacznym stopniu od czynnikéw zewnetrznych akty-
wujacych wewnatrzkomérkowy szlak transdukcji sygna-
téw. Akumulacja mutacji w komérkach nowotworowych
jest bezposrednig przyczyna zaburzeri w przekaznictwie,
czego konsekwencja jest niekontrolowany podziat komé-
rek nowotworowych oraz brak reakcji na sygnaty, ktére
w warunkach prawidlowych aktywuja szlaki apoptotycz-
ne. Poznajac etiologie choréb nowotworowych stwier-
dza sie, ze jednym z najczesciej wystepujacych zaburzet
w przekaznictwie sygnaléw jest szlak zwigzany z rodzing
receptora naskdrkowego czynnika wzrostu EGFR (Epider-
mal Growth Factor Receptor) [23].

U okoto 30% pacjentek, u ktérych potwierdzono raka pier-
si zaobserwowano réwniez nadekspresje receptora ludz-
kiego naskdrkowego czynnika wzrostu typu 2 (HER2, Hu-
man Epidermal Growth Factor Receptor 2) na powierzchni
komérek nowotworowych [8]. Receptor ten, w literaturze
opisywany za pomocg skrétéw: NEU; CD340; ERBB2; MLN
19; HER-2/neu pelni bardzo wazng funkcje w kontroli
prawidtowego podziatu komdrki czy regulacji procesu

apoptozy.

Gen ERBB2 kodujacy biatko HER2 jest protoonkogenem
i lezy na dlugim ramieniu siedemnastego chromosomu
(17q12). Jego zwielokrotnienie (amplifikacja) jest przy-
czyna nadmiernej ekspresji biatka HER2 w komérce no-
wotworowej. Uwaza sie, ze jedna trzecia z rozpoznanych
przypadkéw raka piersi ma zbyt wiele kopii tego genu,
czego naturalng konsekwencjg jest nadekspresja recep-

tora HER2 [11,68]. Anomalia ta niesie za soba powazne
konsekwencje, poniewaz prowadzi do szybszego wzrostu
raka oraz agresywniejszego przebiegu choroby. Udowod-
nione, iz nowotwory z nadekspresja receptora HER2 wy-
kazuja takze wieksza lekooporno$é [74], dlatego decydujac
o sposobie leczenia raka piersi tak wazne jest aby zbadaé
liczbe kopii genu ERBB2, a co sie z tym wiaze ocenié ,,zto-
$liwo$¢” nowotworu oraz szanse pacjentki na wyleczenie.
Jesli liczba kopii genu ERBB2 przekroczy 4 zaktada sie, ze
nastgpita amplifikacja. Jako kryteria oceny kopii genu,
przyjmuje sie nastepujaca klasyfikacje:

* ponizej 4 kopii genu/komdrke - brak amplifikacji,

+ 5-10 kopii genu/komdrke - niska amplifikacja,

* powyzej 10 kopii genu/komdrke - wysoka amplifika-
cja [51].

Powstajace w wyniku ekspresji genu ERBB2 biatko nalezy
do rodziny czterech, transbtonowych, silnie ze soba zwia-
zanych oraz wchodzacych w interakeje receptordw, tj.:

« ERBB1 (HER2, EGFR)
« ERBB2 (HER2)
« ERBB3 (HER3)
« ERBB4 (HER4)

Wszystkie cztery receptory naleza do transbtonowych bia-
lek i zawieraja wigzaca ligand domene zewnatrzkomérkows,
domene transbtonowa oraz domene wewnatrzkomérkowa
wykazujacg aktywno$¢ kinazowg [12]. Po zwigzaniu HER2
zligandem receptor ulega homo- lub heterodimeryzacji be-
dacej skutkiem autofosforylagji reszt tyrozyny w domenie
cytoplazmatycznej. Reakcja uruchamia wiele szlakéw sy-
gnatowych, tj.: kinaz biatkowych aktywowanych mitogenem
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Ryc. 1. Mechanizm dziatania nadekspresji HER 2

(MAPK, Mitogen-Activated Protein Kinases) [44], fosfolipaz
Cg, kinaz biatkowych C (PKC, Protein Kinase C) oraz akty-
watora transkrypcji (STAT, Signal Transducers and Activa-
tors of Transcription). Konsekwencjg zwiekszenia gestosci
wystepowania receptora HER2 na powierzchni komérki jest
ekspresja biatek bioracych udziat w proliferacji, przezyciu
imigracji komdrek, a takze zapoczatkowanie procesu angio-
genezy, bedacego pierwszym etapem prowadzacym do prze-
rzutowania[45]. Rycina 1 przedstawia mechanizm dziatania
i nadekspresji receptora HER2 w komdrce.

Trastuzumab to rekombinowane, humanizowane prze-
ciwcialo mononoklonalne (mAb, Monoclonal Antibody)
klasy IgG1 wybidrczo taczace sie z EGFR2. Wigzac sie z IV
domena zewngtrzkomdrkowej cze$ci biatka HER2 trastu-
zumab blokuje receptor hamujac nadmierng proliferacje
komérek guza. Wyniki badar sugeruja, ze zahamowanie
proliferacji jest rezultatem zatrzymania cyklu komérko-
wego w fazie G1[35,37].

Zaobserwowano réwniez, iz trastuzumab jest silnym me-
diatorem cytotoksycznosci zaleznej od przeciwciat (ADCC,

Antibody-Dependent Cell-Mediated Cytotoxicity) [1,34].

Bapania i viTro

Potrzeba obnizenia toksyczno$ci stosowanych lekéw
przeciwnowotworowych, przy jednoczesnym zwieksze-
niu ich skuteczno$ci, zaowocowala wzrostem zaintereso-
wania badaniami nad terapig celowang z zastosowaniem
przeciwciat monoklonalnych [24].

Dotychczas zbadano wplyw trastuzumabu m.in. na zy-
wotno$¢ komdrek (test tetrazoliowy), cykl komérkowy
(barwienie jodkiem propidyny), apoptoze (kaspazy eg-
zekutorowe i aneksyna V), ekspresje receptora HER2 na
powierzchni komérek SK-BR3 oraz receptora estrogeno-
wego na powierzchni komérek gruczotowego raka sutka
(MCF-7), przy jednoczesnej kontroli wptywu dwdéch en-
dogennych ligandéw: czynnika wzrostu naskérka (EGF)
i hereguliny-p1 (HRG-B1). Zaobserwowano, ze przezy-
walno$¢ komérek SK-BR3 zmniejsza sie po ekspozycji na
trastuzumab. Jest to zwigzane ze spadkiem wzgledne;j
gestosci receptora HER2 oraz zatrzymaniem cyklu w fazie
G1, wspieranych przez cytostatyczne dziatanie trastuzu-
mabu. Ilo$¢ aktywnego receptora HER2 jest znacznie re-
dukowana przez trastuzumab, EGF i hereguline-f1 [35].

Liu i wsp. zbadali wptyw kombinacji przeciwciata MM-
121/SAR256212 oraz trastuzumabu [33]. MM-121/
SAR256212 to ludzkie przeciwciato skierowane przeciwko
nadekspresji receptora HER3. Do badania przezywalnosci
wykorzystano metode MTS (z uzyciem 3-(4,5-dimetylot-
iazol-2-ylo)-5-(karboksymetoksyfenylo)-2-(4-sulfofenylo)-
2H-tetrazolu). Za pomoca cytometrii przeptywowej doko-
nywano oceny cyklu komérkowego, a metode Western
blot zastosowano do wykrycia ekspresji biatek na po-
wierzchni komérek nowotworowych. Okazato sie, ze
przeciwcialo MM-121/SAR256212 w znacznym stopniu
wzmacnia hamujacy wptyw trastuzumabu na dwie ba-
dane linie komérkowe raka piersi (SK-BR3 i BT474). Prze-
ciwcialo MM-121 podane w potaczeniu z trastuzumabem
powodowato znaczacy spadek ekspresji ufosforylowanych
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biatek ERBB3 (P-ERBB3) i AKT (P-AKT). Stosowane jed-
noczesnie przeciwciata nie indukowaty jednak apoptozy
w liniach komdérkowych opornych na dziatanie trastuzu-
mabu, a jedynie prowadzity do zatrzymania cyklu w fazie
G1. Natomiast obserwowano zwiekszenie ekspresji biatka
p278PI[33],

Interesujace okazaly sie wyniki barwienia immunohisto-
chemicznego (THC, Immunohistochemistry), cytometrii
przeptywowej, PCR w czasie rzeczywistym oraz ocena
amplifikacji genu za pomocg fluorescencyjnej hybrydy-
zacji in situ (FISH, Fluorescent in situ Hybridization), kt4-
re wykazaly znaczacy wptyw trastuzumabu podawanego
z innym przeciwcialem monoklonalnym - pertuzuma-
bem, ktérego dziatanie jest skierowane réwniez przeciw-
ko receptorowi HER2, na liniach komérkowych raka piersi
USPC ARK-1, USPC ARK-2, USPC ARK-3, USPC ARK-4, USPC
ARK-5 i USPC ARK-6. Trzy z badanych linii komérkowych
wykazaly amplifikacje genu C-ERBB2 oraz wysoka eks-
presje receptora HER2 [26]. Obserwowana cytotoksycz-
no$¢ trastuzumabu i pertuzumabu oceniona na podstawie
wynikdéw proliferacji byta na podobnym poziomie, cho¢
przeciwciata podane jednocze$nie hamowaty w znacznym
stopniu proliferacje badanych komérek oraz indukowaty
cytotoksyczno$¢ zalezna od ich stezenia [7].

Obecnie prowadzi sie badania nad pochodng trastuzu-
mabu, trastuzumab-DM1 (T-DM1), stosowang w przy-
padku nabycia przez komérki nowotworowe opornosci
na leczenie tradycyjnym przeciwcialem. W eksperymen-
tach in vitro wykorzystano linie komérkowe: UACC-893,
MDA-453 i JIMT-1. Do badania przezywalnosci komédrek
zastosowano test AlamarBlue (Invitrogen, Carlsbad, CA,
USA). Zaobserwowano, ze pochodna w znaczacy sposdb
hamuje przezywalno$¢ HER2-dodatnich komérek nowo-
tworowych opornych na trastuzumab. Ponadto T-DM1,
podobnie jak trastuzumab, wywotuje selektywng cyto-
toksyczno$¢ [4].

W raku piersi trastuzumab podawany jest z taksanami
[28], dlatego tez prowadzone sg badania majace na celu
ocene synergistycznego dziatania przeciwciata podawa-
nego z paklitakselem lub docetakselem. Niestety otrzy-
mane wyniki IC_ oraz wartosci IC, -IC, nie potwierdzily
synergistycznego dziatania lekéw i przeciwciala, a zale-
dwie ich addytywny wptyw na badane linie komdrkowe
MCF-7, MDA-MB453 i SK-BR3 [47].

Natomiast synergiczng cytotoksyczno$¢ trastuzumabu
wzgledem linii komérkowej SK-BR3 obserwowano po po-
daniu przeciwciata w potaczeniu z lekami, takimi jak: tio-
tepa, cisplatyna, etopozyd. Addytywne interakcje byly
obserwowane réwniez dla doksorubicyny i metotraksatu.
Podczas gdy interakcje fluorouracylu z trastuzumabem
wykazywaly charakter antagonistyczny [56].

Badania innego zespotu wykazaty, iz trastuzumab hamu-
je klonalny wzrost komérek BT-474 juz w dawce 0,5-2,5
nM oraz SK-BR3 w dawce 0,5-10 nM i w mniejszym stop-
niu komdrek raka jajnika (w dawce 10-100 nM). W terapii

skojarzonej trastuzumabu i paklitakselu obserwowano
wzmocnienie przeciwnowotworowego efektu odpowied-
nio 0 67% w przypadku komérek BT-474, 50% dla linii SK-
-BR3 i 0 32% dla linii raka jajnika SK-OV3 [6].

Terapia skojarzona trastuzumabu i lekédw antyestroge-
nowych moze nasila¢ hamowanie wzrostu niektérych
rodzajéw guzdéw [59]. Trastuzumab w dawce 0,05-0,2
mg/] podany w potaczeniu z tamoksyfenem (w stezeniu
0,5-5uM) bedacym selektywnym modulatorem recepto-
ra estrogenowego (SERM, Selective Estrogen Receptor
Modulators), znaczaco wzmacnial przeciwnowotworowe
dziatanie leku wobec HER2-opornej linii komérkowej BT-
474 [80]. Trastuzumab podawany z fulystrantem - innym
antyestrogenowym lekiem - hamowat wzrost komérek
raka piersi linii ML-20. Natomiast nie obserwowano efektu
terapeutycznego w przypadku linii komérkowych niewy-
kazujacych ekspresji receptora estrogenowego, charak-
teryzujacych sie niskg ekspresja receptora HER2 (KPL-4,
MDA-MB-231) [41].

Podobnie podanie CP461 (inhibitora fosfodiesterazy cGTP
stosowanego w przypadku raka prostaty) z trastuzuma-
bem spowodowato hamowanie proliferacji oraz genera-
cje procesu apoptozy. Komorki linii BT-474 wykazujace
nadekspresje HER2 traktowane trastuzumabem i CP461
wykazywaly wzrost inhibicji, w przeciwieristwie do ko-
morek linii MDA-MB-435S, wykazujacych niskg ekspresje
receptora EGFR2. Jednoczesne podanie obu aktywnych
substancji hamowato wzrost komdrek linii SK-BR3 i BT-
474 i dodatkowo powodowato fragmentacje DNA w ko-
mdérkach SK-BR3 [78].

Bapania v vivo

Zastosowanie modeli zwierzecych, bardziej ztozonych niz
model komdrkowy, stanowi kolejny etap badan zwigzkdw,
ktére wykazuja potencjalne dziatanie przeciwnowotwo-
rowe wzgledem linii komérkowych. Mozliwo$¢ wykona-
nia heterogennych przeszczepéw komdérek ludzkich no-
wotworéw do organizméw zwierzecych daje badaczom
unikalng mozliwo$¢ sprawdzenia skuteczno$ci przeciw-
nowotworowego dziatania badanych zwigzkéw in vivo.

Baselg i wsp. zaobserwowat korelacje miedzy podang
in vivo dawka trastuzumabu, a efektywnoscia dziatania
przeciwnowotworowego. Grupie 24 myszy pozbawionym
grasicy, z uprzednio wykonanym heteroprzeszczepem
ludzkich komérek raka piersi wykazujacych nadekspresje
receptora HER2 podawano w dawkach: 0,1, 0,3 i 1 mg/kg
masy ciata, dootrzewnowo jeden raz na tydzien przez 5 ty-
godni przeciwciato, ktére hamowato wzrost guza wprost
proporcjonalnie do podanej dawki w 25, 40 80% w pordw-
naniu do myszy, ktérym podawano przeciwciata kontrolne
(1 mg/kg dootrzewnowo) nieswoistej rekombinowanej
immunoglobuliny [6].

Myszom z utrwalonymi heteroprzeszczepami nowotwo-
rowymi komdrek linii BT-474 podawano trastuzumab
dootrzewnowo w dawce 0,3 mg/kg masy ciata dwa razy
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w tygodniu przez 5 tygodni w monoterapii lub w pota-
czeniu z doksorubicyna lub paklitakselem. Monotera-
pia trastuzumabem, doksorubicyna oraz paklitakselem
spowodowata zmniejszenie objeto$ci guza odpowiednio
036,27 i 35%. Dopiero zastosowanie trastuzumabu w po-
taczeniu z paklitakselem, stosowanym w dawce 10 mg/
kg i podawanym dozylnie w pierwszym i czwartym dniu
leczenia redukowato objeto$¢ guza 0 93%, w porédwnaniu
z grupa kontrolng. Natomiast trastuzumab w potaczeniu
z doksorubicyng podawany dozylnie w stezeniu 10 mg/
kg zahamowat wzrost guza o 70% [56].

Wyniki innych badan wykazaty, iz leczenie trastuzuma-
bem wraz z paklitakselem powoduje znaczace zahamo-
wanie wzrostu guza nawet po podaniu nizszych dawek
paklitakselu (5 lub 10 mg/kg). Trastuzumab w potaczeniu
z doksorubicyna, cyklofosfamidem, metotreksatem [71],
etopozydem lub winblastyng [20] zmniejszat wielko§¢é
guza u myszy pozbawionych grasic, z heteroprzeszcze-
pami ludzkich komdrek raka piersi wykazujacymi na-
dekspresje receptora HER2. Jednak zaobserwowano, iz
nie bylo to synergistyczne, gdy leki podawano w réznym
czasie. Ponadto, gdy doksorubicyna byta podawana jako
pierwsza to dziatanie z trastuzumabem byto antagoni-
styczne [80].

Leahy i wsp. wykazali, iz guzy z nadekspresjg HER2 wy-
kazuja zahamowanie wzrostu ilo$ci zewnatrzkomérko-
wej domeny (ECD, Extracellular Domain) HER2 jako sku-
tek leczenia trastuzumabem [20]. Zwigzek miedzy masa
guza, ekspresja ECD i odpowiedzig na terapie liposomal-
ng doksorubicyna (100 ug jeden raz w tygodniu) oraz
trastuzumabem zostat sprawdzony na grupie 80 myszy
z utrwalonym heteroprzeszczepem linii BT-474 i MCF7.
Trastuzumab powodowal zalezny od dawki wzrost w po-
ziomie cyrkulacji HER2 ECD. Tak jak trastuzumab, lipo-
somalna doksorubicyna znacznie hamowata wzrost guza,
ale w przeciwienistwie do trastuzumabu nie wykazywata
znaczgcego wplywu na zalezno$¢ regresji miedzy iloscia
ECD HER?2 oraz objeto$cig guza w odniesieniu do kontro-
Inego roztworu soli fizjologicznej [55].

ZASTOSOWANIA KLINICZNE

Trastuzumab zostat zarejestrowany w 2001 roku, poczat-
kowo w terapii rozsianego raka piersi z nadekspresja
HER2. Status rejestracyjny w Polsce w leczeniu uzupel-
niajacym, czyli adiuwantowym, raka piersi uzyskat w 2006
roku [19]. Trastuzumab okazat sie skuteczny w licznych
badaniach klinicznych dotyczacych raka piersi z nade-
kspresja HER2. Jego dziatanie polega na inhibicji sygnatu
do jadra komérkowego, w wyniku czego dochodzi do za-
hamowania proliferacji komérki. Dodatkowo uaktywnia
cytostatyczng funkcje uktadu dopetniacza oraz przeciw-
ciat w stosunku do komérki HER2(+) [69,70]. Jego dziatanie
moze zosta¢ dodatkowo wzmocnione poprzez inne leki
cytostatyczne [76]. Obecno$¢ receptora HER2 stwierdza
sie prawie u 20% chorych na raka piersi [15]. Leczenie
trastuzumabem moze by¢ zastosowane wytacznie w tej
grupie chorych.

Trastuzumab poczatkowo stosowano u chorych z za-
awansowang, rozsiang choroba nowotworowa po lecze-
niu pierwszego rzutu i po nawrocie. Liczne badania kli-
niczne potwierdzity skuteczno$é¢ trastuzumabu w takich
przypadkach terapii raka piersi. Cobleigh i wsp. podajac
chorym w II rzucie leczenia - czyli po niepowodzeniu
leczenia I rzutu - w rozsiewie choroby nowotworowej
odnotowali obiektywna odpowiedZ u 15% chorych [64].
Nastepnie w 2001 r. Slamon i wsp. badajac skutecznosé
leczenia paklitakselem lub programem AC (doksorubicyna
z cyklofosfamidem) w polaczeniu z trastuzumabem lub
bez trastuzumabu uzyskali odpowiedZ na leczenie odpo-
wiednio u 50% i 32% chorych (p <0,001) oraz wydtuzenie
czasu do progresji (PFS, Progression Free Survival) o 7,4
miesigca (p<0,001). To samo badanie wskazato réwniez,
ze skojarzenie doksorubicyny z trastuzumabem wywo-
tuje duza kardiotoksyczno$¢, ktéra obserwowano u 27%
chorych [64].

Biologia nowotworu z nadekspresja HER2. Obecnie
w celu rozréznienia rokowniczo-predykcyjnego raka
piersi na podstawie fenotypu zobrazowanego w badaniu
histopatologicznym i immunohistochemicznym podzie-
lono go na kilka podtypéw. Wyrdznione nastepujace pod-
typy: luminalny A, luminalny B - HER ujemny, luminalny
B HER dodatni, HER dodatni (nieluminalny), tréjujemny
(bazalny) oraz podtyp zawierajacy tzw. ,specjalne typy
histologiczne”. Podtypy wykazujace nadekspresje HER2 sg
uznawane za podtypy o rokowaniu posrednim, gdyz mimo
potencjalnie wickszej zto§liwosci wdrozone leczenie anty
HER?2 jest bardzo skuteczne [32,36,62,66].

Biologiczny rozwdj nowotworédw HER2(+) jest szybszy,
szybsza jest proliferacja komdrek, zwiekszona angioge-
neza oraz inwazyjno$¢, a zmniejszona apoptoza. Raki
HER2(+) sg czesto niewidoczne w badaniu mammograficz-
nym, a zatem trudne do wykrycia we wczesnym stadium
rozwoju guza. Fenotyp HER2(+) jest zazwyczaj stwierdza-
ny u miodszych chorych, komérki nowotworu maja za-
zwyczaj wieksze jadra komérkowe i liczniej wystepuja
figury podziatu w polu widzenia mikroskopu. Czesciej,
w przypadku nadekspresji HER2, dochodzi do przerzutéw
do weztdéw chlonnych i towarzyszy temu ujemny status
receptordw estrogenowych i progesteronowych - posred-
nio zwigzany z gorszym rokowaniem [75].

Leczenie raka piersi z nadekspresja HER2. Analiza 107
prac przeprowadzona przez zespdt Ross, zawierajaca po-
nad 40 000 obserwowanych chorych oraz inne prace wska-
zuja, ze do czasu wprowadzenia leczenia trastuzumabem
obecno$é nadekspresji HER2 wigzala sie ze zdecydowanie
wieksza §miertelno$cig w poréwnaniu z innymi podtypa-
mi raka piersi uwzgledniajac wiek, status spoteczny, wiel-
ko$¢ guza, stan weztéw chtonnych, stopien ztosliwosci
oraz status receptorowy [60,67].

W przypadkach HER2(+) raka piersi czesciej dochodzi do
wznéw w miejscu operowanym, zaréwno w przypadku
chirurgicznego leczenia oszczedzajacego jak i amputacji
piersi. Cze$ciej réwniez dochodzi do powstawania prze-
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rzutéw w plucach i w watrobie, a rzadko guzy HER2(+)
przerzutuja do mézgu i kosci [54]. Wprowadzenie celowa-
nego leczenia przeciw receptorowi HER2 zrewolucjonizo-
wato sposéb leczenia raka piersi HER2(+) oraz sprawito, ze
$rednie przezycie w rozsianym raku tego podtypu wynosi
ponad 24 miesiace.

Obecnie trastuzumab jest stosowany zaréwno w mono-
terapii jak i w polaczeniu z innymi preparatami cyto-
statycznym lub z hormonoterapia. Najcze$ciej w terapii
raka piersi faczy sie paklitaksel i docetaksel. Skojarzenie
jednoczasowe z antybiotykami antracyklinowymi, takimi
jak epirubicyna i doksorubicyna, jest bardzo skuteczne,
moze jednak potegowa¢ dzialania niepozadane w postaci
wspomnianej duzej kardiotoksyczno$ci.

Leczenie uzupetniajace to leczenie pooperacyjne, ktérego
zadaniem jest trwate wyleczenie lub przynajmniej mak-
symalne wydtuzenie czasu do progresji.

Podawanie lekéw dozylnie, ma za zadanie uzyskanie daw-
ki terapeutycznej we wszystkich tkankach organizmu jed-
nocze$nie. Leczenie uzupelniajace powinno sie rozpoczaé
2-4 tygodnie po zabiegu najpdzniej 3 miesigce po operacji.
Zalecany czas trwania terapii to 12 miesiecy lub do nawro-
tu choroby. Z powodu kardiotoksycznosci trastuzumabu
w polaczeniu z antracyklinami zaleca sie podawanie 4
cykli AC. Nastepnie w kolejnych cyklach stosuje sie po-
taczenie taksoidéw z trastuzumabem (czyli paklitakselu
z trastuzumabem lub docetakselu z trastuzumabem); sto-
sowane jest réwniez potaczenie docetakselu z karbopla-
tyna i z trastuzumabem [48,54,57,68].

Leczenie wstepne czyli neoadiuwantowe prowadzi sie
w terapii miejscowo lub regionalnie zaawansowanego nie-
operacyjnego pierwotnie raka piersi, kiedy wielko$¢ guza
przekracza 5 cm lub/i kiedy klinicznie i histopatologicz-
nie stwierdza sie przerzuty do weztéw chtonnych taczace
sie w pakiety. W tych przypadkach celem poprawienia
wyniku leczniczego, a nierzadko celem umozliwienia za-
biegu operacyjnego stosuje sie leczenie wstepne. Wedtug
licznych opracowati oraz trzech duzych badan klinicz-
nych: NOAH, German Breast Group i MD. Anderson Can-
cer Center potwierdzono duza skuteczno$¢ chemioterapii
z dodatkiem trastuzumabu prowadzong przez 6 miesiecy
[31]. Uzyskano wyniki 37-65,2% - remisji catkowitych,
ktéra oznacza catkowita patologiczna remisje. W niektd-
rych badaniach dodatek trastuzumabu podwajat odsetek
catkowitych remisji, w stosunku do leczenia wytacznie
chemicznego. American Cancer Society zaleca leczenie
neoadiuwantowe przy zastosowaniu paklitakselu z tra-
stuzumabem, a w dalszej kolejnosci 5-fluorouracylu z epi-
rubicyna i nastepnie cyklofosfamidu z trastuzumabem.

Interesujgce wyniki badania opisujg Mittendorf i wsp.,
ktérzy grupe badang - 143 chorych poddali leczeniu czte-
rema cyklami paklitakselu, a nastepnie trzema cyklami
opartym na antracyklinach i pétrocznemu leczeniu tra-
stuzumabem. 72 chorych czyli 50,3% uzyskato catkowita
remisje, cze$ciowg remisje stwierdzono u 61 chorych -

42,7%, a brak remisji u 7 pacjentéw, co stanowito 4,9%.
W analizie histopatologicznej chorych z cze$ciowa remisja
stwierdzono w 33% zmiane fenotypu raka na HER2(-). Ba-
danie to sugeruje konieczno$¢ pooperacyjnego powtér-
nego badania histopatologicznego réwniez w zakresie
statusu receptorowego HER2 [16].

Leczenie zaawansowanego raka piersi. W przypadkach
miejscowo zaawansowanego lub rozsianego raka piersi
HER2(+) zaleca sie monoterapie lub leczenie skojarzone.
Nalezy uwzglednié, ze na tym etapie terapii czesciej do-
chodzi do niepowodzenia prowadzonego leczenia. Sto-
sowane sg zazwyczaj schematy oparte na trastuzumabie
w potaczeniu z doksorubicyna, epirubicyna i cyklofosfa-
midem lub paklitakselem [69]. Leczenie to wydluza czas
bez progresji. W rekomendacjach National Comprehen-
sive Cancer Network (NCCN) sugerowane sa schematy
taczace trastuzumab z paklitakselem, docetakselem, wi-
norelbing, analogami platyny i kapecytabina [13]. Inte-
resujacym problemem jest podnoszona przez niektérych
autoréw sprawa zaprzestania podawania trastuzumabu
w przypadku progresji choroby, ktéra jest uwzglednio-
na we wskazaniach ogdlnych. Wielu autoréw podkresla
skuteczno$¢ stosowania leku po wystgpieniu progresji,
sugerujagc zmiane skojarzonego cytostatyku [16,44,50],
obawiajac sie, ze po jego odstawieniu mogtoby doj$é¢ do
gwaltownego nawrotu choroby. Sugeruja wielomechani-
zmowe dziatanie leku nie tylko przez jego zwykly szlak
metaboliczny, ale réwniez przez synergistyczny wpltyw na
dziatanie cytostatykéw, chociaz nie ma to potwierdzenia
w analizie badan retrospektywnych prowadzonych przez
innych autordw [25].

Pojawiajgca sie oporno$¢ na trastuzumab, o jak dotad
niewyjasnionej etiologii, jest czesto przyczyna zaprze-
stania leczenia. Kardiotoksyczno$¢é stanowi niejedno-
krotnie przeciwwskazanie do jego podania lub kon-
tynuacji leczenia. W czasie leczenia trastuzumabem,
jak i po jego zakoticzeniu nalezy monitorowaé czyn-
no$é serca [48,69]. Mechanizm uszkodzenia mieénia
sercowego poteguje dysfunkcje spowodowang przez
antracykliny, ktérych kardiotoksyczne dziatanie jest
zwigzane z wywotaniem stresu oksydacyjnego [39].
Efektem kardiotoksycznym trastuzumabu jest upo$le-
dzenie kurczliwo$ci lewej komory serca obserwowane
pod postacia zmniejszenia sie frakcji wyrzutowej serca.
W przypadku potgczenia trastuzumabu z antracyklina-
mi, ktére dodatkowo zaburzajg przewodnictwo pod po-
stacig zmian w elektrokardiogramie, arytmii, pogtebie-
nia zaburzeti kurczliwo$ci lewej komory oraz zapalenie
mie$nia sercowego, obserwowany niekorzystny efekt
jest synergistyczny. U podstaw zaburzet lezy zaktdce-
nie przez trastuzumab szlaku sygnatowego w mie$niu
sercowym, ktéry jest zalezny od HER2. Struktura mio-
cytu pozwala utrzymaé wtasciwe przewodnictwo mie-
$nia sercowego, jego budowe i funkcje polegajaca na
kurczliwo$ci oraz chroni przed stresem oksydacyjnym.
Uszkodzenie zalezne od trastuzumabu polega na zmia-
nie geometrii, a przez to funkcji, biatek strukturalnych
komérki mie$nia sercowego, co uposledza kurczliwo$é
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mie$nia. Uszkodzenie miocytéw trastuzumabem spra-
wia, Ze staja sie podatne na stres oksydacyjny wywota-
ny przez antracykliny.

W obserwacjach klinicznych Seidman i wsp. stwierdzili
objawowe zmniejszenie rzutu serca u 27% chorych, z kté-
rych u 16% doszto do krytycznego uszkodzenia miesnia
sercowego III-1V w skali NYHA (New York Heart Asso-
ciation) przy jednoczesnym podawaniu doksorubicyny
z trastuzumabem [63]. Uszkodzenie mie$nia sercowego
objawia sie podniesieniem stezenia troponiny w oso-
czu, co moze by¢ stosowane do jego monitorowania [17].
Uszkodzenie mie$nia sercowego przez samo leczenie
trastuzumabem jest niezalezne od dawki leku i pozo-
staje bezobjawowe zazwyczaj przez pierwsze 9 tygodni,
co byto punktem wyjécia do ustalenia harmonogramu
badan kontrolnych [72]. Uszkodzenie miocytéw spowo-
dowane trastuzumabem jest w wiekszo$ci przypadkéw
odwracalne i ustepuje stopniowo po zaprzestaniu lecze-
nia. W badaniach Pereza i wsp. nad bezpieczefistwem
stosowania chemioterapii w potaczeniu z trastuzuma-
bem w grupie 2992 chorych udowodniono, ze po usta-
pieniu objawéw klinicznych uposledzenia kurczliwosci
lewej komory serca mozna bylo powréci¢ do leczenia
trastuzumabem u 50% pacjentéw [57]. Mimo to ponowne
wigczenie leku nalezy doktadnie rozwazy¢ i przeanali-
zowaé, czy ryzyko nawrotu choroby przewyzsza ryzyko
ciezkiego uszkodzenia serca.

Obecnie w terapii anty-HER2 sg stosowane inne prepa-
raty pertuzumab i lapatinib; trwaja obserwacje i badania
nad ich skuteczno$cig oraz niepozadanymi dziataniami.

Lapatinib jest inhibitorem kinazy tyrozynowej receptora
EGFR i receptora HER2/neu (ERBB-2) komdrek nowotwo-
rowych. Moze by¢ kojarzony z kapecytabing, letrozolem
i trastuzumabem. Spowodowane przez niego powiktania
kardiologiczne wystepuja rzadziej niz w przypadku tra-
stuzumabu i wynosza 0,2-1,6% versus 0,4-3,8%. W przy-
padku tego chemioterapeutyku wazne sg dziatania nie-
pozadane dotyczace uktadu pokarmowego oraz zespét
dtoniowo-podeszwowy [39,57]. Humanizowane prze-
ciwciato monoklonalne skierowane przeciw receptoro-
wi HER2 - pertuzumab - obecnie nie jest zarejestrowane
w Polsce, mimo to moze by¢ stosowane z trastuzumabem
lub docetakselem. Ciezkie uszkodzenie funkcji lewej ko-
mory podczas podawania pertuzumabu stosowanego bez
trastuzumabu wynosi 3,2-5%, a zastosowanych tacznie
okoto 16%. Czesto$¢ wystepowania goraczki neutrope-
nicznej wynosi okoto 16% [42].

Zastosowanie przeciwciata monoklonalnego trastuzumab
w terapii HER2(+) rakéw piersi przyniosto ogromny prze-
tom w leczeniu tego Zle rokujacego raka. Ze wzgledu na
to, ze rak dotyka zazwyczaj mtodszych kobiet pozadanym
efektem jest uzyskanie jak najdtuzszego czasu przezycia
catkowitego i czasu do nawrotu choroby. Stabym punk-
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tem terapii anty-HER2 z uzyciem trastuzumabu sg jego
dziatania niepozadane. Uszkodzenie serca wystepujace
wskutek leczenia trastuzumabem oraz jego potegowanie
przy stosowaniu innych preparatéw ciagle ograniczaja
jego stosowanie oraz sktaniaja do modyfikowania terapii
opartych na trastuzumabie.

DENDRYMERY JAKO NOSNIKI TRASTUZUMABU

Poszukiwanie skutecznego, nietoksycznego dla komédrek
prawidlowych i taniego leku przeciwnowotworowego wy-
znacza nowe kierunki badan w dziedzinie onkologii. Do-
brze udokumentowane wyniki nad zastosowaniem den-
drymeréw jako nodnikéw lekédw przeciwnowotworowych
[27] w sposdb naturalny kieruja uwage badaczy na zasto-
sowanie dendrymeréw jako ogniwa taczgcego przeciwcia-
o monoklonalne trastuzumab i leki przeciwnowotworo-
we. Poniewaz badania te dotycza kilku ostatnich lat, nie
ma wiele publikacji na ten temat.

Dendrymery to organiczne zwigzki chemiczne o bardzo
regularnej budowie, sktadajgce sie z rdzenia oraz promie-
niécie odchodzacych gatezi (dendrondéw). Ich fenomen po-
lega na tym, ze moga transportowac lek w dwojaki sposéb:
przez kowalencyjne zwigzanie czasteczek leku z grupami
powierzchniowymi nanoczasteczki oraz ich enkapsulacje
w przestrzeniach miedzy gateziami polimeru [77]. Oprécz
transportu lekéw przeciwnowotworowych te nanocza-
steczki moga przenosi¢ wiele innych substancji, takich
jak: znaczniki fluorescencyjne, fotouczulacze czy prze-
ciwciata monoklonalne (ryc. 2).

Obecnos¢ duzej liczby grup funkcyjnych na powierzch-
ni dendrymeru stwarza olbrzymie mozliwo$ci syntezy
nie tylko koniugatéw polimer-lek, ale réwniez wiazania
z powierzchnig dendrymeru innych czasteczek majgcych
bezposredni wptyw na zwiekszenie efektywnosci terapii
i zminimalizowanie jej toksycznych skutkéw na komér-
ki prawidlowe. Zachecajace sa wyniki badan, w ktérych
do modyfikowania powierzchni dendrymeru zastosowa-
no kwas foliowy. Modyfikacja ma na celu skuteczniejszy
transport leku do komérki nowotworowej, poniewaz nie-
ktére nowotwory, w tym rak jajnika, wykazuja nadekspre-
sje receptoréw kwasu foliowego (FR, Folate Receptor) [40].

Konsekwencja postrzegania receptoréw jako ,,wrét” pro-
wadzacych do wnetrza komdérki i stosowania substancji
dziatajacych na nie jak ,klucz” jest zastosowanie przeciw-
cial. Utworzenie immunokoniugatéw trastuzumab-den-
drymer-lek ma kilka podstawowych, cho¢ zdecydowanie
waznych zalet. Po pierwsze lek jest chroniony przed wcze-
$niejszym uwalnianiem w uktadzie krwiono$nym oraz
zbyt szybka transformacja w watrobie, w zwigzku z tym
istnieje mozliwo$¢ ograniczenia dawki przy zachowaniu
efektu terapeutycznego [5]. Po drugie, bezpo$rednie uwal-
nianie substancji czynnej w §rodowisku guza pozwala
uniknad jej toksyczno$ci na komdérki prawidtowe, zwtasz-
cza kardiotoksycznosci wystepujacej u pacjentéw po po-
daniu antracyklin oraz nefrotoksyczno$ci wywotywanej
taksanami stosowanymi w konwencjonalnej terapii no-

wotwordw ztosliwych. Zastosowanie koniugatu pozwala
takze unikng¢ stosowania toksycznych rozpuszczalnikéw
oraz lekéw antyhistaminowych podawanych w czasie le-
czenia taksanami [2,14,73].

Obecno$¢ dokoniugowanego trastuzumabu do powierzch-
ni dendrymeru (ryc. 3) zwigzanego z lekiem umozliwia
skuteczny transport substancji aktywnej do wnetrza ko-
mérki, co zostato potwierdzone przez zastosowanie ko-
niugatéw zmodyfikowanych powierzchniowo barwnikiem
fluorescencyjnym.

Skuteczno$¢ przeciwciata monoklonalnego skoniugowa-
nego z dendrymerem potwierdzity badania in vitro Miy-
ano i wsp. Wykorzystali dendrymery PAMAM generacji 6
modyfikowane powierzchniowo dwoma aminokwasami-
-lizyng i kwasem glutaminowym (KG6E). Do tak otrzy-
manych nanoczasteczek dokoniugowano trastuzumab
oraz barwnik fluorescencyjny AlexaFlour 488. Badania
z wykorzystaniem tego koniugatu byly prowadzone na
dwdch liniach komérkowych ludzkiego raka piersi: SK-
-BR3 (HER2-pozytywna) oraz MCF7 (HER2-negatywna).
Wyniki potwierdzity skuteczno$¢ selektywnego wnikania
koniugatu do komérek wykazujacych nadekspresje recep-
tora HER2. Ponadto udowodniono, ze koniugat kumulowat
sie w lizosomach, gdzie na skutek dziatania lizosomalnych
enzyméw oraz niskiego pH byty uwalniane z nanoczaste-
czek leki przeciwnowotworowe [49].

Cline i wsp. przeprowadzili synteze koniugatu dendryme-
ru PAMAM generacji 5 zmodyfikowanego powierzchniowo
paklitakselem [22], natomiast Garea i wsp. skoniugowali
z tym samym lekiem dendrymery PAMAM generacji 1,4
i6[30].

Inna wieloetapowa synteza wykonana przez Majorosa
i wsp. doprowadzita do uzyskania koniugatu dendrymeru
PAMAM generagcji 5 z paklitakselem. Do czasteczki den-
drymeru zostata przylaczona fluoresceina (FITC, Fluore-
scein Isothiocyanate) oraz kwas foliowy petnigcy funkcje
wektora nakierowujacego koniugat do komérek nowotwo-
rowych z nadekspresja receptora kwasu foliowego [43].

Réwnie interesujagce okazaly sie wyniki badan zespotu
Jamesa R. Bakera Jr., ktéry zsyntezowal koniugat den-
drymeru PAMAM generacji 5 z trastuzumabem i meto-
treksatem - lekiem stosowanym w leczeniu m.in. raka
skdry, ptuc i piersi. Obserwowano zwiekszone wnikania
koniugatu do komérki w poréwnaniu z wolnym lekiem.
Toksyczno$¢ koniugatu wzgledem komérek raka piersi li-
nii MCA207-HER2 byta jednak nieco mniejsza w poréwna-
niu z wolnym metotreksatem. Przypisano to powolnemu
uwalnianiu sie metotreksatu z koniugatu oraz dtugiemu
okresowi przebywania nanoczasteczki potaczonej z le-
kiem w lizosomie [64].

Istotne jest to, aby lek przytaczony kowalencyjnie do no-
$nika byt szybko i selektywnie dostarczany oraz uwalnia-
ny w §rodowisku guza. Koniugaty dendrymeréw PAMAM
generacji 4 spetniajg swoja funkcje, co wykazano prowa-
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Ryc. 3. Schemat budowy koniugatu trastuzumabu

dzac badania z koniugatem tego dendrymeru z doksorubi-
cyng. Lek z nanoczgsteczka byt zwigzany za pomocg tacz-
nika cis-akonitynowego (CAA, Cis-Aconitic Anhydride).
Zaobserwowano, ze tego typu pH-zalezne wigzanie ulega
hydrolizie, a lek zostaje uwolniony w otoczeniu guza, co
umozliwia kontrolowane podanie okreslonej ilo$ci sub-
stancji aktywnej w wybranym miejscu. Badania Pei i wsp.
wykazaly, ze w zalezno$ci od stopnia PEGylacji koniu-
gatu zachodzi w réznym stopniu jego kumulacja w ko-
mdrkach nowotworowych. Badania byly prowadzone na
komérkach raka jajnikéw (SKOV-3). Obecno$¢ koniugatu
byta obserwowana w lizosomach i péznych endosomach,
a uwalniajaca sie doksorubicyna akumulowata sie w ja-
drze komdrki nowotworowej [83].0bserwowano réwniez
akumulacje koniugatu w guzach w warunkach in vivo.

Badania Yabbarova i wsp. potwierdzily zalezno$¢ uwalnia-
nej doksorubicyny od zmniejszajacego sie pH. Zaobser-
wowano, iz w warunkach fizjologicznych (pH=7,4, t=37°C)
po 24 godzinach inkubacji z koniugatem dendrymeru PA-
MAM generacji 2 i doksorubicyny uwolniono zaledwie 8%
leku. Wraz ze zmniejszajacym sie odczynem ilo§¢ uwal-
nianej substancji czynnej zwiekszata sie tak, ze dla pH=6,0
wynosita 50%, dla pH=5,5 - 90%, a dla pH=5,0 - 93% [82].

W ostatnich latach zaobserwowano skuteczno$¢ terapii
antynowotworowej bedacej wynikiem potaczenia whasci-
wosci przeciwcial monoklonalnych i nuklidéw promienio-

twérczych. Mechanizm niszczenia komdrek nowotworo-
wych z wykorzystaniem promieniowania jonizujacego
jest doskonale poznany, a jego zastosowanie lezy u pod-
staw leczenia paliatywnego. Oprécz bezposrednich skut-
kéw dziatania promieniowania jonizujgcego, np. peknie-
cia jedno- i dwuniciowe DNA mozna zaobserwowac¢ takze
skutki posrednie, bedace wynikiem radiolizy wody, a co
za tym idzie nadprodukgcji reaktywnych form tlenu (ROS,
Reactive Oxygen Species). Dlatego radioterapia, podobnie
jak inne tradycyjne metody walki z rakiem, jest obarczona
dziataniami niepozgdanymi. Zastosowanie odpowiednich
nuklidéw promieniotwérczych oraz dobér przeno$nikéw
pozwala unikng¢ m.in. choroby popromiennej oraz zwiek-
sza skuteczno$¢ samej terapii. Zaobserwowano, ze bardzo
skuteczne jest potaczenie izotopu promieniotwdrczego
z trastuzumabem. Radioimmunoterapie (RIT, Radioimmu-
notherapy) mozna podzieli¢ na tradycyjng (conventional
RIT) itzw. ,pretargeted RIT”. Tradycyjna radioimmunote-
rapia zaktada wprowadzenie do organizmu trastuzumabu
zwiazanego kowalencyjnie z izotopem [10]. ,,Pretargeted
RIT” jest zwiazana z dwoma etapami: w pierwszym dozyl-
nie jest podawane zmodyfikowane przeciwciato monoklo-
nalne. Po okres$lonym czasie, gdy nastapi jego maksymal-
na akumulacja w okolicy guza wykonuje sie dozylny wlew
zawierajacy substancje promieniotwérczg. Udowodniono,
ze radioaktywny izotop taczy sie kowalencyjnie z prze-
ciwciatem po dostaniu sie do komérek guza. Taka dwu-
etapowa metoda pozwala na zwiekszenie skutecznosci
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leczenia, gdyz podawane substancje promieniotwdrcze,
o matej masie molowej (w poréwnaniu z przeciwciatem)
znacznie szybciej docierajg w okolice guza, niz te kowa-
lencyjnie zwiazane z trastuzumabem [61].

Inng modyfikacjg tradycyjnej radioimmunoterapii jest
wykorzystanie nanoczasteczek. Zesp6t naukowcéw
z Uniwersytetu w Toronto przeprowadzit badania, kté-
rych celem bylo poréwnanie znakowanego izotopem
indu- MIn koniugatu dendrymeru PAMAM generacji 4
i trastuzumabu potaczonego z pierwiastkiem promie-
niotwérczym. Zaréwno koniugat jak i samo przeciw-
ciato zostaty uprzednio wzbogacone w sekwencje NLS
(Nuclear Translocation Sequence) - peptyd zawierajacy
duzy procent aminokwaséw kationowych. Niska energia
izotopu *!In (ponizej 25 keV) oraz bardzo wysoki LET
(Linear Energy Transfer) pozwala na transfer energii
na odlegto$ci nano- i mikrometréw. Z tego powodu jest
to stosunkowo bezpieczna metoda chronigca pacjen-
téw przed skutkami napromieniowania zdrowych tka-
nek. Ponadto rozpad indu w okolicy guza jest zwigzany
zZ emisja promieniowania b-, co wptywa negatywnie na
komérki nowotworowe, powodujac pekniecia dwunicio-
we (DSBs, Double-Strand Breaks) prowadzace do $mierci
komoérki w wyniku apoptozy. Wptyw promieniotwdrcze-
go koniugatu trastuzumabu z dendrymerem oraz ra-
dioaktywnego przeciwciata badano na dwéch liniach

PismienNICTWO

komérkowych raka piersi. Zaobserwowano, ze koniugat
dendrymeru i przeciwciata wykazywat 2-4 razy wieksza
aktywno$¢ wobec komérek SK-BR3 oraz 9 razy wobec
komérek MDA-MB-231 niz samo przeciwciato potgczone
z pierwiastkiem promieniotwdrczym [18].

PobsumowaNiE

Prowadzone badania jednoznacznie wskazuja, iz uzycie
koniugatéw nie tylko zwieksza skuteczno$¢ leczenia, ale
réwniez zmniejsza toksyczno$é terapeutykéw wzgledem
komérek prawidtowych. Zastosowanie potaczenia tra-
stuzumabu, dendrymeru i lekéw pozwala na uzyskanie
efektu terapii celowanej oraz dostarczenie bezposrednio
do komérek nowotworowych wysokiej dawki leku, przy
jednoczesnej rezygnacji z dotychczas stosowanych tok-
sycznych rozpuszczalnikéw. Koniugaty sg interesujaca
propozycja mogaca przyniesé poprawe skutecznosci tera-
pii najczesciej wystepujacego nowotworu u kobiet, jakim
jest nowotwdr piersi. Jednak aby zastosowac je w przy-
szlo$ci w terapii przeciwnowotworowej niezbedne jest
jeszcze wykonanie wielu badari.
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